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RESUMEN 

El diagnóstico y tratamiento del síndrome del ojo seco es un reto debido al 

carácter multifactorial de la enfermedad y la falta de un test clínico “gold standard”. 

Además, la falta de correlación entre los signos y síntomas de la enfermedad del ojo 

seco, la falta de correlación entre métricas, su baja repetibilidad, su carácter invasivo y 

su relativa objetividad dificulta el estudio de la película lagrimal y el diagnóstico de la 

enfermedad del ojo seco. 

En el Capítulo 1 del presente trabajo se describen las características principales de 

la película lagrimal y la enfermedad del ojo seco, y se realiza una revisión bibliográfica 

sobre técnicas no invasivas de análisis de la película lagrimal y la superficie ocular. Las 

técnicas de imagen no invasivas tienen un alto potencial a explotar en el estudio de la 

película lagrimal y del síndrome del ojo seco. El análisis no invasivo de la superficie 

ocular permite a los clínicos evaluarla bajo condiciones más naturales, evitando el 

lagrimeo reflejo y la desestabilización de la película lagrimal. Generalmente, estas 

técnicas son más precisas, repetibles y objetivas que las invasivas. Por lo tanto, 

técnicas no invasivas deberían ser consideradas para evaluar la película lagrimal y la 

superficie ocular frente a técnicas invasivas para conseguir una mayor capacidad 

diagnóstica y manejo de los pacientes con sequedad ocular. 

Aunque existen muchas técnicas de imagen de análisis de la película lagrimal, este 

es todavía un campo de estudio que necesita más investigación y que tiene un alto 

potencial para ser explorado. Por lo tanto, es necesario el desarrollo de nuevos 

métodos no invasivos y objetivos para evaluar la película lagrimal, siendo necesarios 



Resumen 

  

 

4 
 

más estudios para mejorar la correlación de estas métricas con hallazgos clínicos en 

pacientes con sequedad ocular. 

El Capítulo 2 está enfocado en la justificación y objetivos de la presente tesis 

doctoral. Debido a la incidencia y morbilidad a la alza del síndrome del ojo seco, es de 

vital importancia mejorar el diagnóstico temprano de esta patología para proporcionar 

un mejor tratamiento de la enfermedad. El diagnóstico de la enfermedad del ojo seco 

es todavía un reto y son necesarias pruebas clínicas objetivas con buena sensibilidad y 

especificidad, repetibilidad, que sean fáciles de realizar y adecuadas para la práctica 

clínica. Por lo tanto, nuevas métricas objetivas son todavía requeridas para 

proporcionar nuevos hallazgos en el análisis de la película lagrimal. Así, el Tear Film 

and Ocular Surface Society Dry Eye Workshop II Diagnostic Methodology Report 

reconoció la necesidad de desarrollar nuevas métricas no invasivas, objetivas y tan 

automáticas como sea posible para evaluar la película lagrimal y la superficie ocular. 

La presente tesis doctoral tiene como objetivo 1) Estudiar los factores de riesgo de 

la enfermedad del ojo seco, la repetibilidad de algunas métricas actuales de análisis de 

la superficie ocular, y la eficacia de la aplicación de bolsas térmicas; 2) Desarrollar y 

validar nuevas métricas para evaluar la superficie ocular y la película lagrimal de una 

manera no invasiva y tan objetiva como sea posible; y 3) evaluar el efecto de 

diferentes lentes de contacto, lágrima artificial, parpadeos y el uso del ordenador en la 

superficie ocular y en las métricas desarrolladas en la presente tesis doctoral. 

El Capítulo 3 describe la metodología general de los estudios realizados en la 

presente tesis doctoral. La superficie ocular y la película lagrimal fueron analizadas 
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mediante diferentes dispositivos: El Keratograph 5M, el osmolarímetro TearLab, el 

aberrómetro IRX3, el Medmont E 300, el Cobra fundus camera y el Light Disturbance 

Analyzer. Además, los síntomas oculares fueron evaluados mediante los cuestionarios 

Ocular Surface Disease Index y el 5-item Dry Ey Questionnaire. Diferentes métricas no 

invasivas basadas en el procesamiento de imágenes fueron desarrolladas mediante 

Matlab© R2018a. Finalmente, estas nuevas métricas fueron aplicadas a sujetos 

adaptados con lentes de contacto. 

En el Capítulo 4 se estudiaron los factores de riesgos sistémicos, ambientales y del 

estilo de vida de la enfermedad del ojo seco, debido a la influencia del carácter 

etiológico multifactorial de la enfermedad en su diagnóstico. Este es un estudio 

transversal en 120 participantes caucásicos con edades comprendidas entre 18 y 89 

años (47.0 ± 22.8 años). Diferentes variables fueron obtenidas en una única sesión 

clínica: historia médica, información sobre las condiciones ambientales y el estilo de 

vida, el cuestionario Ocular Surface Disease Index, el cuestionario 5-item Dry Eye 

Questionnaire, el tiempo de ruptura lagrimal no invasivo, la osmolaridad y la tinción de 

la superficie ocular. El diagnóstico de la enferemedad del ojo seco se llevó a cabo de 

acuerdo con el criterio descrito por el Tear Film and Ocular Surface Society Dry Eye 

Workshop II Diagnostic Methodology Report. Un modelo de regresión logística 

multivariado fue construido incluyendo las variables con un p-valor inferior a 0.15 en el 

análisis univariado. 

Se obtuvo una prevalencia de 57.7 % para la enfermedad del ojo seco. No se 

encontraron diferencias en la edad entre aquellos sujetos sanos y con el síndrome del 

ojo seco (p = 0.243). Sin embargo, el grupo con la enfermedad del ojo seco tenía más 
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mujeres (p = 0.008). La regresión logística univariada identificó los siguientes 

parámetros como potenciales factores de riesgo para la enfermedad del ojo seco: Sexo 

femenino, horas de sueño al día, menopausia, ansiedad, enfermedades sistémicas 

reumatológicas, ansiolíticos, tomar medicación diariamente, cirugía ocular, dieta de 

pobre calidad, ingerir una cantidad mayor de ultraprocesados en la dieta, no beber 

café y horas de exposición al aire acondicionado por día. La regresión logística 

multivariada reveló que las horas de sueño al día, la menopausia y el uso de 

ansiolíticos estaban independientemente asociados con la enfermedad del ojo seco (p 

≤  0.026). Para concluir, la enfermedad del ojo seco está asociada con factores de 

riesgos sistémicos, ambientales y del estilo de vida. Estos hallazgos son útiles para 

identificar potenciales factores de riesgo modificables, en conjunto con los 

tratamientos convenciones para la enfermedad del ojo seco. 

Debido a la relevancia del tiempo de ruptura lagrimal no invasivo en el diagnóstico 

de la enfermedad del ojo seco, el Capítulo 5 tiene como objetivo evaluar la 

repetibilidad intraexaminador del tiempo de ruptura lagrimal no invasivo utilizando el 

Oculus Keratograph 5M, el cual es una de las herramientas más utilizadas para la 

evaluación objetiva de la película lagrimal. 80 sujetos sanos con edades comprendidas 

entre 30 y 89 años participaron en el presente estudio. Las medidas fueron clasificadas 

de acuerdo con la edad, el sexo y la presencia o no de síndrome del ojo seco. La 

repetibilidad de las medidas fue evaluada a través de la desviación estándar entre las 

medidas en cada sujeto, el coeficiente de repetibilidad y el coeficiente de variación. 

Además, el método de regresión Passing-Bablok fue aplicado. Los coeficientes de 

repetibilidad mostraron una baja repetibilidad en las medidas de todos los grupos, con 
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valores entre 3.57 y 7.14; 9.90 y 19.79; y 51.90 y 65.49, para cada coeficiente, 

respectivamente. No se encontraron diferencias estadísticamente significativas en el 

tiempo de ruptura lagrimal no invasivo entre los sujetos sanos y con la enfermedad del 

ojo seco (p = 0.188). Los grupos con más riesgo de desarrollar sequedad ocular tenían 

una mejor repetibilidad. La regresión Passing-Bablok también confirmó una falta de 

acuerdo entre el valor máximo y mínimo del tiempo de ruptura lagrimal no invasivo. 

Para concluir, el tiempo de ruptura lagrimal no invasivo tiene una baja repetibilidad 

intraexaminador incluso considerando el sexo, la edad o el diagnóstico del ojo seco. Sin 

embargo, no solo esta baja repetibilidad es debida al dispositivo, sino que también es 

debida a la variabilidad intrínseca de la película lagrimal. 

Debido al hecho de que el enrojecimiento ocular es un importante signo a tener 

en cuenta en algunas enfermedades inflamatorias y a la relación entre el 

enrojecimiento ocular y la enfermedad del ojo seco, el Capítulo 6 tiene como objetivo 

evaluar la repetibilidad intraexaminador de las medidas de enrojecimiento de la 

superficie ocular obtenidas mediante el Oculus Keratograph 5M. Setenta y ocho ojos 

derechos de 78 voluntarios sanos con edades comprendidas entre 18 y 79 años 

participaron en el presente estudio. El enrojecimiento de la conjuntiva bulbar fue 

medido tres veces consecutivas en el mismo ojo. El enrojecimiento fue clasificado 

automáticamente por el dispositivo dependiendo de la zona evaluada: temporal 

bulbar, nasal bulbar, temporal limbal, nasal limbal y total. La repetibilidad fue evaluada 

para cada métrica a través del cálculo de la desviación estándar entre las medidas en 

cada sujeto, el coeficiente de repetibilidad y el coeficiente de variación. Además, el 
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método de regresión Passing-Bablok fue aplicado. Un p-valor inferior a 0.05 fue 

definido como estadísticamente significativo. 

Los coeficientes de repetibilidad revelaron una repetibilidad aceptable en todas 

las métricas. El método de regresión Passing-Bablok también confirmó el buen grado 

de acuerdo entre la medida máxima y mínima de enrojecimiento bulbar para cada 

métrica. La repetibilidad más alta fue conseguida en el enrojecimiento bulbar total con 

una pendiente de 1; por lo tanto, solo errores sistemáticos causados por el intercepto 

podrían alterar los resultados. En el resto de las métricas, la repetibilidad fue peor 

cuando el enrojecimiento ocular era mayor pero, incluso en estos casos, la 

repetibilidad fue aceptable. El análisis de Friedman mostró diferencias 

estadísticamente significativas entre la tercera medida y las primeras dos, siendo la 

tercera ligeramente más elevada. Sin embargo, estas diferencias no pueden 

considerarse clínicamente significativas. Finalmente, las medidas bulbares obtuvieron 

valores clínicamente más elevados que las limbales; el enrojecimiento bulbar total fue 

clínicamente más elevado que los valores limbales; y los valores nasales fueron 

clínicamente mayores que los temporales. Como conclusión se obtuvo que el 

Keratograph 5M es un dispositivo útil y repetible para evaluar el enrojecimiento 

ocular. Todas las medidas proporcionaron valores objetivos con una repetibilidad 

aceptable, lo cual podría ayudar a los clínicos en el diagnóstico y tratamiento de 

diferentes patologías relacionadas con la inflamación de la superficie ocular, como el 

síndrome del ojo seco o la uveítis. 

Debido a que el Keratograph 5M es una de las herramientas más utilizadas para la 

evaluación objetiva de la superficie ocular, conocer su utilidad en el seguimiento de 
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algunos tratamientos es relevante. Por lo tanto, el Capítulo 7 tiene como objetivo 

evaluar la asociación entre la aplicación de las bolsas térmicas MGDRx EyeBags y los 

signos y síntomas de la superficie ocular en sujetos jóvenes y mayores. Treinta 

voluntarios jóvenes con edades comprendidas entre 18 y 31 años (23.95 ± 3.94 años) y 

treinta sujetos mayores con edades comprendidas entre 61 y 90 años (77.97 ± 8.11 

años) participaron en este estudio. Distintos parámetros de la superficie ocular fueron 

evaluados mediante el Oculus Keratograph 5M, siguiendo las recomendaciones del 

Tear Film and Ocular Surface Dry Eye Workshop II Diagnostic Methodology Report. 

Solo los sujetos que tenían una puntuación positiva en uno de los cuestionarios y el 

tiempo de ruptura lagrimal no invasivo inferior a 10 segundos fueron incluidos en el 

estudio. Después de la aplicación de las bolsas térmicas en ambos ojos, diariamente y 

durante dos semanas, el protocolo fue realizado de nuevo. Los sujetos fueron 

instruidos a realizar un masaje palpebral inmediatamente después de la aplicación de 

las bolsas térmicas. El grado de cumplimiento del tratamiento y el grado de mejora 

fueron también evaluados.  

El grupo joven mostró una mejora del tiempo de ruptura lagrimal no invasivo, la 

capa lipídica, el porcentaje de pérdida de las glándulas de meibomio en el párpado 

superior y en los síntomas de sequedad ocular durante las dos semanas de 

tratamiento. Mejoras en la calidad del meibum, la obstrucción de las glándulas, la 

puntuación de telangiectasias, y en los síntomas de ojo seco fueron encontradas en el 

grupo de mayor edad. El ANOVA mixto reveló mejor tiempo de ruptura lagrimal no 

invasivo y capa lipídica en los sujetos jóvenes. A pesar de que el cumplimiento del 

tratamiento fue mayor en los sujetos mayores que en los jóvenes (p = 0.002), no se 
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encontraron diferencias estadísticamente significativas en la mejora subjetiva entre 

grupos (p = 0.097). Para concluir, los síntomas de sequedad ocular mejoraron después 

de la aplicación de las bolsas térmicas, mientras que el tiempo de ruptura lagrimal no 

invasivo y la capa lipídica mejoraron solo en el grupo de sujetos jóvenes. 

El Tear Film and Ocular Surface Dry Eye Workshop II Diagnostic Methodology 

Report reconoció la necesidad de desarrollar nuevas métrica no invasivas y tan 

objetivas como sea posible para evaluar la película lagrimal y la superficie ocular. Por 

ello, el Capítulo 8 está enfocado en el desarrollo de nuevas métricas para evaluar la 

película lagrimal y la superficie ocular de una forma no invasiva y objetiva. En la 

primera parte de este capítulo (Capítulo 8.1) se desarrolla un método para evaluar la 

visibilidad de las glándulas de meibomio a partir del análisis de los valores de 

intensidad de gris de los píxeles de las meibografías obtenidas a través de meibografía 

infrarroja de no contacto. El Capítulo 8.1.1 tiene como objetivo desarrollar este nuevo 

método semiautomático para analizar la visibilidad de las glándulas de meibomio 

cuantitativamente. 112 voluntarios sanos con edades comprendidas entre 18 y 90 años 

(48.3 ± 27.5  años) participaron en el presente estudio. Las meibografías fueron 

obtenidas del párpado superior de los sujetos mediante el Oculus Keratograph 5M y se 

clasificaron en 3 grupos: Grupo 1 = Sujetos con buena visibilidad subjetiva de las 

glándulas y una pérdida de las glándulas < 1/3 del área total de las glándulas de 

meibomio; Grupo 2 = Sujetos con baja visibilidad subjetiva de las glándulas y una 

pérdida de las glándulas < 1/3 del área total de las glándulas de meibomio; y Grupo 3 = 

Sujetos con baja visibilidad subjetiva de las glándulas y una pérdida de las glándulas > 

1/3 del área total de las glándulas de meibomio. Las nuevas métricas basadas en la 
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visibilidad de las glándulas de meibomio fueron calculadas y posteriormente 

comparadas entre grupos. Correlaciones de Rho Spearman fueron utilizadas para 

evaluar las correlaciones entre cada métrica y el porcentaje de pérdida de las glándulas 

de meibomio con la muestra completa y después de excluir el grupo 2. Un p-valor 

inferior a 0.05 fue definido como estadísticamente significativo. 

Cincuenta y seis sujetos fueron clasificados en el grupo 1 (24.5 ± 9.6 años), 19 en el 

grupo 2 (69.2 ± 21.3 años) y 37 en el grupo 3 (73.6 ± 13.7 años). No se encontraron 

diferencias estadísticamente significativas entre el grupo 1 y el 2 en el porcentaje de 

pérdida de glándulas de meibomio. Todas las métricas, excepto la entropía, mostraron 

una visibilidad mayor de las glándulas de meibomio en el grupo 1 que en los otros dos 

grupos. Se encontraron correlaciones moderadas estadísticamente significativas para 

todas las métricas, con excepción de la entropía. Las correlaciones fueron más fuertes 

después de excluir el grupo 2 del análisis. Como conclusión se obtuvo que el método 

propuesto es útil para evaluar la visibilidad de las glándulas de meibomio de una forma 

objetiva y repetible, lo cual podría ayudar a los clínicos a mejorar el diagnóstico de la 

disfunción de las glándulas de meibomio y el seguimiento de sus tratamientos. 

En el Capítulo 8.1.2, se analiza la capacidad diagnóstica de estas nuevas métricas 

relacionadas con la visibilidad de las glándulas para detectar la disfunción de las 

glándulas de meibomio, así como sus correlaciones con otros signos clínicos y síntomas 

de la enfermedad el ojo seco y la disfunción de las glándulas de meibomio. 112 

voluntarios sanos (48.3 ± 27.5  años) participaron en el presente estudio. Distintos 

parámetros de la superficie ocular fueron evaluados mediante el Oculus Keratograph 

5M. Los sujetos fueron clasificados de acuerdo con la presencia o ausencia de 
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disfunción de las glándulas de meibomio. Las nuevas métricas basadas en la visibilidad 

de las glándulas de meibomio fueron calculadas y posteriormente comparadas entre 

grupos. La capacidad diagnóstica de distintos parámetros de la superficie ocular y de 

las métricas basadas en la visibilidad de las glándulas fue estudiada a través de curvas 

de la característica operativa del receptor. Un modelo de regresión logística fue 

utilizado para obtener una curva combinada de las métricas con la capacidad 

diagnostica más elevada. 

Diferencias estadísticamente significativas fueron encontradas entre los grupos 

para todos los parámetros de la superficie ocular evaluados y las nuevas métricas 

basadas en la visibilidad de las glándulas de meibomio, excepto para el primer tiempo 

de ruptura lagrimal no invasivo y la expresibilidad de las glándulas. Las nuevas métricas 

relacionadas con la visibilidad de las glándulas mostraron una sensibilidad y 

especificidad superior que las métricas actuales cuando su capacidad diagnostica se 

evalúo sin ninguna combinación. La capacidad diagnóstica aumentó cuando las nuevas 

métricas desarrolladas se incorporaron a la regresión logística conjuntamente con el 

porcentaje de pérdida de glándulas de meibomio, la altura del menisco lagrimal, los 

síntomas de sequedad ocular y la puntuación de anormalidad en el margen palpebral 

(p < 0.001). La combinación de la mediana de la intensidad de los pixeles de los valores 

de gris de la meibografía con las métricas que se acaban de mencionar consiguió el 

área bajo la curva más elevada (0.99), y una excelente sensibilidad (1.00) y 

especificidad (0.93). Para concluir, las nuevas métricas basadas en la visibilidad de las 

glándulas de meibomio tienen más poder diagnóstico para la disfunción de las 

glándulas de meibomio que las métricas actuales y pueden servir como una 
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herramienta complementaria para apoyar en el diagnostico de la disfunción de las 

glándulas de meibomio. 

En el Capítulo 8.2, se desarrolla un método para evaluar la propagación y la 

dinámica de la película lagrimal a través del seguimiento de las partículas en 

suspensión en la película lagrimal después del parpadeo. Se evaluaron distintos 

parámetros de la superficie ocular y se grabó un video de la propagación de las 

partículas en suspensión en la película lagrimal después de un parpadeo espontáneo 

en 81 voluntarios sanos (43.7 ± 27.0 años) utilizando el Oculus Keratograph 5M. El 

software desarrollado automáticamente descomponía el video en “frames” para 

posteriormente seguir la posición de las partículas manualmente durante 1.75 

segundos después del parpadeo. Las siguientes métricas relacionadas con la dinámica 

de la película lagrimal fueron automáticamente calculadas: media, mediana, máxima y 

mínima velocidad de las partículas, la velocidad en diferentes intervalos de tiempo 

después del parpadeo y el tiempo transcurrido hasta que la velocidad de las partículas 

decrece hasta < 1.20 mm/segundo. La repetibilidad de cada métrica basada en la 

dinámica de la película lagrimal, y sus correlaciones con signos y síntomas de sequedad 

ocular fueron analizadas. Se realizó también una regresión logística binomial para 

evaluar la predictibilidad de las nuevas métricas para diferentes parámetros oculares. 

La repetibilidad tendió a ser inferior justo después del parpadeo (variabilidad de 

12.24 %), mientras que las métricas a partir de 0.5 segundos tenían una repetibilidad 

aceptables (variabilidad por debajo del 10 %). Las nuevas métricas basadas en la 

dinámica de la película lagrimal estaban positivamente correlacionadas con el tiempo 

de ruptura lagrimal no invasivo y negativamente con la pérdida de glándulas de 
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meibomio. La regresión logística binomial reveló que las métricas basadas en la 

dinámica de la película lagrimal pueden predecir el tiempo de ruptura lagrimal no 

invasivo. Sin embargo, no se encontró una asociación estadísticamente significativa 

con la pérdida de glándulas de meibomio. Esto significa que una mayor velocidad de 

propagación de las partículas en suspensión en la película lagrimal después del 

parpadeo está relacionada con un tiempo de ruptura lagrimal más largo. La métrica 

llamada “tiempo transcurrido hasta que la velocidad de las partículas decrece hasta < 

1.20 mm/segundo” puede ser considerada la mejor métrica para evaluar la calidad de 

la película lagrimal, debido a que estaba más fuertemente correlacionada con el 

tiempo de ruptura lagrimal no invasivo (r = 0.42, p = 0.004), estaba más fuertemente 

asociada en la regresión logística binomial con el tiempo de ruptura lagrimal y mostró 

una buena repetibilidad (variabilidad = 5.49 %). Como conclusión se obtuvo que las 

nuevas métricas desarrolladas basadas en la dinámica de la película lagrimal son 

parámetros emergentes que pueden servir para evaluar la homeostasis de la película 

lagrimal e indirectamente evaluar la calidad de la película lagrimal en condiciones 

naturales con una repetibilidad aceptable. 

En el Capítulo 8.3, se desarrolla un método para evaluar el espesor de la capa 

lipídica a través del análisis de los valores de intensidad de gris de los píxeles del disco 

de Plácido reflejado en la película lagrimal. Distintos parámetros de la superficie ocular 

fueron evaluados utilizando el Oculus Keratograph 5M en 94 voluntarios sanos (43.8 ± 

26.8 años). La capa lipídica de los sujetos fue subjetivamente gradada en 4 grupos 

utilizando una escala de gradación basada en la interferometría. Las nuevas métricas 

basadas en la intensidad de las imágenes del disco de Plácido fueron calculadas y 
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comparadas entre grupos. La repetibilidad de las nuevas métricas y su capacidad 

diagnostica fue analizada mediante curvas de la característica operativa del receptor. 

El nivel de acuerdo entre la nueva herramienta objetiva desarrollada y las escalas 

subjetivas ya existentes fue analizado mediante la precisión, el índice Kappa y el F-

measure. 

La intensidad media de los píxeles, la intensidad mediana y la energía relativa 5.33 

segundos después del parpadeo consiguieron el mejor rendimiento, con una 

correlación con el espesor de la capa lipídica entre r = 0.655 y 0.674 (p < 0.001), 

sensibilidad entre 0.92 y 0.94, especificidad entre 0.79 y 0.81, área bajo la curva entre 

0.89 y 0.91, precisión entre 0.76 y 0.77, índice Kappa de 0.77 y F-measure entre 0.86 y 

0.87. Para concluir, el análisis de los valores de intensidad de gris del disco de Plácido 

puede ser utilizado como una herramienta objetiva para evaluar el espesor de la capa 

lipídica. Estas nuevas métricas podrían ser incorporadas en una batería de tests clínicos 

como un método fácil, repetible, objetivo y accesible para mejorar la detección y 

seguimiento de la enfermedad del ojo seco y la disfunción de las glándulas de 

meibomio. 

Debido al hecho de que las lentes de contacto impactan la homeostasis de la 

superficie ocular, el Capítulo 9 está enfocado en el efecto de las lentes de contacto en 

la película lagrimal y la superficie ocular. En este capítulo se usan las métricas actuales 

y las métricas desarrolladas en la presente tesis doctoral para evaluar la película 

lagrimal y la superficie ocular. El Capítulo 9.1 tiene como objetivo evaluar el efecto a 

corto plazo de una lente de contacto para doble foco en la película lagrimal, el 

rendimiento visual y la calidad óptica, en comparación con una lente de contacto 
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monofocal hecha del mismo material. El Capítulo 9.1.1 está enfocado en el 

rendimiento visual, la calidad óptica y la distorsión lumínica a corto plazo de estas 

lentes de contacto. Este es un estudio aleatorio, transversal y doble ciego. 28 

voluntarios sanos y miopes entre 18 y 32 años (23.5 ± 4.1 años) participaron en este 

estudio. El ojo dominante sensorial para la visión lejana fue evaluado. La refracción, la 

agudeza visual mejor corregida y las aberraciones para una pupila de 3 y 5 mm fueron 

medidas en la medida basal (sin lente de contacto in situ). Los sujetos fueron 

binocularmente adaptados en un orden aleatorio con uno de estos dos diseños de 

lentes de contacto: una lente de contacto de doble foco y otra monofocal, ambas 

hechas de omafilcon A. El cuestionario Quality of Vision, la sobrerefracción, la agudeza 

visual mejor corregida, la estereopsis a 40 cm, la sensibilidad al contraste mejor 

corregida fotópica y mesópica, la distorsión lumínica y las aberraciones fueron 

evaluados 25 minutos después de la inserción de la lente de contacto. Diferencias 

entre los grupos fueron estudiadas y un p-valor inferior a 0.05 fue definido como 

estadísticamente significativo. 

La esfera y el cilindro medios fueron -1.36 ± 1.04 D (con un rango desde -6.00 a -

0.25 D) y -0.23 ± 0.30 D (con un rango desde -0.75 a 0.00 D), respectivamente. No se 

encontraron diferencias estadísticamente significativas en la agudeza visual mejor 

corregida y la estereopsis entre la medida basal, la lente de doble foco y la monofocal. 

La sensibilidad al contraste fotópica y mesópica fueron inferiores en la lente de 

contacto de doble foco en todas las frecuencias, con la excepción de la sensibilidad al 

contraste mesópica en 18 ciclos por grado (p = 0.234). Las aberraciones de alto orden y 

el tamaño y la irregularidad de la distorsión lumínica fueron mayores en la lente de 
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contacto de doble foco (p < 0.001). No se encontraron diferencias estadísticamente 

significativas en las aberraciones de alto orden entre la medida basal y la lente 

monofocal in situ para ambos diámetros pupilares. El cuestionario Quality of Vision 

reveló valores más bajos en las puntuaciones de la frecuencia, severidad y molestia 

con la lente monofocal que con la de doble foco (p < 0.001). Para concluir, la lente de 

contacto de doble foco disminuyó las puntuaciones de calidad visual psicofísicas y 

psicométricas a corto plazo en condiciones de baja iluminación, en comparación con 

una lente de contacto monofocal del mismo material. Sin embargo, la agudeza visual y 

la estereopsis no estaban afectadas por el diseño de la lente. 

La segunda parte de este capítulo (Capítulo 9.1.2) está enfocada en el efecto a 

corto plazo de estas lentes en la estabilidad de la película lagrimal pre-lente y en el 

confort. Este estudio aleatorio, doble ciego y transversal fue realizado en 28 

voluntarios sanos y miopes con edad comprendidas entre 18 y 32 años (23.5 ± 4.1 

años). Solo uno de los ojos, escogido al azar, fue evaluado. La visión de lejos y la 

refracción fueron evaluadas en la medida basal. Cada lente de contacto (monofocal y 

de doble foco) fue aleatoriamente adaptada en ambos ojos. Una escala visual 

analógica entre 0 y 10 fue utilizada para evaluar el confort general, el físico y el visual. 

El índice Tear Film Surface Quality, la área del Tear Film Surface Quality y el tiempo de 

ruptura lagrimal automático fueron obtenidos mediante el Medmont E 300 en la 

medida basal (ojo sin lente de contacto) y 25 minutos después de la inserción de cada 

lente. 

La esfera y el cilindro de la refracción de los sujetos fue -1.36 ± 1.04 D (rango: -

6.00 a -0.25 D) and -0.23 ± 0.30 D (rango: -0.75 a 0.00 D). El índice Tear Film Surface 
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Quality y el área del Tear Film Surface Quality fueron inferiores (película lagrimal más 

estable) en la medida basal que en ambas lente de contacto (p < 0.025). La lente de 

doble foco mostró una estabilidad de la película lagrimal pre-lente inferior que la lente 

monofocal (valores más elevados en el índice Tear Film Surface Quality y en el área del 

Tear Film Surface Quality). El tiempo de ruptura lagrimal automático fue más elevado 

en la medida basal que con cada lente de contacto, pero no mostró diferencias 

significativas entre ambas lentes de contacto. Las escalas visual analógicas revelaron 

puntuaciones estadísticamente mejores en la lente de contacto monofocal que en la 

de doble foco para el confort general (0.77 ± 1.14 frente a 3.12 ± 2.79), físico (0.96 ± 

1.46 frente a 2.19 ± 2.45) y el visual (1.27 ± 1.66 frente a 3.92 ± 2.04). Para concluir, 

una ligera disminución de la estabilidad de la película lagrimal pre-lente a corto plazo 

fue encontrada en la lente de contacto de doble foco en comparación con una lente 

monofocal, potencialmente contribuyendo al deterioro del rendimiento visual y 

confort en la lente de contacto de doble foco. 

El Capítulo 9.2 va un paso más allá comparando la agudeza visual, la calidad 

óptica, la distorsión lumínica, confort y la estabilidad de la película lágrima pre-lente a 

corto plazo entre dos lentes de contacto prototipo de doble foco para el control de la 

miopía, hechas con el mismo material. El estudio tiene como objetivo evaluar si los 

distintos parámetros son influenciados por el diferente diseño óptico de las dos lentes 

de contacto de doble foco. 28 sujetos con miopía (23.49 ± 4.07 años) fueron incluidos 

en este estudio aleatorio, doble ciego y transversal. La refracción, la agudeza visual 

mejor corregida, las aberraciones y la estabilidad de la película lagrimal (Medmont E 

300) fueron evaluadas en la medida basal. Los sujetos fueron binocularmente 
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adaptados con dos lentes de contacto de doble foco (aleatoriamente) y solo el ojo 

dominante sensorial fue evaluado. Las lentes tenían el mismo material con dos zonas 

internas de distinto diámetro: 2.1 mm (diseño S) y 4.0 mm (diseño M). El confort visual 

y físico, la sobrerefracción, la agudeza visual mejor corregida, la estereopsis a 40 cm, la 

sensibilidad al contraste fotópica y mesópica mejor corregida, el tamaño y la forma de 

la distorsión lumínica, las aberraciones, la calidad visual subjetiva (cuestionario Quality 

of Vision) y la estabilidad de la película lagrimal pre-lente fueron evaluados en ambas 

lentes. 

Ambas lentes de contacto decrecieron la agudeza visual y la estabilidad de la 

película lagrimal y indujeron mayores niveles de aberraciones de alto orden en 

comparación con la medida basal. Sin embargo, la agudeza visual y la sensibilidad al 

contraste fotópica estaban dentro de los valores normales para la edad de los sujetos. 

Con respecto a la comparación de ambas lentes, el diseño M produjo mejor 

sensibilidad al contraste fotópica en la frecuencia espacial de 18 ciclos por grado (p < 

0.001) y una menor distorsión lumínica (p < 0.017). Sin embargo, las aberraciones de 

alto orden fueron menores en el diseño S (p = 0.015). No se encontraron diferencias 

estadísticamente significativas entre las dos lentes de contacto en el cuestionario 

Quality of Vision y en la estabilidad de la película lagrimal pre-lente. Como conclusión 

se obtuvo que ambas lentes de contacto de doble foco producían un rendimiento 

visual aceptable en condiciones fotópicas. La lente de contacto con el diámetro central 

medio (4.0 mm) inducía una mejor sensibilidad al contraste en las altas frecuencias y 

una distorsión lumínica menor, mientras que la lente de contacto con el diámetro 

central más pequeño (2.1 mm) producía menores niveles de aberraciones de alto 
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orden para un diámetro pupilar de 5 mm. Ambas lentes de contacto producían el 

mismo confort visual subjetivo. 

En el Capítulo 9.3 se evalúa la distorsión lumínica relacionada con cambios en la 

estabilidad de la película lagrimal, con el objetivo de validar el dispositivo Light 

Disturbance Analyzer como una herramienta fiable y útil para evaluar cambios 

relacionados con la calidad óptica inducidos por la película lagrimal.  Así, la distorsión 

lumínica, la estabilidad de la película lagrimal y las aberraciones corneales fueron 

evaluadas bajo diferentes condiciones: Diferentes patrones de parpadeo, con y sin 

lágrima artificial, y con una lente de contacto monofocal y otra de doble foco. 

Cuarenta voluntarios sanos y miopes con edades entre 19 y 38 años (26.6 ± 5.1 años) 

participaron en el presente estudio aleatorio, doble ciego y transversal. El ojo 

dominante sensorial para visión lejana fue evaluado. La refracción y la agudeza visual 

mejor corregida fueron evaluadas en la medida basal (sin lente de contacto). En la 

primera visita, la distorsión lumínica (evaluada con el Light Disturbance Analyzer) y la 

estabilidad de la película lagrimal y las aberraciones corneales (Medmont E 300) 

fueron medidas con diferentes patrones de parpadeo en un orden aleatorio: Parpadeo 

natural, parpadeo cada 6 segundos y parpadeo cada 12 segundos. Las medidas se 

repitieron con lágrima artificial. En la segunda visita, los sujetos fueron adaptados 

binocularmente con cada diseño de lente de contacto en un orden aleatorio: La lente 

de doble foco y la monofocal. La sobrerefracción y la agudeza visual mejor corregida 

fueron evaluadas 25 minutos después de la inserción de las lentes de contacto. La 

distorsión lumínica, la estabilidad de la película lagrimal y las aberraciones corneales 
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fueron estudiadas para cada lente de contacto, con cada patrón de parpadeo, con y sin 

lágrima artificial. 

La distorsión lumínica fue mayor en el patrón de parpadeo con baja frecuencia (p 

< 0.034) cuando los sujetos estaban adaptados con las lentes de contacto debido a que 

ambas lentes decrecían la estabilidad de la película lagrimal (p < 0.001). Se observaron 

mejoras estadísticamente significativas en la distorsión lumínica y la estabilidad de la 

película lagrimal después de instilar lágrima artificial (sin lente de contacto) para el 

patrón de parpadeo con baja frecuencia y con ambas lentes de contacto. La lente de 

contacto de doble foco proporcionada una menor estabilidad de la película lagrimal (p 

< 0.008) y una mayor distorsión lumínica (p < 0.001) que la monofocal en todos los 

patrones de parpadeo. A pesar de la mejora en la estabilidad lagrimal (p < 0.001) y la 

distorsión lumínica (p < 0.008) con la lente de doble foco después de instilar lágrima 

artificial, esta lente producía una menor estabilidad lagrimal y mayor distorsión 

lumínica que la medida basal (sin lente de contacto) y la lente de contacto monofocal. 

Como conclusión, el patrón de parpadeo con menor frecuencia y las lentes de contacto 

incrementaron la distorsión lumínica, debido al hecho de que la estabilidad de la 

película lagrimal disminuyó. Monitorear el parpadeo o la lágrima artificial podrían 

ayudar a disminuir la distorsión lumínica y podrían ser una buena opción en el manejo 

de sujetos con tiempos de ruptura lagrimal cortos o con frecuencias de parpadeo 

bajas, como por ejemplo en usuarios de lentes de contacto que utilicen dispositivos 

electrónicos. La medida de la distorsión lumínica podría ayudar en la evaluación y el 

manejo de sujetos con síntomas de sequedad ocular, así como en la evaluación in-vivo 

de la humectabilidad de la lente. 
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En el Capítulo 9.4, el método desarrollado en el Capítulo 8.1 es aplicado a usuarios 

de lentes esclerales para evaluar la pérdida de glándulas de meibomio y la visibilidad 

de ellas después de un año de porte de lentes esclerales. Se obtuvo meibografía 

infrarroja del parpado superior mediante el Cobra fundus camera en 43 voluntarios 

(34.2 ± 10.1 años). Las meibografías fueron clasificadas en 3 grupos: Grupo 1 = buena 

visibilidad subjetiva de las glándulas y una pérdida de las glándulas de meibomio < 1/3 

del área total; Grupo 2 = baja visibilidad subjetiva de las glándulas y una pérdida de las 

glándulas de meibomio < 1/3 del área total; y Grupo 3 = baja visibilidad subjetiva de las 

glándulas y una pérdida de las glándulas de meibomio > 1/3 del área total. Se 

calcularon las métricas basadas en la visibilidad de las glándulas de meibomio a través 

de un método previamente desarrollado a partir del análisis de la intensidad del nivel 

de gris de los pixeles de las meibografías. La repetibilidad de estas nuevas métricas y 

sus correlaciones con el grado de pérdida de glándulas de meibomio fueron analizadas. 

Las meibografías y los síntomas oculares fueron de nuevo evaluados después de 1 año 

de porte de lentes esclerales en 29 sujetos. 

El porcentaje de pérdida de glándulas de meibomio no fue estadísticamente 

significativo entre los grupos 1 y 2 (p = 0.464). Sin embargo, el grupo 1 mostró mayores 

niveles de intensidad del nivel de gris que los otros dos grupos. Se encontraron 

correlaciones estadísticamente significativas entre las métricas basadas en la 

visibilidad de las glándulas y el porcentaje de pérdida de éstas. La repetibilidad fue 

aceptable para todas las métricas, el coeficiente de variación obteniendo valores entre 

0.52 y 3.18. Mientras que los síntomas oculares disminuyeron después del porte de 

lentes de contacto esclerales (p < 0.001), no se encontraron diferencias 
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estadísticamente significativas en el porcentaje de pérdida de glándulas de meibomio 

(p = 0.157) y la visibilidad de las glándulas (p > 0.217). Para concluir, el método 

propuesto puede evaluar la visibilidad de las glándulas de meibomio de una manera 

objetiva y repetible. Las lentes esclerales parecen no afectar adversamente a la 

pérdida de glándulas de meibomio ni a su visibilidad mientras que podrían mejorar los 

síntomas de sequedad ocular después de un año de porte. Estos resultados 

preliminares deberían ser confirmados con un grupo control. 

En el Capítulo 9.5, se evalúa el efecto del porte de lentes de contacto blandas y su 

duración de porte en la película lagrimal y las glándulas de meibomio. El método 

desarrollado en el Capítulo 8.1 es aplicado a usuarios de lentes de contacto blandas 

para evaluar la pérdida de las glándulas de meibomio y la visibilidad de éstas. Treinta 

voluntarios no usuarios de lentes de contacto (22.5 ± 2.3 años) y 34 usuarios de lentes 

de contacto blandas a largo plazo (23.8 ± 2.2 años) participaron en el presente estudio. 

Se evaluó la superficie ocular de los participante mediante el Oculus Keratograph 5M 

en el siguiente orden: Ocular Surface Disease Index, 5-item Dry Eye Questionnaire, el 

enrojecimiento de la conjuntiva bulbar, la altura del menisco lagrimal, el tiempo de 

ruptura lagrimal no invasivo y se obtuvo una meibografía del parpado superior de los 

sujetos. Se preguntó a los usuarios de lentes de contacto sobre sus hábitos de uso de 

las lentes, incluyendo los años de porte de las lentes y las horas de porte semanales. La 

visibilidad de las glándulas de meibomio fue evaluada mediante un método 

previamente desarrollado basado en el análisis de la intensidad de los valores de gris 

de los pixeles de las meibografías. 
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El grupo portador de lentes de contacto mostró un mayor grado de pérdida de 

glándulas de meibomio (p < 0.001) y valores más bajos en las métricas relacionadas 

con la visibilidad de las glándulas (p < 0.022). No se encontraron diferencias en el 

Ocular Surface Disease Index, 5-item Dry Eye Questionnaire, la altura del menisco 

lagrimal, el enrojecimiento de la conjuntiva bulbar y en el tiempo de ruptura lagrimal 

no invasivo. La regresión logística binomial reveló que la pérdida de glándulas de 

meibomio estaba independientemente asociada con el uso de lentes de contacto (p = 

0.006). Cuando la pérdida de las glándulas de meibomio fue excluida del análisis, la 

energía relativa de la intensidad de los pixeles de las meibografías mostró estar 

independientemente asociada con el uso de lentes de contacto (p = 0.005). Además, 

horas más prolongadas de uso de las lentes de contacto estaban asociadas con 

mayores síntomas de sequedad ocular y la entropía de las meibografías (p < 0.029), la 

cual podría ser una medida de la tortuosidad de las glándulas. Una reducción en el 

tiempo de ruptura lagrimal no invasivo estaba independientemente asociada con el 

uso de lentes de contacto durante 8 años o más (p = 0.030). Para concluir, la pérdida 

de glándulas de meibomio fue mayor y la visibilidad de éstas menor en usuarios de 

lentes de contacto blandas a largo plazo en comparación con sujetos no usuarios de 

lentes de contacto. Las nuevas métricas basadas en la visibilidad de las glándulas de 

meibomio podrían ayudar a evaluar el seguimiento de las glándulas de meibomio en 

usuarios de lentes de contacto blandas de una manera rápida y objetiva. 

En el Capítulo 9.6, se evalúa el efecto del uso del ordenador, el uso de lentes de 

contacto y de lágrimas artificiales en las métricas actuales y las desarrolladas en la 

presente tesis doctoral en los Capítulos 8.2 y 8.3. Se estudia si estas nuevas métricas 
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son capaces de detectar cambios en la película lagrimal y en la superficie ocular de una 

forma no invasiva y objetiva, lo cual podría ayudar a validar todavía más estas 

métricas. 84 voluntarios sanos con edades entre 18 y 27 años (22.4 ± 2.6 años) 

participaron en el presente estudio. Se evaluó la respuesta de la superficie ocular y la 

película lagrimal a (1) el uso del ordenador, (2) lentes de contacto y (3) la instilación de 

lágrima artificial durante el uso del ordenador con las lentes de contacto. Para ello se 

utilizaron las métricas actuales y las desarrolladas en la presente tesis doctoral. Las 

métricas actuales incluyeron el cuestionario Ocular Surface Disease Index, el 5-item 

Dry Eye Questionnaire, el enrojecimiento de la conjuntiva bulbar, la altura del menisco 

lagrimal y el tiempo de ruptura de la película lagrimal no invasivo. Una de las nuevas 

métricas consistía en la medida del espesor de la capa lipídica obtenido a partir de la 

intensidad del disco de Plácido reflejado en la película lagrimal, mientras que la otra en 

la medida de la velocidad de propagación de las partículas en suspensión en la película 

lagrimal después del parpadeo. 

Después de la tarea de lectura con el ordenador, se encontró un incremento en los 

síntomas de sequedad ocular, una mayor altura del menisco lagrimal y un mayor 

enrojecimiento de la conjuntiva bulbar. Además, se encontraron valores inferiores en 

las métricas relacionadas con la intensidad del disco de Plácido reflejado y en las 

métricas relacionadas con la velocidad de las partículas en suspensión en la película 

lagrimal (p < 0.036). Cuando las lentes de contacto fueron adaptadas, se encontró una 

altura del menisco lagrimal inferior, un menor tiempo de ruptura lagrimal no invasivo, 

menor moda de la intensidad de los pixeles del disco de Plácido, menor valor mínimo 

de la intensidad de los píxeles, y una menor velocidad de propagación de las partículas 
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en suspensión en la película lagrimal (p < 0.044). El ANOVA mixto reveló que la lágrima 

artificial tenía un efecto significativo en disminuir el impacto del ordenador en el 

cuestionario Ocular Surface Disease Index, el 5-item Dry Eye Questionnaire, el tiempo 

de ruptura lagrimal no invasivo, las métricas relacionadas con la intensidad del disco 

de Plácido y las métricas relacionadas con la velocidad de las partículas en suspensión 

en la película lagrimal (p < 0.033). Como conclusión, el uso del ordenador y de las 

lentes de contacto empeoraron los signos y síntomas de sequedad ocular, incluyendo 

las nuevas métricas desarrolladas en la presente tesis doctoral. La lágrima artificial 

ayudó a reducir el efecto de las lentes de contacto y el ordenador en las métricas 

actuales y las recientemente desarrolladas. Los métodos recientemente desarrollados 

para evaluar la película lagrimal pueden utilizarse como una herramienta útil para 

detectar cambios en la película lagrimal ocasionados por diferentes situaciones que 

alteran la superficie ocular. 

Finalmente, en el Capítulo 10, se exponen las conclusiones generales de la 

presente tesis doctoral y se plantean futuras líneas de investigación. A pesar de que 

existe una gran variedad de técnicas disponibles para evaluar la película lagrimal, 

algunas de ellas presentan una repetibilidad, sensibilidad y especificidad limitadas. 

Además, algunas de ellas no son objetivas o son invasivas, lo cual ocasiona que la 

evaluación de la película lagrimal sea difícil y el diagnostico del síndrome del ojo seco 

un reto. Por ello, técnicas no invasivas de análisis lagrimal deberían ser consideradas 

para evaluar la película lagrimal y la superficie ocular frente a técnicas más invasivas, 

para así alcanzar un mayor poder diagnóstico y un mejor manejo de los pacientes con 

síndrome del ojo seco. 
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Las métricas desarrolladas en la presente tesis doctoral pueden ayudar a evaluar la 

película lagrimal de una forma no invasiva, objetiva y repetible. Estas nuevas métricas 

podrían ser incluidas en una batería de tests clínicos como métodos fáciles, repetibles 

y objetivos que pueden mejorar la evaluación de la película lagrimal, lo cual podría 

mejorar la detección y el seguimiento de enfermedades como el síndrome del ojo seco 

y la disfunción de las glándulas de meibomio. Además, estas métricas son capaces de 

evaluar cambios en la superficie ocular y la película lagrimal debidos al uso de lentes 

de contacto. 

Aunque las métricas desarrolladas en la presente tesis doctoral son capaces de 

evaluar la película lagrimal y la superficie ocular, este es el primer paso en el proceso 

de desarrollo de estas métricas. Son necesarios más estudios que evalúen el 

rendimiento de las nuevas métricas desarrolladas en sujetos diagnosticados de 

síndrome del ojo seco o disfunción de las glándulas de meibomio, y establecer valores 

de corte basados en la edad de los sujetos. Sin embargo, aunque estos resultados son 

preliminares, son motivadores, y el presente trabajo podría ser la base para futuros 

estudios. 
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ABSTRACT 

The diagnosis and management of dry eye disease is a challenge because of the 

multifactorial character of the disease and the lack of a gold standard test.  

Furthermore, the lack of correlation between signs and symptoms of dry eye disease, 

the lack of correlation between techniques, their low repeatability, their invasiveness 

and their relative objectivity challenge the assessment of the tear film and the 

diagnosis of dry eye disease. 

In Chapter 1 of the present work, the characteristics of the tear film and dry eye 

disease are described and a literature review about non-invasive techniques to assess 

the tear film and the ocular surface is performed. Non-invasive imaging techniques 

have a high potential in the assessment of tear film and dry eye disease. The non-

invasive analysis of the ocular surface allows clinicians to assess it under more natural 

conditions, avoiding reflex tearing and tear film destabilization. Generally, they are 

more accurate, repeatable and objective than invasive ones. Therefore, non-invasive 

techniques should be considered to assess the tear film and the ocular surface in front 

of invasive techniques to achieve a higher diagnostic capability and management of 

dry eye disease subjects.  

Although many imaging techniques exist to assess the tear film, this is a field that 

needs further research and which has a high potential to be explored. Therefore, it is 

necessary to develop new non-invasive and objective methods to evaluate the tear 
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film and further studies are needed to improve the correlation of these techniques 

with clinical findings in dry eye patients. 

Chapter 2 is focused on the justification and objectives of the present work. Due to 

the growing incidence of dry eye disease and morbidity, improving the timely diagnosis 

to provide a better diagnosis and treatment of the disease is vital. Dry eye disease 

diagnosis is still challenging and there is a lack of objective tests with good sensitivity 

and specificity, repeatability, ease of performance, and suitability for clinical practice 

settings. Therefore, new objective metrics are still required to provide new insights 

into tear film assessment. Thus, the Tear Film and Ocular Surface Society Dry Eye 

Workshop II Diagnostic Methodology report recognized the need of developing new 

non-invasive, objective and as automatic as possible metrics to assess the tear film and 

the ocular surface. 

The present study aims 1) To study the risk factors for dry eye disease, the 

repeatability of some current metrics for the assessment of the ocular surface, and the 

efficacy of a thermal eyebag application; 2) To develop and validate new metrics to 

assess the tear film and the ocular surface in a non-invasive and as objective as 

possible way. The repeatability and diagnostic capability of new metrics will be 

assessed; and 3) To assess the effect of contact lenses, artificial tears, blinking and 

computer use on the ocular surface and the newly developed metrics. 

Chapter 3 describes the general methodology of the studies performed in this 

work. The ocular surface and the tear film were assessed using different devices: the 
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Keratograph 5M, the TearLab osmolarity system, the IRX3 aberrometer, the Medmont 

E 300, the Cobra fundus camera and the Light Disturbance Analyzer. The assessment of 

ocular symptoms was assessed by means of the Ocular Surface Disease Index 

questionnaire and the 5-item Dry Eye Questionnaire. Different non-invasive metrics 

based on image processing were developed using Matlab© R2018a software. Finally, 

these newly developed metrics were applied to subjects fitted with contact lenses. 

Systemic, environmental and lifestyle risk factors for dry eye disease are studied in 

Chapter 4; due to the influence of the multifactorial aetiology of dry eye disease in its 

diagnosis. A cross-sectional study was performed on 120 Caucasian participants aged 

between 18 and 89 years (47.0 ± 22.8 years). Medical history, information regarding 

environmental conditions and lifestyle, Ocular Surface Disease Index, Dry Eye 

Questionnaire-5, non-Invasive (Oculus Keratograph 5M) breakup time, tear film 

osmolarity and ocular surface staining parameters were assessed in a single clinical 

session to allow dry eye disease diagnosis based on the guidelines of the Tear Film and 

Ocular Surface Society Dry Eye Workshop II Diagnostic Methodology Report. A 

multivariate logistic regression model was constructed including those variables with a 

p-value less than 0.15 in the univariate analysis.  

A prevalence of 57.7 % for dry eye disease was found. No age differences were 

found between those with and without dry eye disease (p = 0.243). Nevertheless, the 

dry eye disease group had more females (p = 0.008). The univariate logistic regression 

identified as potential risk factors for dry eye disease the following: female sex, sleep 

hours per day, menopause, anxiety, systemic rheumatologic disease, use of anxiolytics, 
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daily medication, ocular surgery, poor diet quality, more ultra-processed food in the 

diet, not drinking caffeine and hours of exposure to air conditioning per day. 

Multivariate logistic regression revealed that hours of sleep per day, menopause and 

use of anxiolytics were independently associated with dry eye disease (p ≤ 0.026 for 

all). To conclude, dry eye disease is associated with systemic, environmental and 

lifestyle risk factors. These findings are useful to identify potentially modifiable risk 

factors, in addition to conventional treatments for dry eye disease. 

Due to the relevance of non-invasive keratograph break-up time in the diagnosis 

of dry eye disease, Chapter 5 aims to assess the intraexaminer repeatability of non-

invasive keratograph break-up time using the Oculus Keratograph 5M, which is one of 

the most common tools used to objectively assess the tear film. 80 healthy volunteers 

aged between 30 and 89 years participated. Measurements were classified according 

to age, sex and the presence or not of dry eye disease. Repeatability was evaluated by 

the calculation of within-subject standard deviation, coefficient of repeatability and 

coefficient of variation. Moreover, the Passing-Bablok regression method was applied. 

Repeatability coefficients showed low repeatability in all groups with values between 

3.57 and 7.14; 9.90 and 19.79; and 51.90 and 65.49, for each coefficient, respectively. 

No statistically significant differences were found in the non-invasive keratograph 

break-up time measurements between healthy and dry eye disease patients (p = 

0.188). Groups with more dry eye disease risk had better repeatability. Passing-Bablok 

regression also confirmed a lack of agreement between the maximum and minimum 

non-invasive keratograph break-up time measurement. Overall, non-invasive 

keratograph break-up time measurement has low intraexaminer repeatability even 
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when considering sex, age and dry eye disease diagnosis. Nevertheless, not only is this 

low repeatability due to the device, but also it is largely due to the intrinsic variability 

of the tear film. 

As ocular redness is an important sign to take into account in some inflammatory 

diseases and the relationship between ocular redness and dry eye disease, Chapter 6 

aims to assess the intraexaminer repeatability of ocular redness measurements 

obtained using the Oculus Keratograph 5M. Seventy-eight right eyes of 78 healthy 

volunteers aged between 18 and 79 years participated in this study. Bulbar redness 

was measured three consecutive times in the same eye. Redness was classified 

automatically by the device depending on the zone: temporal bulbar, nasal bulbar, 

temporal limbal, nasal limbal and total bulbar redness. Repeatability was evaluated for 

each metric by the calculation of within-subject standard deviation, coefficient of 

variation and coefficient of repeatability. Furthermore, the Passing-Bablok regression 

method was applied. A p-value less than 0.05 was defined as statistically significant.  

Repeatability coefficients revealed acceptable repeatability in all metrics. Passing-

Bablok regression also confirmed the good grade of agreement between the maximum 

and minimum bulbar redness measurement for each metric. The highest repeatability 

was achieved in total bulbar redness since the slope was 1; therefore only systematic 

errors caused by the intercept might alter the results. In the other metrics, the 

repeatability was poorer when the ocular redness was higher. Even in these cases, the 

repeatability was acceptable. Friedman’s analysis showed statistical differences 

between the third measurement and the first two, being the third slightly higher. 
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However, these differences were not considered clinically significant. Finally, bulbar 

measurements had clinical higher values than limbal ones, total redness was clinically 

higher than limbal measurements, and nasal measurements were clinically higher than 

temporal. To conclude, Keratograph 5M is a useful and repeatable device to assess 

ocular surface redness. All bulbar redness metrics provide objective values with 

acceptable repeatability, which might help clinicians in the diagnosis and treatment of 

different pathologies related to ocular surface inflammation, such as dry eye disease or 

uveitis. 

Since the Keratograph 5M is one of the most common tools used to objectively 

assess the ocular surface, knowing its usefulness in the follow-up of some treatments 

is relevant. Therefore, Chapter 7 aims to evaluate the association between the 

application of MGDRx thermal EyeBags and ocular surface signs and symptoms in 

young and aged subjects. Thirty young volunteers aged between 18 and 31 years old 

(23.95 ± 3.94 years) and thirty aged subjects aged between 61 and 90 years old (77.97 

± 8.11 years) participated in this study. Ocular surface parameters were assessed using 

the Oculus Keratograph 5M, following the guidelines of the Tear Film and Ocular 

Surface Dry Eye Workshop II Diagnostic Methodology Report. Only subjects who had a 

positive score in almost one questionnaire and a first non-invasive keratograph break-

up time lower than 10 seconds were included in the study. After thermal bag self-

application in both eyes every day for 2 weeks, the protocol was carried out again. Lid 

massage was performed after lid warming. Compliance and degree of improvement 

were also assessed. The young group showed an improvement in non-invasive 

keratograph break-up time, lipid layer, upper eyelid gland drop-out percentage and dry 
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eye symptoms over the two week treatment period. Improvements in meibum quality, 

gland obstruction, telangiectasia scores, and dry eye symptoms were found in aged 

subjects. Mixed ANOVA revealed better non-invasive keratograph break-up time and 

lipid layer values in young subjects. Despite the treatment compliance being 

statistically higher in the aged group than in the younger one (p = 0.002), there were 

no significant differences in subjective improvement between groups (p = 0.097). 

Overall, dry eye-related symptoms were improved after thermal bag application, while 

non-invasive keratograph break-up time and lipid layer thickness were only improved 

in young subjects. 

The Tear Film and Ocular Surface Dry Eye Workshop II Diagnostic Methodology 

Report recognized the need of developing new non-invasive and as objective as 

possible metrics to assess the tear film and the ocular surface. Chapter 8 is focused on 

the development of new metrics to assess the tear film and the ocular surface in a 

non-invasive and objective way. In the first part of this chapter (Chapter 8.1), a method 

to assess meibomian gland visibility is developed from the analysis of grey pixel 

intensity values of meibographies obtained through non-contact infrared 

meibography. Chapter 8.1.1 aims to develop a new objective semiautomatic method 

for analysing meibomian glands’ visibility quantitatively. 112 healthy volunteers aged 

between 18 and 90 years (48.29 ± 27.46 years) participated in this study. Infrared 

meibography was obtained from the right upper eyelid through Oculus Keratograph 

5M. Meibographies were classified into 3 groups: Group 1 = Patients with good 

subjective glands visibility and a gland drop-out percentage < 1/3 of the total 

meibomian gland area; Group 2 = Patients with low subjective glands visibility and a 
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gland drop-out < 1/3; and Group 3 = Patients with low subjective glands visibility and a 

gland drop-out > 1/3. New metrics based on the visibility of the meibomian glands 

were calculated and later compared between groups. Rho Spearman test was used to 

assess the correlation between each metric, and Meibomian gland drop-out 

percentage with the entire sample and after excluding group 2. A p-value less than 

0.05 was defined as statistically significant. 

Fifty-six subjects were classified in group 1 (24.48 ± 9.62 years), 19 in group 2 

(69.16 ± 21.30 years) and 37 in group 3 (73.59 ± 13.70 years). No statistically significant 

differences were found between groups 1 and 2 in drop-out percentage. All metrics, 

except entropy, showed higher meibomian gland visibility in Group 1 than in the other 

two groups. Moderate correlations were statistically significant for all metrics with the 

exception of entropy. Correlations were higher after excluding the group 2. To 

conclude, the proposed method is able to assess meibomian gland visibility in an 

objective and repeatable way, which might help clinicians enhance meibomian gland 

dysfunction diagnosis and follow-up treatment.  

In Chapter 8.1.2, the diagnostic capability of these new gland visibility metrics for 

meibomian gland dysfunction is assessed, as well as their correlations with other 

clinical signs and symptoms of dry eye disease and meibomian gland dysfunction. 112 

healthy volunteers (48.3 ± 27.5 years) were enrolled in this study. Ocular surface 

parameters were measured using the Oculus Keratograph 5M. Subjects were classified 

according to the presence or absence of meibomian gland dysfunction. New metrics 

based on the visibility of the meibomian glands were calculated and later compared 
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between groups.  The diagnostic ability of ocular surface parameters and gland 

visibility metrics was studied through receiver operating characteristics curves. Logistic 

regression was used to obtain the combined receiver operating characteristics curve of 

the metrics with the best diagnostic ability. 

Statistically significant differences were found between groups for all ocular 

surface parameters and new gland visibility metrics, except for the first non-invasive 

keratograph break-up time and gland expressibility. New gland visibility metrics 

showed higher sensitivity and specificity than current single metrics when their 

diagnostic ability was assessed without any combination. The diagnostic capability 

increased when gland visibility metrics were incorporated into the logistic regression 

analysis together with gland drop-out percentage, tear meniscus height, dry eye 

symptoms and lid margin abnormality score (p < 0.001). The combination of median 

pixels intensity of meibography grey values with the aforementioned ocular surface 

metrics achieved the highest area under the curve (0.99), along with excellent 

sensitivity (1.00) and specificity (0.93). Overall, new meibomian gland visibility metrics 

are more powerful to diagnose meibomian gland dysfunction than current single 

metrics and can serve as a complementary tool for supporting the diagnosis of 

meibomian gland dysfunction. 

In Chapter 8.2, a method to assess tear film spread and dynamics is developed by 

tracking the tear film particles post-blink. Ocular surface parameters and the recording 

of tear film particles’ spreading post-blink were assessed in eighty-one healthy 

volunteers (43.7 ± 27.0 years) using the Oculus Keratograph 5M. The developed 
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software automatically decomposed the video into frames to manually track particles’ 

position for 1.75 seconds after a blink. The following tear film-dynamic metrics were 

automatically calculated: mean, median, maximum and minimum particles’ speed at 

different times after blinking and the time for particle speed to decrease to < 1.20 

mm/second. The repeatability of each tear film-dynamic metric and its correlations 

with ocular surface signs and symptoms were analyzed. Binomial logistic regression 

was performed to assess the predictability of new metrics to ocular parameters. 

Repeatability tended to be lower just after blinking (variability of 12.24 %), 

whereas the metrics from 0.5 seconds onwards had acceptable repeatability 

(variability below 10 %). Tear film-dynamic metrics correlated positively with non-

invasive keratograph break-up time while negatively with meibomian gland drop-out. 

Binomial logistic regression analysis revealed that tear film-dynamic metrics were able 

to predict non-invasive keratograph break-up time. Nevertheless, no statistically 

significant association was found with gland drop-out. This means that higher particle 

speed is related to larger non-invasive keratograph break-up time. The metric “time for 

particle speed to decrease to < 1.20 mm/second” can be considered the best metric to 

assess the quality of the tear film, since it was more strongly correlated with non-

invasive keratograph break-up time (r = 0.42, p = 0.004), it was more strongly 

associated in the binomial logistic regression analysis with non-invasive keratograph 

break-up time and showed good repeatability (variability = 5.49 %). To conclude, tear 

film-dynamic metrics are emerging homeostasis parameters for assessing indirectly the 

tear film quality in natural conditions with acceptable repeatability. 
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In Chapter 8.3, a method to objectively assess the lipid layer thickness is 

developed through the analysis of grey intensity values obtained from the Placido disk 

pattern reflected onto the tear film. Ocular surface parameters were measured using 

Oculus Keratograph 5M in 94 healthy volunteers (43.8 ± 26.8 years). Subjects’ lipid 

layer thickness was subjectively classified into 4 groups using an interferometry-based 

grading scale. New metrics based on the intensity of the Placido disk images were 

calculated and compared between groups. The repeatability of the new metrics and 

their diagnostic ability was analyzed through receiver operating characteristics curves. 

The level of agreement between the new objective tool and the existing subjective 

classification scale was analyzed by means of accuracy, weighted Kappa index and F-

measure. 

Mean pixels intensity, median pixels intensity and relative energy at 5.33 seconds 

after blinking achieved the highest performance, with a correlation with a lipid layer 

thickness between r = 0.655 and 0.674 (p < 0.001), sensitivity between 0.92 and 0.94, 

specificity between 0.79 and 0.81, area under the receiver operating characteristics 

curve between 0.89 and 0.91, accuracy between 0.76 and 0.77, weighted Kappa index 

of 0.77 and F-measure between 0.86 and 0.87. To conclude, the analysis of grey 

intensity values in videokeratography can be used as an objective tool to assess lipid 

layer thickness. These new metrics could be included in a battery of clinical tests as an 

easy, repeatable, objective and accessible method to improve the detection and 

monitoring of dry eye disease and meibomian gland dysfunction. 
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Since contact lens wear impacts the ocular surface homeostasis, Chapter 9 is 

focused on the effect of contact lenses on the tear film and the ocular surface. Current 

and newly developed metrics are used to assess the ocular surface and the tear film. 

Chapter 9.1 aims to assess the short-term effect of a dual-focus contact lens design on 

the tear film, visual performance and optical quality, compared to a single-vision 

contact lens design built with the same material. Chapter 9.1.1 is focused on the short-

term light disturbance, optical quality and visual performance of these contact lenses. 

This is a randomized, double-masked, crossover study. Twenty-eight healthy, myopic 

volunteers aged between 18 and 32 years (23.5 ± 4.1 years) participated in this study. 

Sensory dominant eye for distance vision was determined. Refraction, best-corrected 

visual acuity and aberrations for 3 mm and 5 mm pupil diameter were acquired at 

baseline (without a contact lens in situ). Subjects were binocularly fitted in random 

order with each of two contact lens designs: dual-focus and single-vision, both made of 

omafilcon A material. Quality of Vision questionnaire, over-refraction, best-corrected 

visual acuity, stereopsis at 40 cm, best-corrected photopic and mesopic contrast 

sensitivity, light disturbance and aberrations were assessed 25 minutes after contact 

lens insertion. Differences between groups for each metric were analysed. A p-value 

less than 0.05 was defined as statistically significant. 

Mean sphere and cylinder were -1.36 ± 1.04 D (range: -6.00 to -0.25 D) and -0.23 ± 

0.30 D (range: -0.75 to 0.00 D), respectively. There were no statistically significant 

differences in best-corrected visual acuity and stereopsis between baseline, dual-focus 

and single-vision contact lens wear conditions. Photopic and mesopic contrast 

sensitivities were lower for the dual-focus contact lens at all frequencies, with the 
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exception of mesopic contrast sensitivity at 18 cycles per degree (p = 0.234). High 

order aberrations and light disturbance size and irregularity were higher for the dual-

focus contact lens (p < 0.001). No differences were found in high order aberrations 

between baseline and with the single-vision contact lens in situ for both pupil 

diameters. Quality of Vision scores also revealed lower frequency, severity and 

bothersome scores with the single-vision contact lens than with the dual-focus contact 

lens (p < 0.001). Overall, the dual-focus contact lens design decreases the 

psychophysical and psychometric visual quality scores in the short-term under dim-

light conditions when compared to a single-vision contact lens design with the same 

material. Visual acuity and stereopsis were not affected by lens design. 

The second part of this chapter (Chapter 9.1.2) is focused on the short-term effect 

of these contact lenses on the pre-lens tear film stability and comfort. This 

randomized, double-masked, crossover study was performed on twenty-eight healthy, 

myopic volunteers aged between 18 and 32 years (23.5 ± 4.1 years). Only one 

randomly chosen eye was assessed. Distance vision and refraction were evaluated at 

baseline. Each contact lens type (monofocal and dual-focus) was randomly fitted, 

always in both eyes. A visual analogue scale between 0 and 10 was used to assess 

general comfort, physical comfort and visual comfort. Tear Film Surface Quality index, 

Tear Film Surface Quality area and auto Tear Break-Up Time were obtained using 

Medmont E-300 at baseline (naked eye condition) and 25 minutes after each contact 

lens insertion.   
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Refractive sphere and cylinder were respectively -1.36 ± 1.04 D (ranging from -

6.00 to -0.25 D) and -0.23 ± 0.30 D (ranging from -0.75 to 0.00 D). Tear Film Surface 

Quality and Tear Film Surface Quality area were lower (meaning more stable tear film) 

at baseline when compared with both contact lens types (p < 0.025). Higher pre-lens 

tear instability (larger Tear Film Surface Quality and Tear Film Surface Quality area 

values) was found with the dual-focus than with the monofocal lens. Auto Tear Break-

Up Time was higher at baseline than with each of the contact lenses, without 

statistically significant differences between both contact lens types. Visual analogue 

scales revealed statistically significant better scores in the monofocal contact lens than 

in the dual-focus contact lens for general (0.77 ± 1.14 vs 3.12 ± 2.79), physical (0.96 ± 

1.46 vs 2.19 ± 2.45) and visual comfort (1.27 ± 1.66 vs 3.92 ± 2.04). To conclude, a 

slight reduction in short-term pre-lens tear film stability was found in the dual-focus 

design in comparison with the monofocal lens, potentially contributing to the 

deterioration of visual performance and comfort during dual-focus contact lens wear. 

Chapter 9.2 goes one step further by comparing short-term visual quality, optical 

quality, light disturbance, comfort and tear film stability between two dual-focus 

prototype contact lenses for myopia control made from the same material. It aims to 

assess whether parameters are influenced by the different optical designs of two dual-

focus contact lenses. Twenty-eight subjects (23.49 ± 4.07 years) with myopia were 

included in this randomized, double-masked, crossover study. Refraction, best-

corrected visual acuity, wavefront aberrations and tear film stability (Medmont E 300) 

were measured at baseline. Subjects were then binocularly fitted with two dual-focus 

contact lenses (randomly) and only the sensorial dominant eye was assessed. Lenses 
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had the same material with two varying inner zone diameters of 2.1 mm (S design) and 

4.0 mm (M design). Visual and physical comfort, over-refraction, best-corrected visual 

acuity, stereopsis at 40 cm, best-corrected photopic and mesopic contrast sensitivity, 

size and shape of light disturbance, wavefront aberrations, subjective quality of vision 

(Quality of Vision Questionnaire) and tear film stability were measured for both lenses. 

Both contact lens designs decreased visual acuity and tear film stability, and 

induced higher levels of higher-order aberrations in comparison to baseline. 

Nevertheless, visual acuity and photopic contrast sensitivity were within normal values 

for the subjects’ age. Regarding comparisons between lenses, the M design promoted 

better photopic contrast sensitivity in the spatial frequency of 18 cycles per degree (p 

< 0.001) and a better light disturbance (p < 0.017). However, higher-order aberrations 

were better in S design (p = 0.015). No statistically significant differences were found 

between the two contact lenses in Quality of Vision scores and tear film stability. 

Overall, both dual-focus contact lenses provided an acceptable visual performance 

under photopic conditions. The contact lens with medium central diameter of 4.0 mm 

induced better contrast sensitivity at high frequencies and lower light disturbance size, 

while the smaller central diameter contact lens of 2.1 mm induced lower levels of 

higher-order aberrations for a 5 mm pupil diameter. Both diameters promoted the 

same subjective visual comfort. 

Chapter 9.3 assesses the light disturbance related to changes in the tear film 

stability parameters to validate the Light Disturbance Analyzer device as a reliable and 

useful tool to assess the optical quality-related changes induced by the tear film. Thus, 
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light disturbance, tear film stability and corneal aberrations were evaluated under 

different conditions: Different blinking patterns, with and without artificial tears, and 

with a single-vision and a dual-focus contact lens. Forty healthy, myopic volunteers 

aged between 19 and 38 years (26.6 ± 5.1 years) were recruited to participate in this 

randomized, double-masked, crossover study. The sensory dominant eye for distance 

vision was examined. Refraction and best-corrected visual acuity were assessed at 

baseline (without contact lens). In the first visit, light disturbance (measured with Light 

Disturbance Analyzer) and the tear film stability and corneal aberrations (Medmont E 

300 Corneal Topographer) were assessed with different blinking patterns in random 

order: Blinking naturally, blinking every 6 seconds and blinking every 12 seconds. 

Measurements were repeated with artificial tears. In the second visit, subjects were 

binocularly fitted in random order with each contact lens design: Dual-focus and 

single-vision. Over-refraction and best-corrected visual acuity were assessed 25 

minutes after contact lens insertion. Light disturbance, tear film stability and corneal 

aberrations were assessed for each contact lens with each blinking pattern without 

and with artificial tears. 

Light vision disturbance was higher with the slowest blinking rate (p < 0.034) when 

subjects wear contact lenses since both contact lenses decreased tear stability (p < 

0.001). Statistically significant improvements in light disturbance and tear film were 

observed after the instillation of artificial tears in the naked eye for delayed blinking 

and with both contact lenses tested. The dual-focus contact lens provided greater tear 

film instability (p < 0.008) and light disturbance (p < 0.001) than single-vision contact 

lens in all blinking patterns. Despite the improved tear film stability (p < 0.001) and 
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light disturbance (p < 0.008) in the dual-focus contact lens after the instillation of 

artificial tears, this lens showed higher destabilization of the tear film and disturbance 

phenomena than the naked eye and single-vision contact lens. Overall, delayed 

blinking and contact lens wear increased light disturbance due to tear film instability. 

Monitoring blinking or artificial tears use might decrease the light disturbance and 

could be an option to manage subjects with short break-up time or with lower blinking 

rates such as computer users with contact lenses. Light disturbance measurement 

might help in the assessment and management of subjects with dry eye disease 

symptoms, as well as in the in-vivo assessment of lens wettability. 

In Chapter 9.4, the method developed in Chapter 8.1 is applied to scleral lens 

wearers to assess the meibomian gland drop-out and visibility after one year of lens 

wear. Infrared meibography was obtained from the upper eyelid using the Cobra 

fundus camera in forty-three volunteers (34.2 ± 10.1 years). Meibographies were 

classified into 3 groups: Group 1 = good subjective gland visibility and gland drop-out < 

1/3 of the total area; Group 2 = low visibility and gland drop-out < 1/3; and Group 3 = 

low visibility and gland drop-out > 1/3. Meibomian gland visibility metrics were then 

calculated using the developed method from the pixel intensity values of 

meibographies. The repeatability of new metrics and their correlations with gland 

drop-out were assessed. Meibographies and ocular symptoms were also assessed after 

1 year of scleral lens wear in 29 subjects. 

Gland drop-out percentage was not statistically different between groups 1 and 2 

(p = 0.464). Nevertheless, group 1 showed higher grey pixel intensity values than the 
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other groups. Statistically significant correlations were found between gland visibility 

metrics and gland drop-out percentage. Repeatability was acceptable for all metrics, 

with the coefficient of variation achieving values between 0.52 and 3.18. While ocular 

symptoms decreased with scleral lens wear (p < 0.001), no statistically significant 

differences were found in gland drop-out percentage (p = 0.157) and gland visibility 

metrics (p > 0.217). To conclude, the proposed method can assess meibomian gland 

visibility in an objective and repeatable way. Scleral lens wear appears to not adversely 

affect meibomian gland drop-out and visibility while might improve dry eye symptoms 

after one year of lens wear. These preliminary results should be confirmed with a 

control group. 

In Chapter 9.5, the effect of soft contact lens wear and duration on the tear film 

and meibomian glands is assessed. The method developed in Chapter 8.1 is applied to 

soft contact lens wearers to assess the meibomian gland drop-out and visibility. Thirty 

non-contact lens wearers (22.5 ± 2.3 years) and twenty-four long-term soft contact 

lens wearers (23.8 ± 2.2 years) participated in this study. The ocular surface of 

participants was assessed using the Oculus Keratograph 5M in the following order: 

Ocular Surface Disease Index, 5-item Dry Eye Questionnaire, bulbar redness, tear 

meniscus height, non-invasive keratograph break-up time and upper eyelid 

meibography. Contact lens users were surveyed on their wearing habits, including 

years of contact lens wear and hours of contact lens wear per week. Meibomian gland 

visibility was assessed using a previously developed method based on the analysis of 

pixel intensity values of meibographies. 
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The contact lens group showed a statistically higher gland drop-out (p < 0.001) and 

lower values in gland visibility metrics (p < 0.022). No differences were found in Ocular 

Surface Disease Index, 5-item Dry Eye Questionnaire, tear meniscus height, bulbar 

redness and non-invasive keratograph break-up time. Binomial logistic regression 

revealed that gland drop-out was independently associated with contact lens wear (p = 

0.006). When gland drop-out was excluded from the analysis, relative energy of pixel 

intensity values showed an independent association with the use of contact lenses (p = 

0.005). Prolonged hours of contact lens wear was associated with higher dry eye 

symptoms and entropy of meibomian glands (p < 0.029), which might be a 

measurement of gland tortuosity. A reduction in non-invasive keratograph break-up 

time was independently associated with the use of contact lenses for 8 years or more 

(p = 0.030). Overall, gland drop-out was higher and gland visibility lower in long-term 

soft contact lens wearers in comparison with non-contact lens wearers. New gland 

visibility metrics might help to assess the follow-up of meibomian glands in soft 

contact lens wearers quickly and objectively. 

In Chapter 9.6, the effect of computer use, contact lens wear and artificial tears on 

new metrics developed in Chapters 8.2 and 8.3 and current ones are assessed. It is 

studied whether these new metrics are able to detect changes in the tear film and the 

ocular surface in a non-invasive and objective way, which might help to further 

validate these metrics. Eighty-four healthy volunteers ranging in age from 18 to 27 

years (22.4 ± 2.6 years) participated in this study. The ocular surface and tear film 

response to (1) the use of a computer, (2) contact lens insertion and (3) tear film 

instillation during computer use with contact lenses were assessed using current and 
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novel metrics. Current metrics included the Ocular Surface Disease Index 

questionnaire, 5-item Dry Eye Questionnaire, bulbar redness, tear meniscus height and 

non-invasive keratograph break-up time. Novel metrics included the measurement of 

the lipid layer thickness obtained from the intensity of the reflected Placido disk and 

the measurement of the speed of tear film particles post-blink.  

Higher dry eye symptoms, tear meniscus height and bulbar redness; and lower 

values in metrics related to the intensity of the reflected Placido disk pattern and in 

metrics related to particle speed after blinking were found after the computer reading 

task (p < 0.036). When a contact lens was fitted, lower tear meniscus height, non-

invasive keratograph break-up time, mode pixel intensity, minimum pixel intensity of 

the reflected Placido disk pattern, and particle speed metrics were obtained (p < 

0.044). Mixed ANOVA revealed that artificial tears had a significant effect in 

ameliorating the effect of computer reading on the Ocular Surface Disease Index 

questionnaire, 5-item Dry Eye Questionnaire, non-invasive keratograph break-up time, 

metrics related to the intensity of the reflected Placido disk pattern and metrics 

related to particle speed after blinking (p < 0.033). Overall, computer use and contact 

lens wear worsened dry eye signs and symptoms, including novel ocular surface 

metrics. Artificial tears help in ameliorating the effect of contact lens wear and 

computer use on current and novel metrics. Newly developed methods can serve as a 

tool to detect changes in the tear film triggered by different ocular surface-disturbing 

conditions. 
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Finally, in Chapter 10, the general conclusions and further research lines are 

exposed. Despite many techniques being available to assess the tear film, some of 

them have limited repeatability, sensitivity and specificity. Moreover, some of them 

are non-objective or invasive, which makes the assessment of the tear film challenging 

and the diagnosis of dry eye disease difficult. Non-invasive imaging techniques should 

be considered to assess the tear film and the ocular surface and should prevail over 

invasive ones to achieve greater diagnostic capability and better management of 

individuals with dry eye disease.  

The metrics developed in the present work can help assess the tear film and the 

ocular surface in a non-invasive, objective and repeatable manner. These new metrics 

could be included in a battery of clinical tests as easy, repeatable and objective 

methods to improve the assessment of the tear film, which could enhance the 

detection and monitoring of dry eye disease and meibomian gland dysfunction. 

Moreover, these metrics are capable of assessing the changes in the ocular surface and 

the tear film due to contact lens wear.  

Although newly developed metrics are able to assess the tear film and the ocular 

surface; this is the first step in developing these metrics. Further research is needed to 

assess the performance of these metrics in subjects diagnosed with dry eye disease or 

meibomian gland dysfunction, and to establish cut-off values based on the age of the 

subjects. Nonetheless, although these results are preliminary, they are highly 

encouraging, and this study could be the basis for future works. 
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ACRONYMS 

µm: Microns 

ADDE: Aqueous Deficient Dry Eye 

BFC: Best-Fit Circle 

BUT: Break-Up Time 

CoR: Coefficient of Repeatability 

CoV: Coefficient of Variation 

DED: Dry Eye Disease 

DEQ-5: 5-item Dry Eye Questionnaire 

EDE: Evaporative Dry Eye 

ICU: Interferometric Color Units 

IQR: Interquartile Range 

LDA: Light Disturbance Analyzer 

LDI: Light Disturbance Index 

LED: Light-Emitting Diode 

LIPCOF: Lid Parallel Conjunctival Folds 

MGD: Meibomian Gland Dysfunction 

mm: Millimeters 

MTF: Modulation Transfer Function 

NIBUT: Non-Invasive Break-Up Time 

NIKBUT: Non-Invasive Keratograph Break-Up Time 

OCT: Optical Coherence Tomography 

OQAS: Optical Quality Analysis System 

OSDI: Ocular Surface Disease Index 

OSI: Ocular Scatter Index 

OST: Ocular Surface Temperature 
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PSF: Point Spread Function 

QoV: Quality of Vision 

RMS: Root Mean Square 

ROC: Receiver Operating Characteristic 

ROI: Region Of Interest 

SD: Standard Deviation 

Sw: Within-Subject Standard Deviation 

TFOS DEWS: Tear Film and Ocular Surface Dry Eye WorkShop 

TFSQ: Tear Film Surface Quality 

TMA: Tear Meniscus Area 

TMD: Tear Meniscus Depth 

TMH: Tear Meniscus Height 

TMR: Tear Meniscus Radius 

TMV: Tear Meniscus Volume 
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1. INTRODUCTION 

1.1 The tear film 

The tear film is a complex structure that covers the ocular surface of the eye and 

forms a metastable covering between blinks (Lemp, 2008; Willcox et al., 2017). It is 

composed of many substances including lipids, proteins, mucins and electrolytes 

(Willcox et al., 2017). The tear film performs different functions related to the health 

of the ocular surface, providing mechanical and defensive functions against the 

environment. For instance, the tear film removes the waste, has bactericide 

properties, reduces tension forces and maintains a regular optical surface, clear vision, 

corneal health, transparency, nutrition and lubrication of the ocular surface (Willcox et 

al., 2017). Thus, having a proper lacrimal quality and quantity is vital for having a 

healthy and functional ocular surface (Craig et al., 2017; Willcox et al., 2017). 

The tear film is formed after a blink, which redistributes the tears over the ocular 

surface from three compartments: the fornix, the tear menisci and the preocular tear 

film, which has a thickness of around 2-5.5 µm (Stern et al., 1998; King-Smith et al., 

2000; King-Smith et al., 2004; Chen et al., 2010). During the inter blink time, the tear 

film becomes thinner due to evaporation and breaks-up until the next blink occurs 

(Craig and Tomlinson, 1997; Bron et al., 2004; Nichols, Mitchell and King-Smith, 2005; 

Lemp, 2008; King-Smith et al., 2009; Peng et al., 2014a; Peng et al., 2014b;). Finally, 

tears are drainage towards the lacrimal fossa by upper and lower canaliculi, lacrimal 

points, sacs and ducts (Doane, 1981; Klein et al., 1998). 
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1.1.1 The lacrimal function unit 

The lacrimal function unit is the mechanism through which the eye maintains the 

homeostasis of the tear film. It is a set of structures that have the function of 

regulating the production, distributing and clearing the tears to meet ocular surface 

demands, resulting in maintaining the tear film homeostasis (Bron et al., 2017). 

Through the lacrimal function unit, sensory receptors monitor the ocular surface, send 

afferent signals to the central nervous system and send efferent impulses to the 

secretory glands and cells to modulate the tear film secretion and local immunity 

(Stern al., 2004; Lemp, 2008; Foulks and Pflugfelder, 2014; Belmonte et al., 2017). 

The fifth cranial nerve also called the trigeminal nerve and its terminal branches 

innervate the ocular surface and contiguous areas of the upper and lower eyelids. 

Corneal nerves send different afferent inputs to the brain such as pain (polymodal 

nociceptor), temperature (cold thermoceptor) and mechanical sensation (mechano-

nociceptor) (Belmonte et al., 2017; Bron et al., 2017). These signals cause the 

stimulation of the lacrimal glands, conjunctival goblet cells and meibomian glands as a 

response to the inputs, which generates an efferent loop modulated by the 

parasympathetic nervous system to adapt the needs of the ocular surface against the 

environment (Bron et al., 2017).  

1.1.2 Composition of the tear film 

Traditionally, the tear film has been thought to consist of three discrete layers: a 

mucin layer covering the corneal and conjunctival cells, an intermediate aqueous layer 

and a lipid layer, which is the outermost layer and covers the aqueous layer (Holly and 
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Lemp, 1977; Willcox et al., 2017). However, currently, it is widely accepted that the 

tear film is a complex structure in which the aqueous and mucous layers are mixed. 

Thus, the tear film is composed of a glycocalyx covering the corneal surface and a 

mucoaqueous-gel with a gradient of mucin content decreasing from the epithelium to 

the aqueous layer (Dilly, 1994; Arntz-Bustos and Durán-de-la-Colina, 2004; Stern et al., 

2004; Cher, 2008; Craig et al., 2017; Willcox et al., 2017).  

1.1.2.1 The tear film lipid layer 

The lipid layer is secreted by Meibomian glands (Bron and Tiffany, 1998; Korb, 

2002; Kunnen et al., 2016; Willcox et al., 2017) and is the thinnest layer of the tear 

film. Its mean thickness is 40nm (King-Smith, Hinel and Nichols, 2010) and it is 

composed of a multi-layered model, which consist of an external non-polar 

hydrophobic lipid layer in contact with the external environment (waxes, cholesterol 

esters and triglycerides) and an internal polar lipid layer ((0-acyl)-w-hydroxy fatty acids 

and phospholipids) (Bron and Tiffany, 2004; Bron et al., 2004; King-Smith, Hinel and 

Nichols, 2010; Millar and Schuett, 2015; Cwiklik, 2016, Willcox et al., 2017). 

The lipid layer interacts with the mucoaqueous layer, retarding the evaporation of 

the aqueous layer and increasing the stability and spreading of the tear film between 

blinks (Lemp, 2008; Willcox et al., 2017). However, the role of the lipid layer in 

preventing evaporation is controversial. Nowadays it is believed that not only is the 

lipid layer that contributes to avoiding the evaporation and collapse of the tear film, 

but rather the interaction of all the tear film layers, salts and proteins. Moreover, the 

lipid layer also provides a smooth optical surface and reduces surface tension (Miller, 
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1969; Willcox et al., 2017). Further studies are needed to better understand the role of 

the tear film lipid layer. 

1.1.2.2 The tear film aqueous layer 

The aqueous layer is the thickest layer of the tear film, having a thickness higher 

than 98 % of the tear film (7 µm) (Craig et al., 2017). It is secreted by the main lacrimal 

glands and the accessory glands of Krause and Wolfring, with soluble mucins secreted 

by the goblet cells in the conjunctiva (Dartt, 2002; Harriet and Kuonen, 2004; Ubels et 

al., 2012; Willcox et al., 2017). The aqueous layer is also composed of proteins, 

metabolites, enzymes, electrolytes, antibacterial proteins (lysozyme and lactoferrin), 

nutrients (glucose, glycogen and oxygen) and proteins to protect the eye against 

pathogens (albumin, immunoglobulin, lipocalin, fibroblast grow factor and nerve 

growth factor). The aqueous layer has different functions such as nutrition, cleaning 

the debris, maintaining epithelial hydration and it also has a bacteriostatic function 

(Willcox et al., 2017). 

1.1.2.3 The tear film mucin layer 

The mucin layer is the innermost layer of the tear film and is secreted by the 

goblet cells, located in the conjunctival epithelium (Gipson, 2007; Willcox et al. 2017). 

The mucin layer is composed of immunoglobulins, urea, salts, leukocytes, glucose and 

enzymes (Nichols, Chiappino and Dawson, 1985). Mucins are high molecular 

glycoproteins that play the role of protection against pathogens, lubrication and 

hydration of the ocular surface, reduction of frictional forces, clear waste and debris 

and it acts as a barrier formation. The mucin layer also converts the epithelial surface 



Chapter 1. Introduction 

  

 

75 
 

into a hydrophilic surface (Mantelli and Argüeso, 2008; Stephens and McNamara, 

2015; Willcox et al., 2017).  

There are different types of mucins: transmembrane mucins and secretory mucins 

(Willcox et al., 2017). Transmembrane mucins are produced by the conjunctival cells 

and are mainly placed at the apex of the ocular mucosal epithelial cells. They have 

anti-adhesive properties and play the role of clearing debris and preventing the 

adhesion of foreign bodies and pathogens. They also play a role in the stabilization of 

the tear film (Mantelli and Argüeso, 2008; Govindarajan and Gipson, 2010; Willcox et 

al., 2017). Moreover, membrane-associated mucins secrete glycocalyx, which creates a 

barrier for epithelial integrity (Gipson, Hori and Argüeso, 2004; Blalock et al., 2007; 

Lemp, 2008; Willcox et al., 2017).  

Secretory mucins can be subclassified into large gel-forming mucins and small 

soluble mucins (or non-gel forming mucins). Gel-forming mucins are secreted by the 

conjunctival goblet cells and have the function of trapping and removing cellular 

debris. They also have antimicrobial functions, reduces the stress during blinking and 

acts as a scaffold for cytokines (Gipson, Hori and Argüeso, 2004; Lemp, 2008; Mantelli 

and Argüeso, 2008; Willcox et al., 2017). Finally, soluble mucins are primarily secreted 

by the lacrimal gland and conjunctival cells and have an antibacterial function (Bobek 

and Situ, 2003; Jumblatt et al., 2003; Lemp, 2008; Gipson, Hori and Argüeso, 2004; 

Willcox et al., 2017). 
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1.2 Dry eye disease 

1.2.1 Definition 

Dry eye disease (DED) is a pathology in increasing prevalence, which severely 

affects the integrity of the eye, optical quality and patients’ quality of life (Lemp, 2008; 

Montés-Micó et al., 2010a; Paulsen et al. 2014; Craig et al., 2017). It is recognized as a 

growing worldwide public health problem, one of the most frequent reasons for 

seeking eye care and a very common cause of ophthalmologic visits (Lemp, 2008; 

Deschamps et al., 2013; Craig et al., 2017). 

In the year 2017, the report of the Tear Film and Ocular Surface Society Dry Eye 

Workshop II (TFOS DEWS II) defined the disease as “a multifactorial disease of the 

ocular surface characterized by a loss of homeostasis of the tear film, and accompanied 

by ocular symptoms, in which tear film instability and hyperosmolarity, ocular surface 

inflammation and damage, and neurosensory abnormalities play etiological roles” 

(Craig et al., 2017). 

The definition recognized symptoms as the central feature of the disease and their 

presence is necessary to diagnose it. Moreover, the definition also covered the 

aetiology of the disease, such as tear instability, hyperosmolarity, neurosensory 

abnormalities, and ocular surface inflammation and damage (Craig et al., 2017).  

The authors of the TFOS DEWS II Definition and Classification Report (Craig et al., 

2017) also recognized the multifactorial character of the disease, in which the main 

cause is the loss of homeostasis of the tear film. The multifactorial character of the 

disease challenges clinicians, making the collaboration between professions vital in the 

assessment of DED (Remeseiro et al., 2016; Craig et al., 2017). Thus, several risk factors 
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have been identified to be associated with DED such as age, sex, hormones, lifestyle, 

environment, medical history, systemic and topical medications, ocular surgery or 

contact lens wear (Yang et al., 2015; Stapleton et al., 2017; Wang et al., 2020; Wang et 

al., 2021). 

1.2.2 Epidemiology 

TFOS DEWS II Epidemiology Report argued that DED has a prevalence between 5 

and 50 % (Stapleton et al., 2017). The authors reported that prevalence based on signs 

alone was generally higher and more variable than the prevalence based on 

symptoms, reaching up to 75 % in some populations. This wide range of prevalence is 

due to the different populations studied, diagnostic methods, geography, age, sex and 

the lack of a global consensus between studies in the criterion of diagnosis (Stapleton 

et al., 2017; Wang et al., 2020).  

The prevalence of the disease is increasing due to the rise of refractive surgeries, 

the ageing of the population and the increasing use of contact lenses and visual 

displays (Bron et al., 2017; Stapleton et al., 2017). Likewise, the current lifestyle 

exposes millions of people in the world to artificial environments with low humidity 

and high airflow, which can increase tears evaporation and intensify the signs and 

symptoms of DED (Alex et al., 2013; Tesón et al., 2013; López-Miguel et al., 2014; Bron 

et al., 2017; Stapleton et al., 2017). 

The literature revealed that consistent risk factors for DED were ageing, female 

sex (although differences between sexes generally become significant only with 

increasing age due to hormonal changes), Asian race, Meibomian Gland Dysfunction 

(MGD), connective tissue diseases, Sjögren syndrome, androgen deficiency, computer 
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use, contact lens wear, hormone replacement therapy, hematopoietic stem cell 

transplantation, medication such as antihistamines, antidepressants, anxiolytics or 

isotretinoin, and factors related to the environment such as pollution, low humidity or 

sick building syndrome. Nevertheless, very few of the current studies included young 

patients in the analysis (Stapleton et al., 2017). 

Also, the TFOS DEWS II Epidemiology Report (Stapleton et al., 2017) highlighted 

that some of the listed risk factors are still probable or inconclusive, and there is still 

no clear evidence that most of them induce DED: refractive surgery, diabetes, rosacea, 

viral infection, thyroid disease, psychiatric conditions, pterygium, low fatty acids 

intake, allergic conjunctivitis, Hispanic ethnicity, menopause, acne, sarcoidosis, 

smoking, alcohol, pregnancy, Demodex infestation, botulinum toxin injection and 

medications such as anticholinergics, diuretics, beta-blockers, multivitamins or oral 

contraceptive (Yao et al., 2011; Stapleton et al., 2017).  

Furthermore, most of the published studies have differences in the methodology 

adopted and in the criterion followed to diagnose DED, which makes their direct 

comparison and the building of global conclusions challenging (Stapleton et al., 2017; 

Wolffsohn et al., 2017; Wang et al., 2020; Wang et al., 2021). In the report (Stapleton 

et al., 2017), the authors argued that there is still a considerable lack of information 

about risk factors for DED and that the implementation of studies to assess such 

factors in different geographic regions is required. Thus, further studies following the 

recommendation of the TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et 

al., 2017) are needed to assess the prevalence and risk factors for DED.  
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There are only two studies (Wang et al., 2020; Wang et al., 2021) that have 

assessed DED risk factors following the TFOS DEWS II guidelines for the diagnosis of 

DED. Authors found that age, East Asian ethnicity, migraine headaches, systemic 

rheumatologic disease, thyroid disease, use of antidepressant medication, oral 

contraceptive therapy, digital screen exposure and reduced caffeine consumption were 

factors independently associated with DED. 

1.2.3 Symptoms and quality of life 

The main symptoms of DED are visual disturbances, blurry vision, ocular 

discomfort, damage of the ocular surface, feeling of grit in the eyes, foreign body 

sensation, photophobia and, paradoxically, excessive tearing in some cases (Craig et 

al., 2017). Different studies have also demonstrated that DED patients have also 

decreased quality of life (Yao et al., 2011; Paulsen et al., 2014; Mertzanis et al., 2015; 

Craig et al., 2017), and psychological problems such as anxiety, stress or depression 

(Labbé et al., 2013; Hallak, Tibrewal and Jain, 2015). DED patients can also suffer from 

ocular fatigue and difficulties in reading and driving at night (Lemp, 2008). Moreover, 

the high cost of the treatment and the work productivity losses cause a highly negative 

socioeconomic impact (Clegg et al., 2006; Uchino et al., 2014; Craig et al., 2017). 

1.2.4 Dry eye disease classification 

The purpose of dry eye classification is to guide the diagnosis and follow-up of DED 

patients through appropriate treatments. DED can be classified as aqueous deficient 

dry eye (ADDE), which may or may not be associated with Sjögren syndrome; and 
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evaporative dry eye (EDE), which is more frequent and can be subclassified as intrinsic 

or extrinsic (Yao et al., 2011; Craig et al., 2017; Wolffsohn et al., 2017). 

However, the TFOS DEWS II Definition and Classification Report (Craig et al., 2017) 

argued that this classification has some issues. The authors of the report preferred to 

remove any perception of exclusivity in the DED classification because ADDE and EDE 

are merged in advanced stages of the disease, being both types a continuum instead of 

separate subtypes. For instance, ADDE causes tear film thickness reduction, which 

affects tear film lipid layer spreading and might cause EDE. Likewise, severe EDE might 

cause afferent corneal nerve impairment, which could reduce the sensitivity of the 

ocular surface and cause ADDE (Bron et al., 2017; Stapleton et al., 2017). Moreover, 

other conditions can be confounded with DED. For that reason, the TFOS DEWS II 

Definition and Classification Report defined DED as the presence of signs and 

symptoms of dry eye (Figure 1.1) (Craig et al., 2017). 
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Fig. 1.1. Classification of dry eye disease (Craig et al., 2017). 

The DED definition recognizes the necessity of dry eye symptoms and associated 

ocular surface signs in making a diagnosis (Craig et al., 2017; Wolffsohn et al., 2017). 

Symptoms without signs could be due to neuropathic pain, which is caused by an 

injury or a disease in the somatosensory system. This is an important distinction in the 

diagnosis because the required pain management falls outside the scope of DED 

therapy (Craig et al., 2017; Belmonte et al., 2017; Wolffsohn et al., 2017). Besides, 

symptoms without signs might also mean a pre-clinical dry eye state. In this case, the 

clinician can educate the patient to identify modifiable risk factors of DED, use 

ergonomics and preventive therapy. On the other hand, the presence of signs without 

symptoms could be due to reduced corneal sensitivity (neurotrophic conditions). 
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Corneal nerve damage secondary to DED is recognized to reduce corneal sensitivity 

and this can mask discomfort. Finally, signs without symptoms could also be a 

predisposition to DED, in which preventive management is appropriate (Craig et al., 

2017). 

1.2.5 Pathophysiology 

The lacrimal function unit is constantly dealing with external factors that can 

jeopardize the tear film homeostasis and cause an inflammatory cascade. Tear 

hyperosmolarity along with tear instability have been recognized to be the main 

drivers of DED (Bron et al., 2017).  

Tear hyperosmolarity cannot occur without evaporation. Actually, both subtypes 

of DED can be considered evaporative since evaporation is present in both of them. In 

ADDE, tear hyperosmolarity results when lacrimal secretion is reduced and the 

evaporation is normal; while in EDE, hyperosmolarity is caused by excessive 

evaporation of the tear film (Bron et al., 2017).  

Evaporation increases the solute concentration of the tear film, which causes 

hyperosmolarity. This leads to surface desiccation and a chain of inflammatory events, 

which is an entry point into a vicious circle that aggravates the DED state. Any 

aetiology of DED has one or more entry points into the vicious circle (Figure 1.2) (Bron 

et al., 2017).  
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Fig. 1.2. The vicious circle of DED (Bron, 2015; Bron et al., 2017). 

Hyperosmolarity is considered the hallmark of the disease. Tear hyperosmolarity 

stimulates a cascade of events in epithelial cells of the eye, involving MAP kinases, NF-

KB signalling pathways and inflammatory cytokines (IL-1, IL-1α, IL-1β), tumour necrosis 

factor-α and proteases, such as MMP9 (Gupta et al., 1996; Li et al., 2001; Li et al., 

2006; Chotikavanich et al., 2009; Chen et al., 2011b; Zhang et al., 2012; Stern, 

Schaumburg and Pflugfelder, 2013; Coursey et al., 2014; Bonaccorsi et al., 2015; Bron 

et al., 2017). These inflammatory mediators, together with hyperosmolarity, lead to a 

reduced expression of the glycocalyx mucins, disrupt the epithelial corneal barrier, and 

cause cell stress and damage of the ocular surface. All of this causes apoptosis of 

epithelial cells. Damage is reinforced by inflammatory mediators from activated T-cells, 

recruited to the ocular surface. Cell apoptosis aggravates the vicious circle due to the 
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loss of cells that secrete lacrimal compounds. Moreover, when a cell dies more 

inflammatory cells are generated.  

Goblet cell loss is a feature of every form of DED because it reduces the levels of 

MUC5AC (Bron et al., 2017). Likewise, altered expression of glycocalyx mucins causes 

ocular surface staining and alters ocular surface wetting, leading to instability of the 

tear film and early tear film break-up. This aggravates hyperosmolarity and completes 

the vicious circle. The treatment of the disease should be focused on breaking the 

vicious circle to restore the tear film stability and ocular surface health (Bron et al., 

2017). 

The alteration of the tear film increases friction between eyelids and the ocular 

surface. Frictional damage stimulates corneal nerve endings and mechano-nociceptors, 

which cause symptoms of discomfort, increased blink rate, and increased lacrimal 

secretion due to compensatory reflex (Bron et al., 2017). This also secrets 

neuropeptides, which leads to neurogenic inflammation, nerve growth factor 

liberation and promotes nerve regeneration (Baudouin et al., 2017; Bron et al., 2017). 

Moreover, the evaporation of the tear film causes cooling in the ocular surface, which 

causes discomfort through the activation of cold thermoceptors. They increase the 

lacrimal secretion and blinking rate (Nakamori et al., 1997; Wu et al., 2014b; Belmonte 

et al., 2017; Bron et al., 2017;). However, prolonged stress can cause the loss of 

corneal sensitivity, which can modify the composition of the tear film (Bron et al., 

2017). 
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Tear film instability can also be initiated without the prior existence of 

hyperosmolarity. As reported in the Epidemiology section, a wide range of 

environmental, lifestyle or medical conditions can trigger inflammatory cascades 

leading to DED. For instance, some of the conditions that can cause tear instability are 

xerophthalmia, ocular allergy, topical preservative use or contact lens wear. EDE can 

be caused by a deficient or unstable lipid layer, MGD or eyelid pathologies like anterior 

blepharitis. Besides, low tear secretion in ADDE can be caused by a sensory reflex 

block, which can be initiated by trigeminal nerve damage in refractive surgery, contact 

lens wear, topical anaesthetics or systemic drugs such as antihistamines, beta-

blockers, antispasmodics, diuretics and some psychotropic drugs. Other causes may 

include a lacrimal obstruction, which can occur in any form of cicatricial conjunctival 

diseases such as trachoma, erythema multiforme, graft-versus-host disease and 

chemical burns. Inflammatory infiltration of the lacrimal gland is the most common 

cause of ADDE, which causes both acinar and ductal epithelial cell dysfunction and 

neurosecretory block (Bron et al., 2017; Stapleton et al., 2017). Despite these different 

entry points to the vicious circle, all of them share a common inflammatory pathway 

leading to ocular surface damage. 

1.2.6 Dry eye disease diagnosis 

DED diagnosis is still challenging due to its multifactorial aetiology, the lack of a 

gold standard metric and the low agreement between DED signs and symptoms 

(Nichols, Mitchell and Zadnik, 2004; Bartlett et al., 2015; Geerling et al., 2017; 

Wolffsohn et al., 2017). DED diagnosis is even more challenging in the early stages of 

DED due to the poor repeatability of diagnostic tests (Sullivan et al., 2012b), low 
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diagnostic capability (high rates of false positives and false negatives) (Tomlinson et al., 

2006; Sullivan, 2014) and the influence of external factors in the tear film metrics 

(Savini et al., 2008). Nowadays, DED diagnosis is based on a combination of symptoms 

described by the patient and a battery of clinical tests. However, the majority of these 

tests are inconsistent and they do not agree with each other (Craig et al., 2017; 

Wolffsohn et al., 2017). At the same time, this complicates the development of new 

methods, metrics or markers because there is no test of reference to correctly 

diagnose the disease (Wolffsohn et al., 2017).  

The TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 2017) 

recommended a diagnostic approach to diagnose DED (Table 1.1). First of all, it is 

important to exclude cases that can be confused with DED through different triaging 

questions. Evaluation of risk factors is also important. In the report, authors argued 

that a subject is classified as DED when has symptoms of dryness in at least one 

questionnaire (Dry Eye Questionnaire-5 (DEQ-5) ≥ 6 or Ocular Surface Disease Index 

(OSDI) ≥ 13) and at least a sign of loss of the tear film homeostasis (hyperosmolarity, 

low Non-Invasive Break-Up Time (NIBUT) or ocular surface staining). The typical 

staining of DED is punctate epitheliopathy.  

Further examinations could be carried out to classify the DED. Thus, meibography, 

tear volume measurements or lipid layer metrics can be used to classify the DED into 

ADDE, EDE or mixed DED. In this way, clinicians can determine the severity of the 

disease and where the DED falls on the spectrum between ADDE and EDE. It is 

important to take into account that the diagnostic tests should be performed from the 
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less to the most invasive so that tear film is not destabilized and to avoid reflex tearing 

(Wolffsohn et al., 2017).  

Table 1.1. Diagnosis of dry eye disease according to the TFOS DEWS II Diagnostic 

Methodology Report (Wolffsohn et al., 2017).  

Diagnosis Criterion 

DED OSDI ≥ 13 /o/ DEQ-5 ≥ 6 
+ at 

least 1 

 NIBUT < 10 seconds 

 Osmolarity ≥ 308 mOsm/L in either eye 

 Interocular osmolarity difference > 8 mOsm/L  

 Corneal staining > 5 spots 

 Conjunctival staining > 9 spots 

 Lid margin staining ≥ 2 mm length y ≥ 25 % width 
ADDE Criterion of DED +  TMH ≤ 0.20 mm 

EDE Criterion of DED + 
 Abnormal lipid layer 

 MGD 

(Where ADDE: Aqueous Deficient Dry Eye; DED: Dry Eye Disease; DEQ-5: Dry Eye 

Questionnaire-5; EDE: Evaporative Dry Eye; MGD: Meibomian Gland Dysfunction; 

mOsm/L: milliosmoles per litre; NIBUT: Non-Invasive Break-Up Time; OSDI: Ocular 

Surface Disease Index; and TMH: Tear Meniscus Height) 

1.3 Imaging techniques to assess the tear film 

There are different tests to assess the tear film. However, there is a lack of 

correlation between them, which makes the diagnosis of DED difficult (Lemp, 2008; 

Sullivan et al., 2012b; Zhang et al., 2012). Besides, the tear film is highly dynamic and 

may be influenced by many internal and external factors (Wang, Palakuru and 

Aquavella, 2008). 

The techniques can be divided into invasive and non-invasive, and in turn into 

objective and subjective. Subjective techniques depend on the examiner’s ability, 

which might increase the variability and reproducibility of results (Kottaiyan et al., 

2012). Likewise, invasive techniques can disturb the tear film, induce reflex tearing and 
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alter the results of the test. Thus, invasive tests such as the Schirmer tests, Break-Up 

Time (BUT) using fluorescein, or fluorescein-stain Tear Meniscus Height (TMH) 

measurements are limited by their invasive nature (Hosaka et al., 2011; Wolffsohn et 

al., 2017). 

In light of the above, the TFOS DEWS II Diagnostic Methodology Report 

recommended the use of non-invasive and as objective as possible techniques to 

assess the tear film (Wolffsohn et al., 2017). New image systems that evaluate the 

anterior segment of the eye in a non-invasive way, such as corneal topographers, 

optical coherence tomography (OCT) systems or confocal microscopes, have high 

potential in this field (Lemp, 2008; Palakuru, Wang and Aquavella, 2008; Yuan et al., 

2010; Varikooty, Keir and Simpson, 2012; Celik et al., 2013; Fukuda et al., 2013; Foulks 

and Pflugfelder, 2014; Abdelfattah et al., 2015; Ji et al., 2017; Wolffsohn et al., 2017; 

Llorens-Quintana., 2018; Llorens-Quintana., 2019a).  

Thus, the development of ocular imaging systems has improved the repeatability, 

objectivity and diagnostic ability of the tests to detect DED (Goto et al., 2004a; Chan et 

al., 2017; Wolffsohn et al., 2017). However, the cost is a common drawback of these 

new technologies (McGinnigle, Naroo and Eperjesi, 2012). Table 1.2 shows the benefits 

and drawbacks of invasive techniques in comparison with non-invasive imaging 

techniques to assess the tear film (Goto et al., 2004a; Hosaka et al., 2011; Kottaiyan et 

al., 2012; McGinnigle, Naroo and Eperjesi, 2012; Foulks and Pflugfelder, 2014; Chan et 

al., 2017; Wolffsohn et al., 2017). 
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Table 1.2. Advantages and disadvantages of invasive techniques in comparison with 

non-invasive imaging techniques to assess the tear film. 

Invasive techniques Non-invasive techniques 

Advantages Disadvantages Advantages Disadvantages 

Cheaper cost Invasiveness Non-invasiveness More expensive 
Availability in any 

clinic 
Less patient-friendly More patient-friendly 

It is not always 
available in any clinic 

 
They might destabilize 
the tear film – Unreal 

measurement 

Measure the tear film 
under more real 

conditions 

 

 
Poor repeatability and 

reproducibility 
Higher repeatability and 

reproducibility 
 

 
Generally, more time to 
perform the technique 

Generally, testing is 
faster 

 

 
Generally, depends 

more on the examiner’s 
ability 

Generally, depend less 
on the examiner’s ability 

(if the device has 
software) 

 

 

Techniques to assess the tear film can be divided into two types depending on 

whether they assess the quantity or the quality of the tear film. 

1.3.1 Imaging techniques to assess the quantity of the tear film 

1.3.1.1 Tear meniscus measurements 

Tear meniscus is a concave reservoir of tears at the lower and upper eyelid 

margins from which the tear film is formed after a blink. The majority of tears are 

contained in the tear meniscus; therefore, their quantitative assessment is the most 

direct method to assess the tear film volume (Tiffany, 2006; McGinnigle, Naroo and 

Eperjesi, 2012; Wolffsohn et al., 2017).  

Tear meniscus can be measured by a slit-lamp, reflective meniscometry, 

pachymetry, corneal topography devices, interferometers or OCT (Oguz, Yokoi and 

Kinoshita, 2000; Yokoi et al., 2004; Johnson and Murphy, 2005; Santodomingo-Rubido, 

Wolffsohn and Gilmartin, 2006a; Uchida et al., 2007; Wang, Palakuru and Aquavella, 
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2008; Zhou et al., 2009). Generally, non-invasive meniscometry techniques are quick 

and useful ways to assess the quantity of tear film, especially OCT. These techniques 

may be useful in the development of new diagnostic metrics, which would be less 

invasive, quicker, and more reliable to detect DED and help in the evaluation of the 

efficacy of treatments (Wang, Palakuru Aquavella, 2008; Yuan et al., 2010; Zhang et al., 

2011; Czajkowski et al., 2012; Kottaiyan et al., 2012; Tung et al., 2012; Fukuda et al., 

2013; Werkmeister et al., 2013; Foulks and Pflugfelder, 2014; Akiyama, Usui and 

Yamagami, 2015; Eroglu, Karalezli and Dursun, 2016; Bai and Nichols, 2017; Chan et al., 

2017; Gumus and Pflugfelder, 2017; Thulasi and Djalilian, 2017).  

1.3.1.1.1 Slit-lamp 

The assessment of the tear meniscus using a slit-lamp is the most accessible tool 

for clinicians; nevertheless, this is a very subjective method and depends on the 

clinician´s ability (Fodor et al., 2010; Arita et al., 2020). A graticule can be placed to 

increase its objectivity and to quantify the TMH (Santodomingo-Rubido, Wolffsohn and 

Gilmartin, 2006a; Hosaka et al., 2011; Imamura et al., 2017; Alshammeri et al., 2019). 

Imamura et al. (2017) found that TMH measured with slit-lamp and a graticule was 

lower than when it was measured using swept-source optical coherence tomography. 

However, both methods were highly reproducible and repeatable. 

The distance between the darkest edge of the lower eyelid and the upper limit of 

the tear meniscus is the absolute TMH; while the distance between the darkest edge 

of the lower eyelid and the brightest reflex of the tear meniscus is the relative TMH 
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(Santodomingo-Rubido, Wolffsohn and Gilmartin, 2006a). One study found significant 

differences between both metrics (p < 0.0001) (García-Resúa et al., 2009). 

Likewise, a camera can be attached to a slit-lamp, which allows the measurement 

of pixels in the image to subsequently convert these values to millimetres (Doughty, 

Laiquzzaman and Button, 2001). Some authors have also instilled fluorescein to 

increase the contrast of the tear meniscus. Nonetheless, fluorescein can disrupt the 

tear film and increase the TMH (Patel et al., 1985; Lekhanont et al., 2019). Lam et al. 

(2019) found that applying fluorescein through a strip might overestimate TMH 0.03 

mm. However, applying fluorescein at the bulbar or palpebral conjunctiva did not 

affect TMH. 

1.3.1.1.2 Reflective meniscometry 

Earlier, reflective meniscometry was used to quantitatively measure the Tear 

Meniscus Radius (TMR) in a non-invasive way using a videomeniscometer. This method 

is based on the specular reflection of a target onto the central tear meniscus. The 

target has a series of horizontal stripes (4 blacks and 5 white stripes). The specularly 

reflected image is recorded by a digital video recorder, allowing the measurement of 

TMR through the concave mirror formula (Yokoi et al., 1999; Oguz, Yokoi and 

Kinoshita, 2000; Yokoi et al., 2004; Yokoi et al., 2017). For instance, Oguz, Yokoi and 

Kinoshita (2000) assessed the tear meniscus using a videomeniscometer and found a 

significant positive correlation between TMR and TMH. Yokoi et al. (2004) found that 

TMR increased with the volume of the artificial drop instilled. 
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1.3.1.1.3 Pachymetry 

Pachymetry also allows measuring non-invasively the TMH, although this method 

is less widely used. A pachymeter is attached to a slit-lamp and it provides two images. 

In this way, TMH is measured by aligning the superior part of the first image with the 

lower part of the second image. Thus, the angular separation between them is directly 

proportional to TMH (Johnson and Murphy, 2005). 

1.3.1.1.4 Corneal topography systems 

Some corneal topographers also include a tool that allows assessing the TMH in an 

objective and non-invasive way (Choi et al., 2018; Xie et al., 2018; Zang et al., 2018; 

Kim et al., 2019; Wang et al., 2019b; Lee et al., 2020b; Li et al., 2020a; Li et al., 2020b; 

Llorens-Quintana, Garaszczuk and Szczesna-Iskander, 2020; Talens-Estarelles et al., 

2020; Yuan et al., 2020; Chen et al., 2021; Duong et al., 2021; Li et al., 2021). The 

measurement is similar to the measurement with a slit-lamp using a photograph. 

Examiner has to delineate the tear meniscus borders and the software calculates the 

height of the tear meniscus (Figure 1.3). It has some advantages like a short evaluation 

time and the use of infrared light. This prevents reflex tearing, eliminates the need for 

calibration of magnification and the use of fluorescein (Baek, Doh and Chung, 2015). 
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Fig. 1.3. Measurement of the tear meniscus height using a videokeratograph. 

Some authors have found differences in TMH between healthy and DED subjects 

(Koh et al., 2016; Kim et al., 2019; Wang et al., 2019b) and between symptomatic and 

asymptomatic contact lens wearers (Siddireddy et al., 2018a) using corneal 

topographers. This suggests that this technique can be used by clinicians to non-

invasively assess the tear meniscus to help in DED diagnosis. Moreover, TMH was 

correlated with dry eye symptoms, BUT using fluorescein, Schirmer test and corneal 

staining (Baek, Doh and Chung, 2015; Siddireddy et al., 2018a). Nevertheless, Zang et 

al. (2018) did not find significant differences in TMH between Sjögren syndrome 

subjects and non-Sjögren syndrome ADDE subjects. Likewise, Kim et al., 2019 neither 

found differences in TMH between controls and MGD patients. 
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Corneal topographers have also been useful to assess the effect on tear meniscus 

of contact lenses (Siddireddy et al., 2018a; García-Montero et al., 2019a; García-

Montero et al., 2019b; Wang et al., 2019a; Llorens-Quintana, Garaszczuk and Szczesna-

Iskander, 2020; Martínez-Alberquilla et al., 2020; Duong et al., 2021), blinking (Kim et 

al., 2020), diseases (He et al., 2018; Zang et al., 2018), treatments (Ren et al., 2018; Ge 

et al., 2020; Li et al., 2020a; Wu et al., 2020b; Chen et al., 2021), visual displays (Choi et 

al., 2018; Golebiowski et al., 2020; Talens-Estarelles et al., 2020) or surgical procedures 

(Zhong et al., 2018; Recchioni et al., 2020) (Table 1.3). 

Topographic devices have been compared with OCT in the tear meniscus 

measurement (Table 1.4). Thus, Baek, Doh and Chung (2015) found lower values of 

TMH when it was measured with a videokeratograph than with OCT (23.8 % lower); 

however, a correlation between both devices was found (r2 = 0.359). These differences 

might be because OCT has higher resolution and provides cross-sectional images, 

which allows more accurate measurements. Moreover, the nature of both techniques 

and imaging processing was different. Images also suffer from fan and optical 

distortions. The sagittal image provided by OCT can also affect the results. Besides, the 

shorter time of examination and infrared light used in videokeratographs can eliminate 

reflex tearing leading to differences between devices (Ortiz et al., 2011; Arriola-

Villalobos et al., 2015; Baek, Doh and Chung, 2015). Conversely, Arriola-Villalobos et al. 

(2015) did not find statistical differences between both devices in TMH (p=0.35), but 

the correlation between devices was poor. Additionally, Lam et al. (2019) also reported 

that the Keratograph 5M and OCT provided similar TMH results. 
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Table 1.3. Results reported by different authors regarding the use of corneal 

topographers to assess the effect on tear meniscus of contact lenses, diseases, 

treatments, visual displays and surgical procedures. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus measurements 

(mean ± SD) 
Main findings 

García-
Montero et 
al. (2019a) 

15 subjects 24.1±2.2 Keratograph 5M 

TMH Baseline 
Lotrafilcon A: 0.27±0.12 mm 
Samfilcon A: 0.30±0.08 mm 
Comfilcon A: 0.28±0.11 mm 

Filcom V3: 0.30±0.12 mm 
TMH 15 days 

Lotrafilcon A: 0.25±0.08 
Samfilcon A: 0.29±0.08 
Comfilcon A: 0.24±0.06 

Filcom V3: 0.29±0.06 

-TMH did not change for any CL 
over 15 days 

He et al. 
(2018) 

120 subjects 
(120 eyes): 44 
diabetics <5 

years, 40 
diabetics 

between 5-10 
years, 36 >10 
years and 40 

healthy. 

Control: 
64.88±7.04 
<5 years: 

64.75±8.20 
5-10 years: 
65.03±7.14 
>10 years: 
66.11±7.44 

Keratograph 5M 

TMH Control: 0.23±0.06 mm 
TMH <5 years: 0.23±0.05 mm 

TMH 5-10 years: 0.21±0.07 mm 
TMH >10 years: 0.18±0.06 mm 

-TMH was shorter in long-term 
type 2 diabetes 

Wang et al. 
(2019a) 

59 myopic 
subjects (59 

eyes) 
12.03±2.31 Keratograph 5M 

TMH baseline: 0.22±0.06 mm 
TMH 1 month: 0.25±0.05 mm 
TMH 6 months: 0.24±0.06 mm 

TMH 24 months: 0.24±0.04 mm 

-Overnight orthokeratology 
affected TMH 

Chen et al. 
(2021) 

100 MGD 
subjects (100 
eyes) (35 had 
a combined 

therapy) 

45.10±4.81 Keratograph 5M 

(Median (IQR)) 
TMH baseline: 0.19(0.15,0.24) 
TMH 1 month: 0.20(0.15,0.22) 
TMH 3 months: 0.22(0.16,0.23) 

-Although the combination of 
meibomian gland expression 

and intense pulsed light had a 
synergistic effect, no changes 

were found in TMH 

Li et al. 
(2020a) 

25 
hyposecretory 
MGD subjects 
(25 eyes) and 
25 obstructive 
MGD subjects 

(25 eyes) 

Hyposecretory 
MGD: 

32.6±10.26 
Obstructive 

MGD: 
37.2±11.74 

Keratograph 5M 

TMH Hyposecretory 
Baseline: 0.19±0.09 mm 
8 weeks: 0.22±0.09 mm 

TMH Obstructive 
Baseline: 0.19±0.11 mm 
8 weeks: 0.28±0.11 mm 

-TMH increased in both groups 
after treatment 

-Thermal pulsation LipiFlow was 
effective for both MGD types 
-The therapeutic effect was 

higher in the obstructive MGD 
group 

Llorens-
Quintana, 

Garaszczuk 
and 

Szczesna-
Iskander 
(2020) 

41 CL wearers 
(41 eyes) 

Experienced: 
24±5 

Unexperienced: 
25±4 

Keratograph 5M 

TMH Baseline: 
0.24±0.05 mm 

TMH 12 months: 
0.23±0.06 mm 

-No differences were wound in 
CL wearers between baseline 

and 12 months in TMH 
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 (Where CL: Contact Lens; IPL: Intense Pulsed Light; IQR: Interquartile range; LASIK: 

Laser-Assisted In Situ Keratomileusis; MGD: Meibomian Gland Dysfunction; SD: 

Standard Deviation; SMILE: Small Incision Lenticule Extraction; TMH: Tear Meniscus 

Height) 

 

 

 

(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus measurements 

(mean ± SD) 
Main findings 

Choi et al. 
(2018) 

50 
smartphone 
30 controls 

Smartphone: 
23.52±2.92 
Controls: 

26.70±2.98 

Keratograph 5M 

TMH smartphone:  
0.20±0.05 mm  
TMH controls: 
0.21±0.05mm 

-TMH did not show statistically 
significant differences between 

groups 

Ge et al. 
(2020) 

25 patients 
with 

conventional 
cataract 

surgery (25 
eyes) and 22 
with optimal 

pulsed 
technology 
(22 eyes) 

Conventional: 
65.8±8.1 
Pulsed: 

63.48±8.47 

Keratograph 5M 

Meiboscore (Median (IQR)) 
Conventional group 

Baseline: 0.18±0.03 mm 
3 months: 0.20±0.02 mm 

Optical pulsed treatment group 
Baseline: 0.18±0.31 mm 
3 months: 0.19±0.02 mm 

-There were significant 
differences in TMH before and 3 

months after surgery in the 
optical pulsed treatment group 

-Cataract surgery aggravated 
MGD 

Recchioni et 
al. (2020) 

16 LASIK 
subjects (16 
eyes) and 13 

SMILE 
subjects (13 

eyes) 

LASIK: 32.6±9.1 
SMILE:  

32.2±5.3 
Keratograph 5M 

TMH 
Pre-LASIK: 0.32±0.13 
Post-LASIK: 0.22±0.09 

Pre-SMILE:  
0.30±0.07 

Post-SMILE:  
0.33±0.08 

-LASIK caused a significant 
decrease in TMH in comparison 

with SMILE 

Wu et al. 
(2020) 

62 MGD 
subjects (124 

eyes) (29 
subjects in 
the optimal 

IPL group and 
33 in the 

regulated IPL) 

Optimal: 
48.72±13.99 
Regulated: 

54.79±14.79 

Keratograph 5M 

(Median (IQR)) 
TMH Baseline Optimal: 

0.19(0.08) mm 
TMH Baseline Regulated: 

0.17(0.09) mm 
TMH 3 months Optimal: 

0.22(0.04) mm 
TMH 3 months Regulated: 

0.19(0.04) mm 

-IPL has clinical value in the 
treatment of MGD; however, no 
differences were found in TMH 
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Table 1.4. Comparison of corneal topography systems with OCT in the tear meniscus 

assessment. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus height  

(mean ± SD) 
Main findings 

Baek, Doh 
and Chung 

(2015) 

64 ADDE 
patients (64 

eyes) 
62.3±13.5 

Fourier-domain OCT 
(RTVue-100) and 
Keratograph 5M 

OCT examiner 1: 
0.308±0.136 mm 
OCT examiner 2: 
0.308±0.129 mm 
K5M examiner 1: 
0.233±0.077 mm 
K5M examiner2: 
0.230±0.074 mm 

-Keratograph values tended to 
be lower 

-TMH measured with 
Keratograph was correlated 

with TMH measured with OCT 

Arriola-
Villalobos et 

al. (2015) 

29 eyes of 
healthy 
patients 

34.28±9.24 
Keratograph 5M and 

Spectralis Fourier-
domain OCT 

K5M observer 1: 
240.34±67.16 and 
235.52±59.50 µm 
K5M observer 2: 

237.24±81.15 and 
233.10±69.65 µm 
OCT observer 1: 

246.10±75.16 and 
239.86±68.83 µm 
OCT observer 2: 

243.55±69.92 and 
243.41±73.13 µm 

-No statistical differences were 
found between devices 

-The correlation between 
devices was poor 

-Fourier-domain OCT was more 
reliable 

Lam et al. 
(2019) 

41 healthy 
subjects (41 

eyes) 
21.2±1.3 

CASIA SS-1000 OCT 
and Keratograph 5M 

TMH baseline K5M: 
0.248±0.053 mm 

TMH baseline OCT: 
0.254±0.051 mm 
TMH bulbar K5M: 
0.274±0.067 mm 
TMH bulbar OCT: 
0.277±0.058 mm 

TMH palpebral K5M: 
0.264±0.063 mm 

TMH palpebral OCT: 
0.268±0.061 mm 

-The Keratograph and OCT 
provided similar TMH results 

-Applying fluorescein through a 
strip might overestimate TMH 

(0.03 mm) 
-Applying fluorescein at bulbar 

or palpebral conjunctiva did not 
affect TMH 

(Where ADDE: Aqueous Deficient Dry Eye; OCT: Optical Coherence Tomography; SD: 

Standard Deviation; TMH: Tear Meniscus Height) 

Regarding the repeatability of TMH using topographic devices, Tian et al. (2016) 

found acceptable repeatability and reproducibility of TMH using a videokeratograph. 

However, TMH was less reliable in DED patients. Baek, Doh and Chung (2015) also 

found good repeatability and reliability in the TMH measurement using a 
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videokeratograph and OCT. García-Montero et al. (2019b) found that TMH measured 

with the Keratograph 5M had excellent repeatability before and after contact lens 

wear. Nonetheless, Arriola-Villalobos et al. (2015) found that the repeatability and 

reproducibility of a videokeratograph were poor in the tear meniscus measurements, 

concluding by saying that Fourier-domain OCT was more reliable than 

videokeratograph in the measurement of lower TMH. Further studies are needed to 

better understand the agreement between both devices. Table 1.5 shows the main 

results of the studies that assessed the repeatability of TMH using corneal topography 

devices. 

Table 1.5. Results of main studies that assessed the repeatability of TMH using corneal 

topography devices. 

Study 
Type of 

repeatability 
Sw CoV (%) CoR ICC 

Tian et al. (2016) 
Intraexaminer  

Healthy: 18.89 
DED: 15.96 

Healthy: 0.14 mm 
DED: 0.11 mm 

Healthy: 0.84 
DED: 0.76 

Interexaminer  
Healthy: 19.76 

DED: 16.08 
Healthy: 0.14 mm 

DED: 0.11 mm 
- 

Baek, Doh and 
Chung (2015) 

Intraexaminer 
Examiner 1: 0.015 mm 
Examiner 2: 0.015 mm 

Examiner 1: 6.43 
Examiner 2: 6.53 

Examiner 1: 0.041 mm 
Examiner 2: 0.042 mm 

Examiner 1: 0.987 
Examiner 2: 0.986 

Interexaminer 0.0129 mm 5.58 0.0358 mm 0.985 

García-Montero 
et al. (2019b) 

Intraexaminer 
Baseline: 0.02 mm 

8 hours CL: 
0.02 mm 

Baseline: 8.03 
8 hours CL: 9.22 

Baseline: 0.06 mm 
8 hours CL: 

0.06 mm 

Baseline: 0.95 
8 hours CL: 0.90 

Arriola-Villalobos 
et al. (2015) 

Intraexaminer 49.32 µm 21 136.62 µm 0.79 

Interexaminer 58.13 µm 0.24 161.02 µm 0.70 

(Where CL: Contact Lens; CoR: Repeatability Coefficient; CoV: Coefficient of Variation; 

DED: Dry Eye Disease; ICC: Intraclass Correlation Coefficient; Sw: within-subject 

standard deviation) 
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1.3.1.1.5 Interferometers 

Interferometers also allow imaging of the tear meniscus non-invasively when the 

clinician focuses on the lower lid margin. It can be measured subjectively or by 

analysing the image using software (Uchida et al., 2007; Fodor et al., 2010; Hosaka et 

al., 2011; Pena-Verdeal et al., 2016; Tong and Teng, 2018; Arita and Fukuoka, 2020). 

Some authors (Uchida et al., 2007; Hosaka et al, 2011) have found lower TMH in 

subjects with DED in comparison to controls using interferometers. Moreover, Uchida 

et al. (2007) used an interferometer to assess the effect on tear meniscus of punctual 

occlusion in Sjögren syndrome subjects. 

Regarding repeatability and agreement with other devices, Pena-Verdeal et al. 

(2016) found that TMH measured using an interferometer and ImageJ tool had low 

interobserver variability. Moreover, interferometer meniscus values had good 

concordance with a subjective grading scale. Fodor et al. (2010) claimed that TMH 

measured with slit-lamp could be reliable, but the measurement with Tearscope was 

more repeatable. Regarding the diagnostic capability, Yamaguchi et al. (2016) found a 

sensitivity of 0.84 and a specificity of 0.91 with a cut-off value of 0.22 mm with the 

interferometer DR-1α. Moreover, Arita et al. (2019) found a sensitivity of 0.73 and a 

specificity of 0.75 with a cut-off value of 180 µm, using the same interferometer. 

1.3.1.1.6 Optical coherence tomography 

Anterior segment OCT is the most important advance and the most promising 

technique in the assessment of the tear meniscus (Gumus and Pflugfelder, 2013; 

Gumus and Pflugfelder, 2017). OCT is an optical non-invasive device, which allows 
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obtaining high-resolution, cross-sectional images by low coherence interference of the 

waves. OCT analyses the light reflected on different structures of the eye, including the 

tear film, and obtains high-resolution images of the tear meniscus in real-time and 

under natural conditions (Fukuda et al., 2013). 

OCT creates images through the compilation of A-scans. An A-scan provides 

information about the depth of the sample, while a B-scan (cross-sectional 

tomography) is obtained by linear addition of A-scans and provides two-dimensional 

images. Different B-scans form C-scans, which are three-dimensional images (Cerviño, 

García-Lázaro and Montés-Micó, 2011; Zhang et al., 2011; Czajkowski et al., 2012). 

A real-time anterior segment OCT with a light of 1310 nm wavelength and 60 nm 

bandwidth is the most commonly used in the tear film assessment. These devices use a 

high wavelength to provide higher penetration of the light in the tissues. Thus, short-

wavelength systems provide higher axial resolution, while long-wavelength systems 

provide deeper penetration but the lower resolution (Ibrahim et al., 2010a; Cerviño, 

García-Lázaro and Montés-Micó, 2011; Zhang et al., 2011; Czajkowski et al., 2012; 

Kottaiyan et al., 2012; Lin and Yiu, 2014; Akiyama, Usui and Yamagami, 2015; Raj, 

Dhasmana and Nagpal, 2016; Tukenmez-Dikmen et al., 2016; Bai and Nichols, 2017; 

Chan et al., 2017; Gumus and Pflugfelder, 2017; Thulasi and Djalilian, 2017; Situ et al., 

2020). 

Tear meniscus parameters measured with OCT: OCT allows the measurement of 

different quantitative parameters related to the tear meniscus such as TMH, TMR, Tear 

Meniscus Area (TMA), Tear Meniscus Depth (TMD) and Tear Meniscus Volume (TMV). 
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Several studies have demonstrated that these metrics are good predictors of the tear 

volume (Savini, Barboni and Zanini, 2006; Wang et al., 2006; Palakuru, Wang and 

Aquavella, 2007; Palakuru, Wang and Aquavella, 2008; Wang, Palakuru and Aquavella, 

2008; Ibrahim et al., 2010a; Fukuda et al., 2013; Hong et al., 2013; Lin and Yiu, 2014; 

Tukenmez-Dikmen et al., 2016). 

TMR is calculated considering that the tear meniscus is a part of a circle; while 

TMV can be calculated by multiplying TMA and inferior eyelid length, assuming that 

the tear meniscus was uniform across the entire eyelid (Mainstone, Bruce and Golding, 

1996). As the eyelids are curved, a correction factor of 1.294 was suggested by Tiffany, 

Todd and Baker (1998). That is to say: TMV = TMA x Inferior lid length x 1.294. Figure 

1.4 shows a cross-sectional image of the tear meniscus using OCT. 

In the light of the above, OCT proves to be the most complete technique because 

it allows clinicians to measure all tear meniscus parameters (TMH, TMA, TMR, TMD 

and TMV), while reflective meniscometry only allows measuring TMR, and topography 

devices, slit-lamp and interferometers TMH. Raj et al. (2016) did not find a significant 

correlation between TMH obtained using OCT and a slit-lamp. This lack of correlation 

can be because TMH using slit-lamp is less accurate and the meniscus is not visualised 

in a cross-section, which causes the measurement to be more challenging. 
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Fig. 1.4. Tear meniscus imaged through a slit-lamp, Fourier-domain OCT (TMA=Tear 

Meniscus Area, TMD=Tear Meniscus Depth, TMH=Tear Meniscus Height, and 

TMR=Tear Meniscus Radius). 

OCT in the diagnosis of DED: Some authors have demonstrated that OCT is a useful 

technique to quantify the tear film meniscus due to its high resolution, good accuracy, 

non-invasiveness, acceptable repeatability and good sensitivity and specificity to 

diagnose DED (Savini, Barboni and Zanini, 2006; Wang et al., 2006; Palakuru, Wang and 

Aquavella, 2007; Wang, Palakuru and Aquavella, 2008; Zhou et al., 2009; Ibrahim et al., 

2010a; Yuan et al., 2010; Tittler et al., 2011; Zhang et al., 2011; Czajkowski et al., 2012; 

Qiu et al., 2012; Fukuda et al., 2013; Hong et al., 2013; Canan et al., 2014; Lin and Yiu, 

2014; Akiyama, Usui and Yamagami, 2015; Baek, Doh and Chung, 2015; Arriola-
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Villalobos et al., 2015; Chan et al., 2015; Eroglu, Karalezli and Dursun, 2016; Koh et al., 

2016; Tukenmez-Dikmen et al., 2016; Arriola-Villalobos et al., 2017; Ruiz-Alcocer et al., 

2018; Shinzawa et al., 2018; Singh et al., 2019). Nonetheless, the accuracy in DED 

diagnosis is higher in severe DED patients; thus, it is more challenging to detect mild 

DED stages (Zhang et al., 2011; Czajkowski et al., 2012; Eroglu, Karalezli and Dursun, 

2016). Table 1.6 shows a summary of the sensitivity and specificity of tear meniscus 

measurements through OCT. Moreover, Table 1.7 shows the main studies that 

evaluated the repeatability of OCT in tear meniscus measurements. 

OCT has the disadvantage of being a partially subjective method because it 

depends on the ability of the examiner to delineate tear meniscus margins. Despite 

being partially subjective, Arriola-Villalobos et al. (2017) found an excellent intra-

observer and intersession repeatability in the measurement of lower TMH with swept-

source OCT. 

Several authors have found that the best predictive metric to diagnose DED is TMA 

(Wang et al., 2009; Ibrahim et al., 2010a; Czajkowski et al., 2012; Akiyama, Usui and 

Yamagami, 2015; Chan et al., 2015; Raj, Dhasmana and Nagpal, 2016; Eroglu, Karalezli 

and Dursun, 2016; Garaszczuk et al., 2018). For instance, Czajkowski et al. (2012) 

showed that TMA and TMH displayed good sensitivity and specificity, but these values 

were lower for TMD. Akiyama, Usui and Yamagami (2015) found that swept-source 

OCT had good inter-grader repeatability and inter-image repeatability in DED patients. 

TMA, TMH and TMV had good sensitivity and specificity, being TMA the most accurate 

metric. 
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Table 1.6. Sensitivity and specificity found by different authors in the tear meniscus 

measurement through OCT. 

Study Sample 
Age  

(mean ± SD) years 
Technique Parameter 

Cut-off 
value 

Sensitivity Specificity 

Ibrahim et 
al. (2010a) 

24 eyes of DED 
patient and 27 eyes 
of control patients 

DED: 63.14±13.4 
Control: 

56.04±14.22 

Visante 
Time-

Domain 
OCT 

Lower 
TMH 

<0.25 
mm 

0.83 0.68 

Akiyama, 
Usui and 

Yamagami 
(2015) 

26 eyes of healthy 
Japanese patients 

and 24 of DED 
Japanese patients 

43.3±13.7 
Swept-

source OCT 

Lower 
TMH 

191µm 
 0.67 0.88 

Lower 
TMA 

12360 
µm

2 0.62 0.92 

Lower 
TMV 

0.0473 
mm

3
 

0.63 0.81 

Czajkowski 
et al. 

(2012) 

50 eyes of patients 
with Schirmer >10 
mm 25 between 5-
10 mm and 36 <5 

mm 

34.35±11.17 
Spectral-
domain 

OCT 

Lower 
TMH 

 0.81 0.89 

Lower 
TMA 

 0.86 0.85 

Lower 
TMD 

 0.78 0.83 

Eroglu, 
Karalezli 

and 
Dursun 
(2016) 

104 eyes of acne 
rosacea patients 

and 104 of healthy 
patients 

Acne rosacea: 
38.37±12.37 

Control: 
38.24±11.53 

Fourier-
domain 

OCT 

Lower 
TMH 

 0.76 0.69 

Lower 
TMA 

 0.78 0.71 

Lower 
TMD 

 0.74 0.63 

Singh et al. 
(2019) 

30 DED subjects (60 
eyes) and 30 

controls (60 eyes) 

DED: 36.43±11.80 
Controls: 

32.47±9.70 

Fourier-
domain 

OCT 
(RTVue) 

Lower 
TMH 

204.96 
µm 

0.98 0.97 

Lower 
TMD 

190 µm 0.97 0.95 

Shinzawa 
et al. 

(2018) 

22 DED subjects (44 
eyes) and 28 

controls (49 eyes) 

DED: 
58.3±14.0 
Controls: 
56.1±15.3 

CASIA SS-
1000 OCT 

Lower 
TMH 

0.197 
mm 

0.74 0.78 

Lower 
TMA 

0.020 
mm

2 0.81 0.67 

(Where DED: Dry Eye Disease; OCT: Optical Coherence Tomography; SD: Standard 

Deviation; TMH: Tear Meniscus Height; TMA: Tear Meniscus Area; TMR: Tear Meniscus 

Radius; TMV: Tear Meniscus Volume; and TMD: Tear Meniscus Depth) 
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Table 1.7. Main studies that assessed the repeatability of OCT in the measurement of 

the tear meniscus. 

Study Technique Metric Sw CoV (%) CoR ICC 

Akiyama, Usui 
and Yamagami 

(2015) 

Swept-source 
OCT (SS-

1000) 

Upper TMH  
Interimage: 34.9 
Intergrader: 21.2 

 
Interimage: 85.5 
Intergrader: 96.4 

Lower TMH  
Interimage: 23.9 
Intergrader: 14.5 

 
Interimage: 90.9 
Intergrader: 94.8 

Upper TMA  
Interimage: 51.1 
Intergrader: 27.3 

 
Interimage: 81.6 
Intergrader: 84.0 

Lower TMA  
Interimage: 45.5 
Intergrader: 29.4 

 
Interimage: 83.8 
Intergrader: 81.3 

TMV  
Interimage: 29.4 
Intergrader: 30.8 

 
Interimage: 84.7 
Intergrader: 82.5 

Eroglu, 
Karalezli and 

Dursun (2016) 

Fourier-
domain OCT 

(RTVue) 

TMH    

Rosacea  
Intraobserver: 0.93 
Interobserver: 0.94 

Control group 
Intraobserver: 0.90 
Interobserver: 0.92 

TMD    

Rosacea  
Intraobserver: 0.92 
Interobserver: 0.93 

Control group 
Intraobserver: 0.93 
Interobserver: 0.94 

TMA    

Rosacea  
Intraobserver: 0.96 
Interobserver: 0.96 

Control group 
Intraobserver: 0.95 
Interobserver: 0.93 

Zhou et al. 
(2009) 

Fourier-
domain OCT 

(RTVue) 

TMH  Between visits: 17.5  
Between visits: 

0.605 

TMD  Between visits: 18.0  
Between visits: 

0.558 

TMA  Between visits: 35.5  
Between visits: 

0.567 

Baek, Doh and 
Chung (2015) 

Fourier-
domain OCT 
(RTVue-100) 

TMH 

Intraexaminer 
1: 0.021 mm 

Intraexaminer 
2: 0.021 mm 

Interexaminer: 
0.0155 mm 

Intraexaminer 1: 6.9 
Intraexaminer 2: 6.82 
Interexaminer: 5.05 

Intraexaminer 
1: 0.059 mm 

Intraexaminer 
2: 0.058 mm 

Interexaminer: 
0.043 mm 

Intraexaminer 1: 
0.992 

Intraexaminer 2: 
0.991 

Interexaminer: 
0.993 

Arriola-
Villalobos et al. 

(2015) 

Spectralis 
Fourier-

domain OCT 
TMH 

Intraexaminer: 
26.48 µm 

Interexaminer: 
29.16 µm 

Intraexaminer: 10.9 
Interexaminer: 0.12 

Intraexaminer: 
73.35 µm 

Interexaminer: 
80.77 µm 

Intraexaminer: 0.93 
Interexaminer: 

0.92 
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(continuation) 

Study Technique Metric Sw CoV (%) CoR ICC 

Arriola-
Villalobos et al. 

(2017) 

Triton Swept-
Source OCT 

and Spectralis 
Fourier-

domain OCT 

TMH 

Triton 
Intraobserver: 

50.77 µm 
Interobserver: 

17.31 µm 
Spectralis 

Interobserver: 
30.43 µm 

Triton Intraobserver: 
18.8 

Interobserver: 6.4 
Spectralis 

Interobserver: 10.8 

Triton 
Intraobserver: 

140.63 µm 
Interobserver: 

47.95 µm 
Spectralis 

Interobserver: 
84.29 µm 

Triton 
Intraobserver: 0.82 
Interobserver: 0.98 

Spectralis 
Interobserver: 0.90 

Fukuda et al. 
(2013) 

Swept-source 
OCT (SS-

1000) 

Upper TMH  
Interimage: 25.0 
Intergrader: 19.4 

 
Interimage: 69.4 
Intergrader: 96.6 

Lower TMH  
Interimage: 19.7 
Intergrader: 10.7 

 
Interimage: 78.3 
Intergrader: 97.6 

Upper TMA  
Interimage: 34.4 
Intergrader: 28.4 

 
Interimage: 63.8 
Intergrader: 95.1 

Lower TMA  
Interimage: 36.8 
Intergrader: 18.9 

 
Interimage: 83.2 
Intergrader: 97.0 

TMV  
Interimage: 34.7 
Intergrader: 18.9 

 
Interimage: 71.3 
Intergrader: 96.9 

Tittlet et al. 
(2011) 

Fourier-
Domain OCT 

TMH  
Between grader: 12.1 
Between image: 17.1 

 

99.0 TMD  
Between grader: 15.7 
Between image: 13.4 

 

TMA  
Between grader: 19.5 
Between image: 35.4 

 

 (Where CoR: Repeatability Coefficient; CoV: Coefficient of Variation; ICC: Intraclass 

Correlation Coefficient; Sw: within-subject standard deviation; TMH: Tear Meniscus 

Height; TMA: Tear Meniscus Area; TMR: Tear Meniscus Radius; TMV: Tear Meniscus 

Volume; and TMD: Tear Meniscus Depth) 

Furthermore, some authors (Wang, Palakuru and Aquavella, 2008; Ibrahim et al., 

2010a; Czajkowski et al., 2012; Eroglu, Karalezli and Dursun, 2016; Tukenmez-Dikmen 

et al., 2016; Singh et al., 2019; Ulusoy, Işık-Ulusoy and Kıvanç, 2019) have found that 

tear meniscus measurements using OCT were positively correlated with TMH using slit-

lamp, strip meniscometry, Schirmer test and BUT; and inversely correlated with ocular 

surface staining and OSDI score.  
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OCT has also been useful to evaluate the influence on tear meniscus of some 

diseases (Eroglu, Karalezli and Dursun, 2016; Poh et al., 2017; Cardigos et al., 2018; 

Işık-Ulusoy and Kıvanç, 2019), treatments (Palakuru, Wang and Aquavella, 2008; 

García-Lázaro et al., 2011; Pérez-Bartolomé et al., 2017; Carracedo et al., 2018; 

Karadenız Ugurlu, Altın Ekın and Aytogan, 2019; Yang et al., 2019; Altin Ekin, Karadeniz 

Ugurlu and Kahraman, 2020; Karaca, Özek and Evren Kemer, 2020; Ozek, Karaca and 

Evren Kemer, 2020; Rocha-de-Lossada et al., 2020; Yeter, Koçak and Eser-Ozturk, 

2020), contact lenses (García-Lázaro et al., 2012; Ruiz-Alcocer et al., 2018; Lafosse et 

al., 2018), surgical procedures (Tao et al., 2010; Shaaban and Badran, 2018) or video 

display terminals (Doguizi et al., 2019) (Table 1.8). 

Comparisons between OCT devices: There are different types of OCT such as time-

domain, Fourier-domain and swept-source OCT (Cerviño, García-Lázaro and Montés-

Micó, 2011; Zhang et al., 2011; Czajkowski et al., 2012). The development of Fourier-

domain OCT improved the optical resolution and velocity of scans, in comparison with 

time-domain OCT. Various authors have found that this technique has higher intra- 

and inter-observer repeatability than previous OCT instruments in TMH and TMA 

measurements (Keech et al., 2009; Savini et al., 2009; Zhou et al., 2009; Chan et al., 

2015; Canan et al., 2014; Chan et al., 2017). 
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Table 1.8. Results reported by different authors regarding the use of OCT to assess the 

effect on tear meniscus of contact lenses, diseases, treatments, visual displays and 

surgical procedures. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus measurements 

(mean ± SD) 
Main findings 

García-
Lázaro et al. 

(2012) 

20  contact 
lens wearers 

(20 eyes) 
24.7±3.5 

Fourier-
domain OCT 
(Copernicus) 

TMV 
With CL: 1.71±1.56µL 

Without CL: 1.35±1.18µL 

-Without significant differences 
in TMV between contact lenses 
-Fourier-domain OCT provides 
useful measurements of tear 

volume 

Tao et al. 
(2010) 

28 post-LASIK 
subjects (28 
eyes) and 35 
controls (35 

eyes) 

Post-LASIK: 
23.3±4.2 
Controls: 
22.9±3.7 

Real-time 
OCT 

prototype 

TMH controls: 240±53 µm 
TMH pre: 205±32 µm 

TMH 1 month: 180±23 µm 
TMA controls: 20054±6700 µm

2
 

TMA pre: 15669±4246 µm
2
 

TMA 1 month: 12832±2952 µm
2
 

TMV controls: 0.69±0.23 µL 
TMV pre: 0.54±0.15 µL 

TMV 1 month: 0.44±0.10 µL 

-Tear meniscus parameters 
were lower 1 month after 

surgery 

Eroglu, 
Karalezli 

and Dursun 
(2016) 

104 acne 
rosacea 

patients (104 
eyes) and 104 
healthy (104 

eyes) 

Acne rosacea: 
38.37±12.37 

Controls: 
38.24±11.53 

Fourier-
domain OCT 

(RTVue) 

TMH acne rosacea:  
247.70±22.54 µm 

TMH controls: 297.33±48.16 µm 
TMA acne rosacea:  
19500±3256.5 µm

2 

TMA controls: 27490±7724.69 µm
2 

TMD acne rosacea:  
270.87±25.19 µm 

TMD controls: 308.32±37.65 µm 

-Significant lower values in acne 
rosacea group 

García-
Lázaro et al. 

(2011) 

20 DED 
subjects (20 

eyes) 
57.5±8.4 

Fourier-
domain OCT 
(Copernicus) 

TMV baseline: 0.38±0.10 µL 
TMV post-eyedrop: 0.94±0.22 µL 
TMV 10 min post: 0.57±0.13 µL 

-Higher TMV values 10 minutes 
after eye drop instillation. 

Palakuru, 
Wang and 
Aquavella 

(2008) 

21 healthy 
subjects (21 

eyes) 
32.1±8.7 

Real-time 
slit-lamp 

OCT 

Tear film volume (Approximately) 
After eyedrops 

Before blink: 25.0±-- µl 
After blink: 22.0±-- µl 

Before closure: 23.0±-- µl 
5 minutes after eyedrops 

Before blink: 3.5±-- µl 
After blink: 3.4±-- µl 

Before closure: 3.5±-- µl 

-Immediately after the 
instillation of eyedrops, TMV 

increased 
-Blinking plays an essential role 
in the distribution and removal 

of instilled tears 

Carracedo 
et al. (2018) 

23 healthy 
subjects (23 

eyes) 
23.57±2.56 

Fourier-
domain OCT 

(iVue) 

Saline solution 
TMH baseline: 255.11±67.75 µm 

TMH 1 minute: 379.68±159.23 µm 
TMD baseline: 178.90±46.69 µm 
TMD 1 minute: 254.68±95.69 µm 

Ocudry 0.1 % 
TMH baseline: 301.48±144.49 µm 
TMH 1 minute: 461.89±150.19 µm 
TMD baseline: 207.48±83.41 µm 
TMD 1 minute: 314.58±81.84 µm 

-TMH and TMD significantly 
increased after the instillation 

of eyedrops 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus measurements 

(mean ± SD) 
Main findings 

Karaca, 
Özek and 

Evren 
Kemer 
(2020) 

122 subjects 
with mild to 
moderate 
DED (122 
eyes) (56 
receiver 

eyedrops 1 
and 66 

eyedrops 2) 

Eyedrops 1: 
52.5±13.2 

Eyedrops 2: 
53.4±11.4 

Triton 
Swept-

Source OCT 

TMH 
Eyedrop1 baseline: 

237.4±85.6 µm 
Eyedrop1 240 mins:  

246.5±76.3 µm 
Eyedrop2 baseline: 

242.8±75.3 µm 
Eyedrop2 240 mins: 

241.7±44.7 µm 
TMD 

Eyedrop1 baseline: 
164.4±55.5 µm 

Eyedrop1 240 mins:  
162.7±49.4 µm 

Eyedrop2 baseline: 159.3±55.1 µm 
Eyedrop2 240 mins:  

167.8±32.3 µm 

-Hyaluronic acid 0.3 % remained 
on the ocular surface for a 

longer time. 

Ruiz-Alcocer 
et al. (2018) 

20 subjects 
(20 eyes) 

28.7±4.2 
Slit-lamp 

Scan-1 OCT 

TMA 
20 mins Delefilcon A: 

0.014±0.007mm
2 

8 hours Delefilcon A: 
0.013±0.006mm

2 

20 mins Stenfilcon A: 
0.011±0.004mm

2 

8 hours Stenfilcon A: 
0.011±0.004mm

2
 

20 mins Nesofilcon A: 
0.013±0.007mm

2 

8 hours Nesofilcon A: 
0.011±0.006mm

2
 

-No differences were found in 
TMA as a function of the 

contact lens measured on time 
of use 

Doguizi et 
al. (2019) 

53 high video 
display users 
(53 eyes) and 
49 low video 
display users 

(49 eyes) 

High use: 
38.9±5.5 
Low use: 
37.8±5.8 

Spectralis 
Fourier-

domain OCT 

TMH High use 
300.1±7.7µm 
TMH Low use 
311.9±9.1µm 
TMA High use 

0.023±0.005mm
2
 

TMA Low use 
0.028±0.004mm

2
 

-Lower TMH and TMA was 
found in high video display 

users 
-OCT is an effective tool to 
assess the tear meniscus in 

video display users 

Shaaban 
and Badran 

(2018) 

45 healthy 
subjects (90 

eyes) (15 
subjects in 

each group) 

Femtosecond: 
31.1±8.9 
SMILE: 

30.0±6.1 

Cirrus HD-
model 5000 

Fourier-
Domain OCT 

TMH 
Femtosecond pre: 
0.255±0.032 µm 

Femtosecond 6 months: 
0.245±0.036 µm 

SMILE pre: 0.255±0.022 µm 
SMILE 6 months: 0.251±0.021 µm 

TMD 
Femtosecond pre: 0.183±0.017 µm 

Femtosecond 6 months: 
0.177±0.017 µm 

SMILE pre: 0.166±0.018 µm 
SMILE 6 months: 0.161±0.015 µm 

-TMH was statistically significant 
between surgeries at 1 week 

and 1 month 
-No differences were found in 

TMH at 3 and 6 months 
-TMH recovered earlier in SMILE 

than in LASIK surgery 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus measurements 

(mean ± SD) 
Main findings 

Rocha-de-
Losada et al. 

(2020) 

17 subjects 
(34 eyes) 

61.05±11.43 
Triton 
Swept-

Source OCT 

TMH 0.1% Baseline: 
279.94±120.94µm 
TMH 0.1% 10 mins: 
511.00±493.68µm 

TMH 0.2% Baseline: 
266.35±123.66µm 
TMH 0.2% 10 mins: 
563.71±420.58µm 

TMA 0.1% Baseline: 
27484.30±23950.03µm

2 

TMA 0.1% 10 mins: 
108119.90±207908.54µm

2 

TMA 0.2% Baseline: 
28428.79±28610.06µm

2 

TMA 0.2% 10 mins: 
111480.00±138104.30µm

2 

-0.2% sodium hyaluronate 
achieved better TMH and TMA 
at 1 and 3 minutes, but there 
were no differences after 10 

minutes 

Karadenız 
Ugurlu, Altın 

Ekın and 
Aytogan 
(2019) 

32 subjects 
with 

unilateral 
canalicular 
repair (32 

eyes) 

32.8±21.3 
Cirrus 

Fourier-
Domain OCT 

TMH: 283.7±127.1µm 
TMD: 235.2±85.4µm 

TMA: 29829.2±19801µm 

-OCT is a quick, objective and 
quantitative tool to measure 
tear meniscus parameters in 

subjects with canalicular 
laceration repair 

Ulusoy, Işık-
Ulusoy and 

Kıvanç (2019) 

40 subjects 
with 

depression 
(40 eyes), 35 
with anxiety 

(35 eyes) and 
37 healthy 
(37 eyes) 

Depression: 
38.8±10.6 
Anxiety: 

40.7±14.8 
Controls: 
39.4±6.1 

Fourier-
domain OCT 
(RTVue-100) 

TMH Depression: 215.28±55.7 µm 
TMH Anxiety: 198.82±48.09 µm 

TMH Controls:  465.29±183.25 µm 
TMD Depression: 149.1±35.41 µm 

TMD Anxiety: 125.68±29.72 µm 
TMD Controls: 260.97±91.06 µm 

TMA Depression: 0.01±0.005 mm
2 

TMA Anxiety: 0.01±0.004 mm
2
 

TMA Controls: 0.11±0.02 mm
2
 

-TMD, TMH and TMA were 
lower in anxiety and 

depression groups, and they 
were correlated with 

conventional tests 
-DED was related to anxiety 

and depression 

 (Where DED: Dry Eye Disease; LASIK: Laser-Assisted In Situ Keratomileusis; OCT: 

Optical Coherence Tomography; SD: Standard Deviation; SMILE: Small Incision Lenticule 

Extraction; TMH: Tear Meniscus Height; TMA: Tear Meniscus Area; TMR: Tear Meniscus 

Radius; TMV: Tear Meniscus Volume; and TMD: Tear Meniscus Depth) * In the cases 

where “approximately” is written, studies showed the results in a figure, instead of a 

numerical value. 
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For instance, Zhou et al. (2009) found higher reproducibility in TMA, TMH and 

TMD with Fourier-domain OCT than other previous time-domain OCTs. Chan et al. 

(2015) found that TMH and TMA had higher intra-rater repeatability when measured 

using Fourier-domain OCT (Cirrus) than time-domain OCT (Visante). They did not find 

differences between devices for lower TMH, but TMA was higher in Visante (p=0.0002) 

by a difference of 10.223 µm2. Moreover, the inter-device agreement was poor, being 

both devices not interchangeable. Keech et al. (2009) found lower tear meniscus 

values with time-domain OCT in comparison with Fourier-domain OCT (p < 0.001). 

These differences found between devices might be because Fourier-domain OCT has 

higher resolution, which improves image analysis within and between examiners. 

Furthermore, this device is faster than time-domain OCT, which allows measuring the 

tear meniscus in more natural conditions. Higher acquisition times can increase the 

evaporation, or cause reflex tearing. 

Swept-source OCT has also been compared with other OCT techniques. Arriola-

Villalobos et al. (2017) found poor agreement in TMH measurement between Fourier-

domain OCT and swept-source OCT. This difference can be because swept-source OCT 

provides better resolution and faster capture time. This causes more accurate and 

reliable measurements since the examiner has to delineate the tear meniscus margins 

(Keech et al., 2009; Arriola-Villalobos et al., 2017). Table 1.9 shows the main studies 

that compared OCT devices. 
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Table 1.9. Results reported by different authors regarding the comparison of OCT 

devices. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Tear meniscus 
measurements  

(mean ± SD) 
Main findings 

Keech et al. 
(2009) 

50 healthy 
subjects  
(50 eyes) 

33.2±-- 
(Range: 

19 to 62) 

Fourier-domain OCT 
(RTVue-100) and 

Time-domain OCT 
(OCT2) 

TMH 
Fourier-domain module 
short: 0.354±0.163 mm 
Fourier-domain module 

long: 0.345±0167mm 
Time-domain: 

0.280±0.139 mm 

-Significant differences between 
Fourier-domain OCT and Time-

domain OCT 
-Time-domain OCT showed 
lower tear meniscus values 

Chan et al. 
(2015) 

20 healthy 
subjects  
(20 eyes) 

Median: 22 
(Range: 

21 to 60) 

Visante Time-Domain 
OCT and Cirrus 

Fourier-Domain OCT 

TMH 
Visante upper: 
324±103 µm 
Cirrus upper: 
282±73 µm 

TMA 
Visante upper: 

35218±19595 µm
2
 

Cirrus upper: 
21058±8551 µm

2
 

-No significant differences 
between devices for TMH 

-TMA was significantly lower in 
Fourier-domain OCT 

-Fourier-domain OCT was more 
intra- and inter-rater repeatable 
than time-domain OCT for TMH 

and TMA 

Arriola-
Villalobos et 

al. (2017) 

27 healthy 
subjects  
(27 eyes) 

30.4±8.3 
Triton Swept-Source 
OCT and Spectralis 

Fourier-domain OCT 

TMH 
Triton observer 1: 

266.3±89.9 µm 
and 272.8±76.4 µm 
Triton observer 2: 
276±98.4 µm and 

280.9±84.4 µm 
Spectralis observer 1: 

291.4±78 µm 
Spectralis observer 2: 

269.3±84.7 µm 

-A low agreement was found 
between devices 

(Where OCT: Optical Coherence Tomography; SD: Standard Deviation; TMH: Tear 

Meniscus Height; TMA: Tear Meniscus Area) 

Comparisons between upper and lower meniscus: OCT also has the benefit of 

allowing the examination of the upper and lower tear menisci simultaneously (Wang et 

al., 2006; Palakuru, Wang and Aquavella, 2008; Wang, Palakuru and Aquavella, 2008; 

Zhang et al., 2011; Fukuda et al., 2013; Foulks and Pflugfelder, 2014; Lin and Yiu, 2014). 

Wang et al. (2006) did not find differences between upper and lower TMA, TMR and 
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TMH. Fukuda et al. (2013) found that measurements in the lower tear meniscus were 

more repeatable and accurate than in the upper. This might be because focusing on 

the upper tear meniscus is more challenging. 

Tear film thickness measurement with OCT: Generally, OCT does not have enough 

axial resolution to measure the tear film thickness. The highest axial resolution of OCT 

systems is 3 µm, but a resolution better than 2 µm to measure the tear film is needed. 

Axial resolution is inversely proportional to bandwidth, while numerical aperture 

determines the lateral resolution (King-Smith et al., 2004; Kottaiyan et al., 2012; Bai 

and Nichols, 2017; Gumus and Pflugfelder, 2017). 

 In some studies, authors have built a customized OCT device to increase the 

resolution and measure the tear film thickness (Wang et al., 2006; Palakuru, Wang and 

Aquavella, 2007; Wang et al., 2009; Chen et al., 2010; Kottaiyan et al., 2012; 

Werkmeister et al., 2013; Dos Santos et al., 2015; Bai and Nichols, 2017). Generally, 

these customized devices use a lower wavelength to provide higher resolution (around 

800 nm). Authors have found that the tear film thickness ranged from 2 to 5.5 µm 

using OCT (Chen et al., 2010; Kottaiyan et al., 2012; Dos Santos et al., 2015; Willcox et 

al., 2017). This device also allows the study of the tear film pre- and post-contact lens 

wear (Wang et al., 2009; Chen et al., 2010; García-Lázaro et al., 2012). Werkmeister et 

al. (2013) found high reproducibility and an intra-class correlation coefficient of 0.97 in 

the precorneal tear film thickness measurement using ultrahigh-resolution, Fourier-

domain OCT. Dos Santos et al. (2015) also found that central tear film thickness 

measurement was precise and repeatable with a variation coefficient of 0.65. 
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1.3.2 Imaging techniques to assess the quality of the tear film 

1.3.2.1 NIBUT 

Tear film BUT was first introduced by Norn (Norn, 1969). The technique consists of 

placing sodium fluorescein into the eye and measuring the time until a dry spot 

appears and the tear film breaks, while the patient avoids blinking (Goto et al., 2004a; 

Yao et al., 2011; Sweeney, Millar and Raju, 2013). BUT higher than 10 seconds means 

normal tear film stability, while a time lower than 5 seconds is related to an unstable 

tear film (Goto et al., 2004a; Yao et al., 2011). It has been demonstrated that BUT is 

useful to assess the stability of the tear film and to diagnose DED and MGD (Goto et 

al., 2004b; Geerling et al., 2017). Thus, Goto et al. (2004b) found a sensitivity and 

specificity of 75 % and 60 %, respectively, to categorise dry eye symptoms through 

BUT. 

Nevertheless, the technique has poor reproducibility since results may be 

influenced by many factors such as the amount, concentration and pH of fluorescein 

applied; partial blinking, illumination techniques, the interval between instillation of 

the dye and examination, and the examiner’s ability (Mengher et al., 1985; Cho et al., 

1992; Goto et al., 2004a). Furthermore, the instillation of fluorescein can disturb and 

destabilize the tear film, or even cause reflex tearing. Thus, some authors have found 

lower values when BUT is measured using fluorescein (Wang, Palakuru and Aquavella, 

2008; McGinnigle, Naroo and Eperjesi, 2012). 

Given the drawbacks of BUT, other non-invasive techniques have been developed 

to assess tear film stability. Generally, these devices analyse the tear film from the 

reflection of ring mires or a grid pattern (earlier with keratometry) into the pre-corneal 
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tear film layer. Some studies have found more quick and extensive pattern distortion 

in subjects with tear dysfunction, which is correlated with the severity of corneal 

epithelial disease (Gumus et al., 2011; Hong et al., 2013; Foulks and Pflugfelder, 2014; 

Thulasi and Dialilian, 2017).  

The available devices use different reflective patterns. For instance, keratometers 

use mires and a dark background; modified keratometers use an HIR-CAL grill and a 

dark background; manual keratoscope use the Loveridge grill and a dark background; 

and some interferometers, topographic devices and videokeratographs use a Placido 

disk (Best, Drury and Wolffsohn, 2012; Asharlous et al., 2015; Wolffsohn et al., 2017). 

1.3.2.1.1 Keratometers 

Keratometers can be used to assess tear film stability. This device represents the 

beginnings of NIBUT. Currently, it is still used because it is more clinically accessible 

than other devices due to its cost. Asharlous et al. (2015) compared the evaluation of 

tear stability with Javal-Schiotz keratometer (tear deformation time) and invasively 

with fluorescein. They found that values obtained with keratometers were higher 

because fluorescein destabilized the tear film, concluding that non-invasive techniques 

are preferable. However, despite keratometers having the advantage of being non-

invasive, they only allow the assessment of the 3 central millimetres of the corneal 

apex. This issue may also cause higher NIBUT values because they assess fewer corneal 

points. 
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1.3.2.1.2 Corneal topography systems 

Nowadays, corneal topography systems are widely used than keratometers in a 

clinical setting for measuring NIBUT, in this case called Non-Invasive Keratograph 

Break-Up Time (NIKBUT). Table 1.10 shows a summary of the advantages and 

disadvantages of keratometers in comparison with corneal topography devices in 

NIKBUT measurements. 

Table 1.10. Advantages and disadvantages of keratometers and corneal topography 

devices in NIBUT measurement. 

Keratometers Corneal topography devices 

Advantages Disadvantages Advantages Disadvantages 

Non-invasiveness Partially subjective Non-invasiveness Cost 
Patient-friendly Analyse a small corneal region Patient-friendly  

  
If they include software, they will 

be more objective. 
 

  
The software can detect non-
visually apparent alterations 

 

  More data points analysed  

  
Saves images for future 

examinations 
 

  
If they use infrared light, less reflex 

tearing 
 

The devices use the specular reflection of a pattern into the tear film. The pattern 

can be a rectangular grid or concentric rings (Placido disk) such as in 

videokeratography systems. In this way, NIKBUT can be subjectively measured, 

observing the reflected pattern and measuring the time until the first deformation of 

the pattern appears. On the other hand, it can also be measured using software that 

analyses the changes in the reflected pattern in an objective way (Best, Drury and 

Wolffsohn, 2012; McGinnigle, Naroo and Eperjesi, 2012; Foulks and Pflugfelder, 2014). 
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These devices have the advantage of assessing more corneal data points, and 

software can detect alterations that may not be visually apparent for the examiner 

(Best, Drury and Wolffsohn, 2012; McGinnigle, Naroo and Eperjesi, 2012; Foulks and 

Pflugfelder, 2014). Likewise, it allows a comprehensive analysis and data can be easily 

stored for future records and comparison purposes. Besides, images can also be used 

to improve communication with patients (Best, Drury and Wolffsohn, 2012). 

Generally, videokeratographs use the distortion of a ring pattern to analyse the 

surface regularity index and the surface asymmetry index. The tear surface is used as a 

convex mirror and the virtual image of the reflected pattern is analysed (King-Smith, 

Begley and Braun, 2018). That is to say, the device uses the error between the 

measured surface and its parametric model to obtain the result. It allows the 

measurement of BUT and break-up area. Thus, the interval of time in seconds 

following a complete blink to the first variation of the pattern is called NIKBUT. 

Besides, the devices that use infrared light prevents reflex tearing (Goto et al., 2004a; 

McGinnigle, Naroo and Eperjesi, 2012; Sweeney, Millar and Raju, 2013; Jiang et al., 

2014; Lin and Yiu, 2014; Ramos et al., 2014; Ramos et al., 2015; Ring et al., 2015; 

Bhandari et al., 2016; Chan et al., 2017; Geerling et al., 2017; Wolffsohn et al., 2017). 

Figure 1.5 shows an example of the NIKBUT measurement using a commercially 

available videokeratograph called Oculus Keratograph 5M. 



Chapter 1. Introduction 

  

 

118 
 

 

Fig. 1.5. NIKBUT measurement through a commercially available videokeratograph 

(Oculus Keratograph 5M). Left: Placido disk rings reflected onto the tear film surface. 

Right: Break-up map of the tear film (warm colours indicate an earlier break-up of the 

tear film in that area). 

Some authors (Koh et al., 2016; Wang et al., 2016; Wang and Craig, 2018; Zang et 

al., 2018; Kim et al., 2019; Tong, Teo and Lee, 2019) have found shorter NIKBUT in DED 

subjects in comparison with controls (Table 1.11). Thus, the differences found between 

DED and healthy patients in this technique can be used by clinicians in the diagnosis of 

the disease.  
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Table 1.11. NIKBUT results obtained by authors using corneal topographers. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
NIKBUT (s)  

(mean ± SD) 
Main findings 

Koh et al. 
(2016) 

49 ADDE 
subjects  
(49 eyes)  

31 healthy 
subjects  
(31 eyes) 

ADDE: 
57.9±12.5 
Controls: 
37.7±9.8 

Keratograph 5M 
ADDE: 4.59±1.25 

Controls: 9.71±6.68 
-Significantly lower NIKBUT in the 

ADDE group 

Wang et 
al. (2016) 

47 DED 
subjects  
(47 eyes)  

201 healthy 
subjects  

(201 eyes) 

DED: 
12.45±1.54 
Controls: 

11.75±1.95 

Keratograph 5M 
DED: 6.32±2.49 

Controls: 
13.14±3.67 

-Significantly lower NIKBUT in the DED 
group 

Kim et al. 
(2019) 

250 DED 
subjects (250 

eyes) (23 
ADDE, 95 

MGD and 132 
ADDE/MGD) 

and 55 healthy 
subjects (55 

eyes) 

ADDE: 
35.4±12.7 

MGD: 
48.1±16.7 

ADDE/MGD: 
51.2±13.6 
Controls: 
29.5±9.8 

Keratograph 5M 

ADDE: 7.88±3.61 
MGD: 4.30±2.88 

ADDE/MGD: 
7.23±3.69 

Controls: 4.71±2.44 

-NIKBUT and the location and pattern 
of NIKBUT were different between 

controls and DED subtypes 

Zang et al. 
(2018) 

22 Sjögren 
syndrome 

subjects (22 
eyes) and 22 
non-Sjögren 
syndrome 

ADDE subjects 
(22 eyes) 

Sjögren 
syndrome: 
50.1±11.8  

Non-Sjögren 
syndrome: 
49.6±11.7 

Keratograph 5M 

Median (IQR) 
Sjögren syndrome: 

3.8 (2.7-5.2)  
Non-Sjögren 
syndrome:  

6.3 (3.7-8.9) 

-Non-Sjögren syndrome subjects had 
higher NIKBUT 

(Where ADDE: Aqueous Deficient Dry Eye; BUT: Break-Up Time; DED: Dry Eye Disease; 

IQR: Interquartile Range; MGD: Meibomian Gland Dysfunction; NIKBUT: Non-Invasive 

Keratograph Break-Up Time; SD: Standard Deviation) 

It has been widely reported that corneal topographic devices can be used as a 

non-invasive, reproducible and objective method with acceptable sensitivity and 

specificity to assess the stability of the tear film (Goto et al., 2004a; McGinnigle, Naroo 

and Eperjesi, 2012; Sweeney, Millar and Raju, 2013; Lin and Yiu, 2014; Ramos et al., 

2014; Downie, 2015; Ramos et al., 2015; Koh et al., 2016; Chan et al., 2017; Geerling et 
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al., 2017; Wolffsohn et al., 2017; Lee et al., 2020b). Table 1.12 shows the diagnostic 

capability of NIKBUT to diagnose DED found by different authors. Generally, they claim 

that a cut-off value of around 10 seconds can be used to detect DED (Mengher et al., 

1985; Goto et al., 2004a; Hong et al., 2013; Downie, 2015; Bhandari et al., 2016; 

Wolffsohn et al., 2017). Moreover, this cut-off value has been also recommended by 

the TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 2017). 

Some studies (Goto et al., 2004a; Hong et al., 2013; Jiang et al., 2014; Bhandari et 

al., 2016) have compared NIKBUT values with the conventional BUT technique and 

have found that NIKBUT was shorter when is measured using a videokeratograph. The 

instillation of the fluorescein can destabilize the tear film and cause lower BUT. 

However, in these studies, lower values have been found with a videokeratograph 

because authors compared BUT with fluorescein and a videokeratograph device with 

software. Thus, the software evaluates more data points and might detect non-visually 

apparent small tear film changes (Goto et al., 2004a; Hong et al., 2013; Jiang et al., 

2014). It might be also possible that topographic devices measure a change of the 

curvature in the tear film, rather than the disruption of the tear film (Goto et al., 

2004a). Nonetheless, two studies (Lan et al., 2014; Wang and Craig, 2018) found longer 

BUT with Keratograph 5M than with fluorescein. This might be explained since BUT 

was measured with controlled volumes of fluorescein (Lan et al., 2014). Recently, 

Ozulken et al. (2020) found a strong correlation between NIBUT and BUT using 

fluorescein, which suggests that NIBUT allows obtaining similar values than BUT with 

fluorescein but with the advantage of not destabilizing the tear film and being more 
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objective. Downie (2015) confirmed that the non-invasive analysis of the tear film 

stability showed better repeatability than the measurement using fluorescein. 

Wang and Craig (2018) claimed that NIKBUT using Keratograph 5M had a higher 

diagnostic capability to diagnose DED than BUT using fluorescein. Goto et al. (2004a) 

also reported that in comparison with BUT with fluorescein, videokeratography had 

significantly higher sensitivity in evaluating tear stability, whereas the specificity was 

similar. In contrast, Yeh, Graham and Lin (2015) did not find differences in sensitivity 

and specificity of NIKBUT, BUT with fluorescein and osmolarity to diagnose moderate 

to severe DED; and Zhang et al. (2011) found that NIBUT and BUT using fluorescein 

were both sensitive methods to diagnose mild office dry eye. A value lower than 5 

seconds was more appropriate for the diagnosis of mild dry eye using BUT with 

fluorescein, while a value lower than 10 seconds is preferred using NIBUT. 

Tear Film Surface Quality (TFSQ) is another previously validated parameter, which 

is related to tear film stability (Alonso-Caneiro, Iskander and Collins, 2009). It has also 

been proven that this parameter can discern between dry eye and healthy eyes 

(Downie, 2015). TFSQ also analyses the structure of the reflected Placido disk pattern 

onto the tear film. To calculate TFSQ at 300 radial points, the software analyses the 

variability of the pattern over time by using the approach of the block-feature (Alonso-

Caneiro, Iskander and Collins, 2009). Local TFSQ in a specific point is calculated as the 

standard deviations of the radial distances to the next innermost ring for n = 8 points 

on either side of the analysis point. TFSQ ranges from 0 to 1 and a value of ≥ 0.30 is 

considered as a destabilized tear film (Alonso-Caneiro, Iskander and Collins, 2009; 

Downie, 2015). 
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Table 1.12. Sensitivity and specificity found by different authors in the assessment of 

NIKBUT through corneal topographic devices. 

Study Sample 
Age 

(mean ± SD) years 
Technique Metric 

Cut-off 
value 

Sensitivity Specificity 

Yamaguchi 
et al. (2016) 

64 subjects (108 
eyes) 

50.0±21.1 

Tomey RT-
7000 Auto 
Refractor-

Keratometer 

NIBUT 
< 5 

seconds 
0.78 0.70 

Gumus et al. 
(2011) 

45 subjects  
(45 eyes) 

48.2±16.5 

Tomey RT-
7000 Auto 
Refractor-

Keratometer 

NIBUT 
< 5 

seconds 
0.82 0.60 

Yeh, Graham 
and Lin 
(2015) 

137 subjects (274 
eyes) 

28.10±13.11 

Carl Zeiss 
Humphrey  

Atlas Corneal 
Topography 

System 

NIKBUT 
11 

seconds 

0.72 
(moderate-

severe) 

0.52 
(moderate-

severe) 

Bhandari et 
al. (2016) 

25 DED subjects 
(25 eyes) 

25 healthy 
subjects 
(25 eyes) 

DED: 42.64±14.12 
Controls: 

48.32±15.1 

Video-
keratograph 

Optikon 
Keratron 

Scout 

NIKBUT 
6.2 

seconds 
0.86 0.81 

Hong et al. 
(2013) 

44 DED subjects 
(44 eyes) and 41 
healthy subjects 

(41 eyes) 

DED: 41.4±2.9 
Controls: 34.7±2.8 

Keratograph 4 NIKBUT 
≤2.65 

seconds 
0.84 0.76 

Wang and 
Craig (2018) 

37 DED subjects 
(37 eyes) and 37 
healthy subjects 

(37 eyes) 

DED: 24±4 
Controls: 23±4 

Keratograph 
5M 

NIKBUT 
≤ 9 

seconds 
0.68 0.70 

Downie 
(2015) 

28 DED subjects 
(28 eyes) and 17 
healthy subjects 

(17 eyes) 

DED: 41.2±14.4 
Controls: 45.5±14.6 

Medmont 
E300 

TFSQ 
12.1 

seconds 
0.82 0.94 

Mengher et 
al. (1985) 

33 DED subjects 
(65 eyes) and 66 
healthy subjects 

(132 eyes) 

DED: 65 
Controls: 65 

- NIKBUT 
10 

seconds 
0.82 0.86 

Kim et al. 
(2019) 

250 DED subjects 
(250 eyes) (23 
ADDE, 95 MGD 

and 132 
ADDE/MGD) and 

55 healthy 
subjects (55 eyes) 

ADDE: 35.4±12.7 
MGD: 48.1±16.7 

ADDE/MGD: 
51.2±13.6 

Controls: 29.5±9.8 

Keratograph 
5M 

NIKBUT 
4.84 

seconds 
0.56 0.76 

(Where ADDE: Aqueous Deficient Dry Eye; DED: Dry Eye Disease; MGD: Meibomian 

Gland Dysfunction; NIBUT: Non-Invasive Break-Up Time; NIKBUT: Non-Invasive 

Keratograph Break-Up Time; SD: Standard Deviation; TFSQ: Tear Film Surface Quality) 
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There is some controversy in the repeatability of the technique since some studies 

reported that it is acceptable, while other ones claim that it is limited (Hong et al., 

2013; Cox, Nichols and Nichols, 2015; Bhandari et al., 2016; Markoulli et al., 2017; 

Fernández et al., 2018; Wang and Craig, 2018; Bandlitz et al., 2019a; Dutta et al., 2019; 

García-Montero et al., 2019b). Table 1.13 shows the main studies that have evaluated 

the repeatability of topography devices in the assessment of NIKBUT.  

Fernández et al., (2018), Markoulli et al. (2017) and Cox, Nichols and Nichols 

(2015) found poor repeatability and between-visit agreement. They found more 

variability in repeated measures at high NIKBUT values. Therefore, the repeatability 

was better at lower NIKBUT values. Conversely, Dutta et al. (2019) found moderate 

reproducibility (CoR = 11.9) and García-Montero et al. (2019b) found that intrarater 

repeatability remained stable when three measurements were performed after 

contact lens wear. However, the repeatability decreased during contact lens wear.  

Different authors have demonstrated that corneal topographic devices are also 

useful to assess the effect on tear stability of contact lenses (Llorens-Quintana et al., 

2018; Mousavi et al., 2018; Vidal-Rohr et al., 2018; García-Montero et al., 2019b; Wang 

et al., 2019a; Martínez-Alberquilla et al., 2020), some diseases (He et al., 2018; Wang 

et al., 2019c), treatments (Ren et al., 2018; Seo et al., 2018; Li et al., 2020a; Nosch, 

Joos and Job, 2020; Chen et al., 2021), visual displays (Choi et al., 2018) or surgical 

procedures (Goto et al., 2004a; Jiang et al., 2014; Recchioni et al.,2020) (Table 1.14). 
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Table 1.13. Results of main studies that assessed the repeatability of NIKBUT using 

corneal topography devices. 

Study 
Type of 

repeatability 
Sw CoV (%) CoR ICC 

Downie (2015) Intraexaminer  9.4   

Markoulli et al. 
(2017) 

Intraexaminer   11.37 seconds  

Tian et al. (2016) 
Intraexaminer  

Healthy: 26.10 
DED: 23.54 

Healthy: 5.24 seconds 
DED: 3.76 seconds 

Healthy: 0.75 
DED: 0.82 

Interexaminer  
Healthy: 20.30 

DED: 21.85 
Healthy: 4.13 seconds 

DED: 3.55 seconds 
- 

Cox, Nichols and 
Nichols (2015) 

Between visit    0.53 

Fernández et al. 
(2018) 

Intraexaminer  
Healthy: 23.54 

DED: 26.10 
  

García-Montero 
et al. (2019b) 

Intrarater 4.61 seconds 43.66 12.77 seconds 0.57 

Dutta et al., 
(2019) 

Intervisit   11.9 seconds  

(Where CoR: Repeatability Coefficient; CoV: Coefficient of Variation; DED: Dry Eye 

Disease; ICC: Intraclass Correlation Coefficient; Sw: within-subject standard deviation) 

In light of the above, this is a useful, quick, reliable, patient-friendly, objective and 

non-invasive technique to detect and monitor DED, and to differentiate among 

different degrees of severity of the disease (Hong et al., 2013; Jiang et al., 2014; 

Bhandari et al., 2016; Koh et al., 2016; Markoulli et al., 2017; Choi et al., 2018; He et 

al., 2018; Llorens-Quintana et al., 2018; Markoulli et al., 2018; Mousavi et al., 2018; 

Ren et al., 2018; Seo et al., 2018; Vidal-Rohr et al., 2018; Wang and Craig, 2018; García-

Montero et al., 2019b; Itokawa et al., 2020; Li et al., 2020a; Li et al., 2020b; Martínez-

Alberquilla et al., 2020; Nosch, Joos and Job, 2020; Ozulken et al., 2020; Robin et al., 

2019; Tong, Teo and Lee, 2019; Wang et al., 2019a; Wang et al., 2019c; Recchioni et 

al., 2020; Wu et al., 2020b; Chen et al., 2021). Nevertheless, the technique is not 
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perfect and further effort should be focused on the improvement of the tear stability 

analysis to increase its repeatability and diagnostic capability. 

Table 1.14. Results reported by different authors regarding the use of corneal 

topographers to assess the effect on NIKBUT of contact lenses, diseases, treatments, 

visual displays and surgical procedures. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
NIKBUT (s)  

(mean ± SD) 
Main findings 

Mousavi et 
al. (2018) 

46 CL wearers  
(92 eyes) 

25.5±4.3 Keratograph 5M 

Silicone hydrogel: 8 
Hydrogel: 7 
*Medians 

approximately 

-NIKBUT provided additional 
information of interest during CL 

fitting 
-No differences in NIKBUT between 

lenses 

Vidal-Rohr 
et al. 

(2018) 

19 CL wearers  
(19 eyes) 

21.6±1.7 Keratograph 5M 

Uncoated lenses: 
5.86±3.28 

Coated lenses: 
7.10±3.95 

-Coating lenses increased the 
stability of the pre-lens tear film 

Jiang et al. 
(2014) 

86 subjects with 
cataract and DED 

(86 eyes) 
68±10 Keratograph 4 2.21±0.23 

-NIKBUT assessment is useful for 
preoperative evaluation of the tear 

film in subjects with cataract 

Goto et al. 
(2004a) 

34 subjects  
(64 eyes) 

30.4±11.2 

Videokeratography 
software for a 
topographic 

modelling system 

Pre-LASIK: 6.42±1.76 
Post-LASIK: 
3.48±1.69 

-Tear film stability can be useful for 
screening LASIK candidates 

-Tear film stability was worse post-
LASIK 

Nosch, 
Joos and 

Job (2020) 

36 subjects  
(36 eyes) 

32.3±16.1 Keratograph 5M 
Before spray: 7.7±1.7 
After spray: 11.6±4.6 

-Longer NIKBUT after treatment 

Seo et al. 
(2018) 

17 rosacea-MGD 
subjects (17 eyes) 

Median: 64 
(IQR: 57-68) 

Keratograph 5M 
Median: 3.0 

(IQR: 2.5-5.9) 

-NIKBUT improved after intense 
pulsed light treatment but it was 

not maintained at 6 and 12 months 
after treatment 

Martínez-
Alberquilla 

et al. 
(2020) 

15 extended focus 
CL wearers (15 
eyes) and 15 
conventional 
multifocal CL 

wearers (15 eyes) 

53.7±5.3 Keratograph 5M 

Baseline extended 
focus: 9.31±7.17 

Baseline 
conventional: 

8.32±6.15 
Day 15 extended 
focus: 7.83±5.75 

Day 15 conventional: 
8.02±5.87 

-None of the CL caused significant 
changes in NIKBUT 

He et al. 
(2018) 

120 subjects (120 
eyes): 44 diabetics 

<5 years, 40 
diabetics between 
5-10 years, 36 >10 

years and 40 
healthy. 

Control: 
64.88±7.04 
<5 years: 

64.75±8.20 
5-10 years: 
65.03±7.14 
>10 years: 
66.11±7.44 

Keratograph 5M 

Control: 6.86±2.20 
<5 years: 6.76±2.24 

5-10 years: 6.25±2.53 
>10 years: 5.13±1.77 

-NIKBUT is shorter in long-term 
type 2 diabetes 



Chapter 1. Introduction 

  

 

126 
 

 (Where CL: Contact Lens; DED: Dry Eye Disease; IQR: Interquartile Range; LASIK: Laser 

Assisted In Situ Keratomileusis; MGD: Meibomian Gland Dysfunction; NIKBUT: Non-

Invasive Keratograph Break-Up Time; SD: Standard Deviation; SMILE: Small Incision 

(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
NIKBUT (s)  

(mean ± SD) 
Main findings 

Wang et 
al. (2019a) 

59 myopic 
subjects (59 

eyes) 
12.03±2.31 Keratograph 5M 

Baseline: 
11.03±5.53 
1 month: 

12.49±7.20 
6 months: 

11.10±6.35 
24 months: 
11.73±5.33 

-Overnight orthokeratology affected 
NIKBUT 

Wang et 
al. (2019c) 

78 subjects 
with lupus 

erythematosus 
(78 eyes) 

37±11 Keratograph 5M 9.12±5.97 
-Lupus erythematosus is associated 
with higher tear film instability and 

DED 

Chen et al. 
(2021) 

100 MGD 
subjects (100 
eyes) (35 had 
a combined 

therapy) 

45.10±4.81 Keratograph 5M 

Pre-treatment: 
6.68±5.39 

1 month: 6.50±3.50 
3 month: 5.89±3.22 

-Although the combination of 
meibomian gland expression and 

intense pulsed light had a synergistic 
effect, no changes were found in 

NIKBUT 

Li et al. 
(2020a) 

25 
hyposecretory 
MGD subjects 
(25 eyes) and 
25 obstructive 
MGD subjects 

(25 eyes) 

Hyposecretory 
MGD: 

32.6±10.26 
Obstructive 

MGD: 
37.2±11.74 

Keratograph 5M 

Hyposecretory: 
Baseline: 3.17±1.40 
8 weeks: 3.77±1.27 

Obstructive: 
Baseline: 3.22±1.47 
8 weeks: 8.13±2.05 

-Thermal pulsation LipiFlow was 
effective for both MGD types 

-The therapeutic effect was higher in 
the obstructive MGD group 

Choi et al. 
(2018) 

50 subjects in 
the 

smartphone 
group (50 

eyes) and 30 
controls (30 

eyes) 

Smartphone 
group: 

25.52±2.92 
Controls: 

26.70±2.98 

Keratograph 5M 

Smartphone group: 
10.26±6.13 
Controls: 

11.84±6.97 

-Smartphone use could aggravate dry 
eye symptoms and increase tear film 

instability 

Ren et al. 
(2018) 

22 DED 
subjects (22 

eyes) 
26.554.85 Keratograph 5M 

Baseline: 3.49±0.97 
5 min: 10.20±7.21 
30 min: 6.06±2.85 
60 min: 6.34±3.69 

-Temporary use of warming moist 
chamber goggle was able to relieve 

ocular discomfort and increase NIKBUT 

Recchioni 
et al. 

(2020) 

16 LASIK 
subjects (16 
eyes) and 13 

SMILE subjects 
(13 eyes) 

LASIK: 32.6±9.1 
SMILE: 

32.2±5.3 
Keratograph 5M 

Pre-LASIK: 11.3±5.7 
Post-LASIK: 6.7±3.6 

Pre-SMILE: 
10.2±5.4 

Post-SMILE: 
9.8±4.6 

-LASIK caused a significant decrease in 
NIKBUT in comparison with SMILE 
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Lenticule Extraction) * In the cases where “approximately” is written, studies showed 

the results in a figure, instead of a numerical value. 

1.3.2.1.3 Interferometers 

Apart from the measurement of the lipid layer, some interferometers also allow 

assessing NIBUT (Wang, Palakuru and Aquavella, 2008; Hosaka et al., 2011; Pult, 

Purslow and Murphy, 2011; Zhang et al., 2011; Jones and Nischal, 2013; Guillon et al., 

2016; Nosch et al., 2016; Wang et al., 2017; Pult et al., 2018b; Tong and Teng, 2018; 

Garzón, López-Alemany and Gené-Sampedro, 2019; Guillon et al., 2019a; Guillon et al., 

2019b; Vigo et al., 2020). Interferometers are also based on the reflection of a pattern 

onto de tear film to assess BUT. It has also been reported that these devices have an 

acceptable diagnostic capability (Table 1.15) (Pult, Purslow and Murphy, 2011; Zhang 

et al., 2011). 

Nichols et al. (2002b) reported that BUT using fluorescein was shorter than NIBUT 

using an interferometer. Some authors have found that NIBUT measured with the 

Tearscope interferometer was longer than NIBUT measured with the Keratograph 5M 

(Best, Drury and Wolffsohn, 2012, Markoulli et al., 2017; Tong and Teng, 2018). This 

might be explained as Tearscope measurements are more subjective and the 

technique depends on the examiner´s ability. Moreover, the keratograph is more 

sensitive to small tear film changes and analyses more data points of the ocular surface 

(Best, Drury and Wolffsohn, 2012; Tong and Teng, 2018). In addition, Markoulli et al. 

(2017) found that both devices were not interchangeable. They also found that the 

subjectivity of the Tearscope Plus limited its repeatability and detracts from its utility 
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in comparison with more objective devices. Conversely, Bandlitz et al. (2019a) did not 

find differences in NIBUT between Tearscope Plus, Polaris, EasyTear and Keratograph 

5M, despite the last being objective. Moreover, the repeatability in the measurement 

of NIBUT was reasonable for all of them.  Regarding the repeatability of NIBUT using 

interferometers, some authors have found it to be acceptable (Nichols et al., 2002b; 

Bandlitz et al., 2019a; Markoulli et al., 2017). For instance, Markoulli et al. (2017) 

found a coefficient of repeatability of 15 using the Tearscope Plus. 

Table 1.15. Sensitivity and specificity found by different authors in the assessment of 

NIBUT through interferometers. 

Study Sample 
Age 

(mean ± SD) years 
Technique Metric 

Cut-off 
value 

Sensitivity Specificity 

Zhang et 
al. (2011) 

20 mild self-
reported DED 
subjects (20 

eyes),  20 
moderate-
severe self-

reported DED 
(20 eyes) and 

20 healthy 
subjects (20 

eyes) 

Mild: 
27.2±3.6 

Moderate to 
severe: 

27.8±5.6 
Controls: 28.6±5.7 

Keeler 
Tearscope 

NIBUT 
< 9.7 

seconds 
0.90 0.50 

Pult, 
Purslow 

and 
Murphy 
(2011) 

47 healthy (47 
eyes) 

Median: 35 
Range; 19-70 

Tearscope 
Plus 

NIBUT 
10 

seconds 
0.80 0.93 

(Where DED: Dry Eye Disease; NIBUT: Non-Invasive Break-Up Time; SD: Standard 

Deviation) 

Furthermore, different authors have demonstrated that interferometers are also 

useful to assess the effect on tear stability of contact lenses (Guillon et al., 2016; 

Guillon et al., 2019a; Guillon et al., 2019b) and blinking (Nosch et al., 2016) (Table 

1.16). 
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Table 1.16. Results reported by different authors regarding the use of interferometers 

to assess the effect of contact lenses and blinking on NIBUT. 

Study Sample 
Age 

(mean ± SD) 
years 

Technique 
NIBUT (s) 

(mean ± SD) 
Main findings 

Guillon et 
al. (2016) 

202 CL 
wearers  

(202 eyes) 
29.5±9.4 Tearscope Plus 

Low OSDI: 
5.99±6.65 
High OSDI: 
4.70±4.85 

-CL wearers with DED symptoms had 
shorter NIBUT 

Nosch et 
al. (2016) 

42 subjects 
(42 eyes) 

27.76±5.36 Tearscope Plus 38.58±28.62 

-Blink rate and NIBUT were negatively 
correlated 

-Central corneal sensitivity threshold 
and NIBUT were positively correlated 

Guillon et 
al. (2019a) 

32 delefilcon A 
CL wearers (32 
eyes) and 32 
somofilcon A 

CL wearers (32 
eyes) 

Delefilcon A: 
34.3±9.5 

Somofilcon A: 
33.4±10.1 

Tearscope 

Delefilcon A: 
9.2±11.1 

Somofilcon A: 
6.2±5.7 

-Differences in NIBUT between lenses 

Guillon et 
al. (2019b) 

202 CL 
wearers (404 
eyes) and 133 

non-CL 
wearers (266 

eyes) 

CL wearers: 
29.5±9.4 
Non-CL 

wearers: 
37.3±12.9 

Tearscope Plus 

CL wearers: 
5.12±5.37 

Non-CL wearers: 
9.05±8.21 

-Shorter NIBUT in CL wearers 

(Where CL: Contact Lens; DED: Dry Eye Disease; NIBUT: Non-Invasive Break-Up 

Time; OSDI: Ocular Surface Disease Index; SD: Standard Deviation). 

1.3.2.1.4 Other techniques 

Other techniques to assess the stability of the tear film non-invasively are less 

used. For instance, assessing the movement of the particles in the tear film have been 

used to measure the upward spread and stability of the tear film (Owens and Phillips, 

2001; Varikooty, Keir and Simpson, 2012; Sweeney, Millar and Raju, 2013; Lin and Yiu, 

2014; Lai et al., 2019). Moreover, tear film stability can also be measured using 

interferometry, retroillumination, thermography, aberrometry or defocus microscopy. 
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Interferometry can be used to measure BUT through the thickness of the tear film. 

Thus a thinning of the tear film indicates a break-up. On the other hand, defocus 

microscopy measures the BUT through the focus or defocus of the tear film. Thus, the 

break-up zone is shown as a rough and concave surface. In this way, break-up areas 

appear brighter because they have a concave surface (Agero et al., 2003). Finally, 

retroillumination is based on the assessment of optical aberrations through the 

analysis of the light reflected on the retina. In this case, changes in the intensity of the 

reflected light can be used as a measure of the tear film stability (Liu et al., 2010; King-

Smith, Begley and Braun, 2018). 

1.3.2.2 Optical quality measurements 

The tear film is the most anterior refractive surface of the eye and has a high 

impact on maintaining the optical quality of the eye due to the large difference in the 

refractive index between the tear film and air (Montés-Micó et al., 2010a; Denoyer, 

Rabut and Baudouin, 2012; Kottaiyan et al., 2012; Ring et al., 2015; Tan et al., 2015a; 

Koh, Higashiura and Maeda, 2016; Chan et al., 2017). Local changes in the tear film 

thickness or regularity, such as variations in tear break-up, will induce aberrations, 

which in turn will reduce retinal image quality (Tutt et al., 2000; Sweeney, Millar and 

Raju, 2013; Lin and Yiu, 2014). For that reason, the assessment of the optical quality 

has become a tool to indirectly detect and monitor DED in an objective and non-

invasive way, which has the advantage of assessing the tear film stability in real time. 

Furthermore, a decrease in the optical quality can negatively affect the quality of life of 

DED patients (Deschamps et al., 2013). 
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There are different ways to evaluate the optical quality of the eye. Formerly, 

optical quality was measured by quantifying vessels’ contrast in the retina or by 

retroillumination (Tutt et al., 2000; Himebaugh et al., 2003; Benito et al., 2019). Tutt et 

al. (2000) and Benito et al. (2019) confirmed that retroillumination may be a useful 

technique to non-invasively analyse the optical quality of the tear film. In this method, 

the plane of the camera is conjugated to the tear film, which allows obtaining 

quantitative values related to changes in the tear film stability (Tutt et al., 2000; Liu et 

al., 2010; Montés-Micó et al., 2010a). Moreover, the optical quality can also be 

measured by using aberrometers, corneal topography systems or double-pass systems.  

1.3.2.2.1 Aberrometers 

Wavefront sensing Hartmann-Shack aberrometer is one of the most common tools 

to assess the optical quality of the eye (Thibos and Hong, 1999). Hartmann-Shack 

wavefront sensor consists of a square array of 1024 lenslets. The device uses a laser 

beam that is directed to the eye, it is reflected onto the retina and returns. The 

reflected wavefront is subdivided into different small wavefronts by the array of 

lenslets. Thus, each lenslet samples a small part of the incident wavefront and focuses 

the light on a charge-coupled device, which allows recording the wavefront for being 

described by polynomials of Zernike (Thibos and Hong, 1999; McGinnigle, Naroo and 

Eperjesi, 2012; Tung et al., 2012; Ring et al., 2015; García-Marqués et al., 2016). 

Aberrometers allow a dynamic assessment of the aberrations created by the eye, 

as a measurement of the tear film instability and break-up. Two types of aberrations 

can be distinguished: lower-order aberrations that correspond to the refraction, and 
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higher-order aberrations. Thus, tear film instability is reported to increase corneal 

higher-order aberrations after blinking (Ferrer-Blasco et al., 2009).  

Several authors have also reported that DED patients have higher levels of 

aberrations (more Root Mean Square (RMS) values) than healthy patients (Koh et al., 

2008b; Liu et al., 2010; Montés-Micó et al., 2010b; Denoyer, Rabut and Baudouin, 

2012; Kottaiyan et al., 2012; McGinnigle, Naroo and Eperjesi, 2012; Tung et al., 2012; 

Deschamps et al., 2013; Lin and Yiu, 2014; McGinnigle, Eperjesi and Naroo, 2014; Ring 

et al., 2015; Koh, Higashiura and Maeda, 2016; Chan et al., 2017; Wolffsohn et al., 

2017; King-Smith, Begley and Braun, 2018; Montani, Murphy and Patel, 2018; Monaco 

and Casalino, 2020). Moreover, low optical quality is related to increased signs and 

symptoms in OSDI, which suggests that the measurement of aberrations can help to 

assess DED (Denoyer, Rabut and Baudouin, 2012).  

The technique has also been used to evaluate the efficacy of treatments (Table 

1.17) (Tung et al., 2012; McGinnigle, Eperjesi and Naroo, 2014; Montani, Murphy and 

Patel, 2018; Monaco and Casalino, 2020). Tung et al. (2012) found that some 

components of artificial tears initially reduced the visual quality. Similarly, McGinnigle, 

Eperjesi and Naroo (2014) found that immediately after the instillation of 

hypromellose drops total higher-order aberrations increased in healthy and DED 

patients. Likewise, the drops caused a reduction in the Strehl ratio in healthy and dry 

eye patients.  

Finally, wavefront sensors can be combined with topographic devices to achieve a 

better assessment of the tear film stability. For instance, Kottaiyan et al. (2012) 

combined a high-resolution wavefront sensor with a Placido disk. They confirmed that 
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this combination allows a better assessment of the tear film and the ocular surface 

since it allows quantifying NIBUT and its impact on visual quality at the same time. 

Table 1.17. Results reported by different authors regarding the use of aberrometers 

and corneal topography systems to assess the effect of treatments on the quality of 

vision. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Total ocular HOA 

RMS (µm)  
(mean ± SD) 

Main findings 

McGinnigle, 
Eperjesi and 

Naroo 
(2014) 

24 DED 
subjects (24 
eyes) and 24 

healthy 
subjects (24 

eyes) 

DED: 25.7±7 
Controls: 
24.2±8 

Aberrometer and 
corneal topographer 
Nidek OPD-Scan III 

5mm 
DED: Baseline: 
0.237±0.078 

After 1 hour of 
drops instillation: 

0.243±0.062 
CONTROLS: 

Baseline: 
0.218±0.079 

After 1 hour of 
drops instillation: 

0.213±0.075 

-Immediately after the instillation, 
higher-order aberrations increased 

and the Strehl ratio reduced 

Koh et al. 
(2008b) 

7 DED subjects 
without 

superficial 
punctate 

keratopathy (7 
eyes) and 13 

with 
keratocon-
junctivitis 

sicca (13 eyes) 

Without: 
45.8±10.3 

With: 
51.3±3.4 

Hartmann-Shack 
wavefront 

aberrometer 
(Topcon) 

4 mm 
Without: 
0.139±-- 

With: 
0.241±-- 

-Significantly lower HOAs in patients 
without superficial punctate 

keratopathy. 

Montani, 
Murphy and 
Patel (2018) 

50 subjects 
(100 eyes) 

33.2±11.0 

Placido disk 
topographer + 

Hartmann-Shack 
wavefront 

aberrometer 

The value of the 
total HOA was not 

reported 

-Artificial tears reduced HOA and 
meibomian gland expression 

increased HOA 

(Where DED: Dry Eye Disease; HOA: Higher-Order Aberrations; RMS: Root Mean 

Square; SD: Standard Deviation).  
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1.3.2.2.2 Corneal topography systems 

Aberrometers obtains the wavefront of the total eye. Thus, tear film aberrations 

are mixed with eye aberrations. To solve this issue, corneal topography systems can be 

used to measure the aberrations of the air-tear film interface (Guirao and Artal, 2000; 

Montés-Micó et al., 2004; Montés-Micó, Alió and Charman, 2005a; Ferrer-Blasco et al., 

2009; Montés-Micó et al., 2010b; Ruiz-Alcocer et al., 2018; Hovanesian et al., 2019; 

Lafosse et al., 2019; Lorente-Velázquez et al., 2019; Yildirim, Ozsaygili and Kucuk, 2020; 

Gao et al., 2021). Different authors have found lower optical quality in subjects with 

dry eye and low BUT (Table 1.18). In a previous report (Guirao and Artal, 2000), the 

authors obtained the corneal shape elevation map and fitted it to a Zernike polynomial 

expansion. They found that videokeratography allowed clinicians to measure the 

corneal wavefront aberrations with an accuracy of 0.05-0.2 µm for a pupil diameter of 

4-6 mm.  

Optical quality has also been used to assess BUT as the measurement in seconds 

from blinking until the aberrations increase. Mihashi et al. (2006) found that BUT 

measured using fluorescein caused lower values than BUT measured through 

wavefront aberrations as well as BUT measured through the distortion of Placido disk. 

As explained before, these differences between methods can be due to the fact that 

fluorescein can destabilize the tear film. In two different studies (Montés-Micó et al., 

2004; Montés-Micó, Alió and Charman, 2005a), authors evaluated the optical quality 

of the tear film through corneal elevation maps. They found that RMS was correlated 

with tear film BUT. Thus, RMS in DED patients was minimal at 2.9±0.4 seconds as 

compared to 6.1±0.5 seconds in healthy patients. Montés-Micó et al. (2010b) also 
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found a decrease in corneal higher-order aberrations after the instillation of artificial 

tears into eyes with pupils of 3.0 mm and 5.5 mm of diameter (p < 0.01). The reduction 

was maintained ten minutes after the instillation (p < 0.02). This is because eye drops 

increased the regularity of the tear film, which in turn decreased high-order 

aberrations.  

Table 1.18. Optical quality results obtained by authors. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Corneal HOA RMS 
(µm) (mean ± SD) 

Main findings 

Montés-
Micó, Alió 

and 
Charman 
(2005a) 

13 DED 
subjects (13 

eyes) 

DED: 
45.3±5 

Tomey TMS-2N 
topography system 

7mm 
(Approximately) 
1 s after blink: 

1.28±--µm 
4 s: 1.09±-- 
6 s: 1.19±-- 
8 s: 1.4±-- 

10 s: 1.6±-- 
14 s: 1.79±-- 

-RMS in DED patients was minimal at 
2.9±0.4 seconds 

-Dynamic changes in optical 
aberrations may provide an objective 

method for the DED diagnosis 

Montés-
Micó et al. 

(2004) 

15 healthy 
patients (15 

eyes) 

Healthy: 
26±1.7 

Tomey TMS-2N 
topography system 

7mm 
(Approximately) 

1 second after blink: 
1.12±-- 

4 s: 0.98±-- 
6 s: 0.70±-- 
8 s: 0.86±-- 

10 s: 1.17±-- 
14 s: 1.41±-- 

-RMS in healthy patients was 
minimal at 6.1±0.5 seconds. 

(Where DED: Dry Eye Disease; HOA: Higher-Order Aberrations; RMS: Root Mean 

Square; SD: Standard Deviation). * In the cases where “approximately” is written, 

studies showed the results in a figure, instead of a numerical value. 

In addition, Ferrer-Blasco et al. (2009) also studied the air-tear film interface 

Modulation Transfer Function (MTF) by fitting videokeratographic data with Zernike 

polynomials using software. They found that air-tear film MTF had the highest values 

at 6-7 seconds after blinking. Strehl ratio had the greatest value at 6.2±0.4 seconds 

after blinking and it was correlated with BUT using fluorescein, which suggests that 
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MTF and Strehl ratio can also be used as tools to examine optical quality changes of 

the tear film. Finally, the technique has also been successfully used to evaluate the 

efficacy of treatments and the performance of contact lenses (Table 1.19). 

Table 1.19. Results reported by different authors regarding the use of aberrometers 

and corneal topography systems to assess the effect on the quality of vision of 

treatment and contact lenses. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Corneal HOA RMS 
(µm) (mean ± SD) 

Main findings 

Montés-
Micó et al. 

(2010b) 

20 mild to 
moderate DED 

subjects (40 eyes) 
57.5±8.4 

Computerized video 
Topography system 

PCT 200 (corneal 
elevation maps) 

Baseline:  
3mm: 0.29±-- 
5mm: 0.38±-- 

10 minutes after 
instillation: 

3mm: 0.14±-- 
5mm: 0.2±-- 

-Corneal aberrations and corneal 
PSF improved significantly after 

eye drop instillation 

Ruiz-
Alcocer et 
al. (2018) 

20 subjects (20 
eyes) 

(A: Nesofilcon A; 
B: Delefilcon A; 

and C: Stenfilcon 
A) 

28.7±4.2 
ATLAS 9000 Corneal 

Topographer 

4.5mm 
(Approximately) 

A Baseline: 0.43±-- 
A 8 hours: 0.42±-- 
B Baseline: 0.43±-- 
B 8 hours:0.42±-- 
C Baseline:0.43±-- 
C 8 hours:0.42±-- 

-No significant differences were 
found between lenses in optical 

quality 

Lorente-
Velázquez 

et al. 
(2019) 

20 presbyopic (20 
eyes) and non-

presbyopic 
subjects (30 eyes) 
(A: Monofocal; B: 

Multifocal with 
high addition; and 
C: Multifocal with 

low addition) 

Presbyopic: 
53.94±7.57 

Non-
presbyopic: 
27.00±5.97 

Pentacam rotating 
Scheimpflug system 

4.5 mm 
(Approximately) 

A Baseline: 0.39±-- 
A 8 hours: 0.44±-- 
B Baseline: 0.54±-- 
B 8 hours:0.57±-- 
C Baseline:0.50±-- 
C 8 hours:0.52±-- 

-No significant changes were 
found in HOA for the wearing time 

of CLs 

Hovanesian 
et al. 

(2019) 

83 subjects (83 
eyes) 

71.3±11.6 
Zeiss Atlas 

topographer 

6mm 
Pre: 0.37±0.29 
Post: 0.21±0.13 

-Lifitegrast decreased HOA 

Gao et al. 
(2021) 

25 DED subjects 
(25 eyes) 

45.95±15.90 
OPD Scan III 
aberrometer 

Pre: 0.50±0.05 
Post: 0.41±0.04 

-Optical quality improved after 
DED treatment 

Lafosse et 
al. (2019) 

40 presbyopic 
subjects (40 eyes) 

50.0±4.4 
ATLAS 9000 Corneal 

Topographer 

6mm 
Baseline: 0.38±0.21 
20 min: 0.61±0.44 
8 hours: 0.64±0.41 

-Statistical significant differences 
were found between baseline and 

20 minutes, and baseline and 8 
hours of CL wearing 
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 (Where CL: Contact Lens; DED: Dry Eye Disease; HOA: Higher-Order Aberrations; PSF: 

Point Spread Function; RMS: Root Mean Square; SD: Standard Deviation).* In the cases 

where “approximately” is written, studies showed the results in a figure, instead of a 

numerical value. 

1.3.2.2.3 Double-pass systems 

The measurement of higher-order aberrations is useful to assess optical quality 

changes in DED, but it does not evaluate the influence of scattering, which might 

overestimate the optical quality (Chan et al., 2017). Contrary, double-pass systems 

allow measuring scattering that causes light dispersion. Thus, this is a joint 

measurement of aberrations and light scatter.  

Double-pass systems used a collimated diode laser, which enters the pupil and is 

reflected on the retina; the beam returns and is recorded by a charge-coupled device 

camera. Thus, it records the images of a point source projected on the retina and 

assesses the spread of this point after passing through the eye, which allows the 

measurement of the Ocular Scatter Index (OSI), MTF and the Strehl ratio. OSI measures 

(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Corneal HOA RMS 
(µm) (mean ± SD) 

Main findings 

Yildirim, 
Ozsaygili 

and 
Kucuk 
(2020) 

76 DED subjects 
(76 eyes) (26 in 

Group 1: 1.5 
mg/mL sodium 

hyaluronate; 24 in 
Group 2: 2.0 

mg/mL sodium 
hyaluronate; 26 in 

Group 3: 
trehalosa and 

sodium 
hyaluronate) 

Group 1: 
50.13±14.0 

Group 2: 
49.92±10.98 

Group 3: 
45.16±12.98 

Pentacam rotating 
Scheimpflug system 

Group 1 pre: 
0.71±0.28 

Group 1 post: 
0.53±0.12 

Group 2 pre: 
0.58±0.16 

Group 2 post:  
0.51±0.11 

Group 3 pre: 
0.51±0.14 

Group 3 post: 
0.46±0.16 

-The tree artificial tears decreased 
corneal aberrations 
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the amount of light scattered, while MTF characterizes the image degradation caused 

by an optical system depending on the frequency; and the Strehl ratio measures the 

quality of an optical system through the ratio of the peak of the Point Spread Function 

(PSF) of an optical system and the peak of the PSF of a perfect system (Benito, 2011; 

Koh et al., 2014b; Tan et al., 2015a; Chan et al., 2017). 

Some authors have found that double pass systems are sensitive in the early 

diagnosis of DED, being the light scatter higher in DED subjects (Table 1.20) (Benito, 

2011; Díaz-Valle et al., 2012; Kobashi et al., 2013; Habay et al., 2014; Tan et al., 2015a; 

Yu et al., 2016; Fernández et al., 2018; Herbaut et al., 2018; Benito et al., 2019; Gouvea 

et al., 2019; Xi, Qin and Bao, 2019; Ye et al., 2019; D’Souza et al., 2020; Mencucci et al., 

2020; Passi et al., 2020; Wu et al., 2020a; Gao et al., 2021). For instance, Habay et al. 

(2014) found that OSI and the OSI standard deviation were higher in more advanced 

stages of the disease. The Standard Deviation (SD) represents optical quality changes; 

therefore, more severe DED patients had more variations and lower optical quality.  

Moreover, double-pass systems have also been used to assess the inter-blink 

optical quality, as an indirect measurement of NIBUT. Yu et al. (2016) reported that OSI 

was more sensitive compared with BUT using fluorescein. Kobashi et al. (2013) did not 

find differences in MTF cut-off frequency, Strehl ratio and OSI over a period of 10 

seconds in healthy patients. However, these parameters were altered in patients with 

short BUT. The repeatability of this metric in the tear film stability assessment has also 

been studied. Fernández et al. (2018) found that Optical Quality Analysis System 

(OQAS) had better intra-session repeatability in the measurement of tear film stability 

than a corneal topographer device. 
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Table 1.20. Optical quality results obtained by authors. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
MTF cut-off 

frequency (cpd) 
(mean ± SD) 

Main findings 

Kobashi 
et al. 

(2013) 

20 subjects with 
short BUT (20 
eyes) and 20 

healthy subjects 
(20 eyes) 

Short BUT: 
31.6±4.1 
Controls: 
31.2±3.8 

OQAS double-pass 
system 

SHORT BUT 
Initial: 27.2±7.9 
10 s after blink: 

13.2±6.1 
CONTROLS 

Initial: 31.6±9.0 
10 s: 27.3±7.1 

-Optical quality deteriorated with time 
in the group with short BUT 

-Short BUT group had greater 
deterioration in optical quality after 

the blink 

Xi, Qin 
and Bao 
(2019) 

35 DED subjects 
with short BUT 

(35 eyes) and 43 
healthy subjects 

(43 eyes) 

DED: 
31.31±6.44  
Controls: 

29.02±5.37 

OQAS double-pass 
system 

DED: 26.340±8.460  
Controls: 

34.695±8.609 

-MTF cut-off frequency was 
significantly lower in the short BUT 

subjects in the early stage of the 
disease 

-Tear film instability in short BUT DED 
subjects affected the optical quality 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Strehl ratio  
(mean ± SD) 

Results 

Kobashi 
et al. 

(2013) 

20 subjects with 
short BUT (20 
eyes) and 20 

healthy subjects 
(20 eyes) 

Short BUT: 
31.6±4.1 
Controls: 
31.2±3.8 

OQAS double-pass 
system 

SHORT BUT 
Initial: 0.17±0.04 
10 s after blink: 

0.09±0.03 
CONTROLS 

Initial: 0.19±0.05 
10 s: 0.17±0.03 

-Optical quality deteriorated with time 
in the group with short BUT 

-Short BUT group had greater 
deterioration in optical quality after 

the blink 

Xi, Qin 
and Bao 
(2019) 

35 DED subjects 
with short BUT 

(35 eyes) and 43 
healthy subjects 

(43 eyes) 

DED: 
31.31±6.44  
Controls: 

29.02±5.37 

OQAS double-pass 
system 

DED: 0.149±0.039  
Controls: 

0.201±0.051 

-The Strehl ratio was significantly 
lower in the short BUT subjects in the 

early stage of the disease 
-Tear film instability in short BUT DED 
subjects affected the optical quality 

Study Sample 
Age  

(mean ± SD) 
years 

Technique OSI (mean ± SD) Results 

Tan C et 
al. (2015) 

28 mild DED 
subjects (28 

eyes), 28 severe 
DED subjects (28 

eyes) and 35 
controls (35 

eyes) 

Mild DED: 
41.82±13.85 
Severe DED: 
45.82±11.46 

Controls: 
43.29±18.93 

OQAS double-pass 
system 

Mild DED: 
∆OSI: 

0.240±0.452 
Severe DED: 

∆OSI: 
0.518±0.692 

Controls: 
∆OSI: 

-0.004±0.293 

-DED subjects had higher OSI 
-The double-pass system allowed 

monitoring the dynamic changes in the 
tear film 

Habay et 
al. (2014) 

8 stage 1 DED 
subjects (8 

eyes), 21 stage 2 
subjects (21 

eyes), 22 stage 3 
subjects (22 
eyes) and 4 

stage 4 subjects 
(4 eyes) 

Stage 1: 
63±7.4 

Stage 2: 
63.2±10.9 
Stage 3: 
64.5±9.7 
Stage 4: 
67.6±9 

OQAS double-pass 
system 

Stage 1: 6.6±3.2 
Stage 2: 16.9±4.6 
Stage 3: 29.2±3.7 
Stage 4: 41±5.1 

-Higher severity stages had lower 
optical quality (more OSI). 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique OSI (mean ± SD) Results 

Kobashi 
et al. 

(2013) 

20 subjects with 
short BUT (20 
eyes) and 20 

healthy subjects 
(20 eyes) 

Short BUT: 
31.6±4.1 
Controls: 
31.2±3.8 

OQAS double-pass 
system 

SHORT BUT 
Initial: 1.1±0.4 

10 s after blink: 
2.5±0.7 

CONTROLS 
Initial: 0.9±0.5 

10 seconds: 1.3±0.7 

-Optical quality deteriorated with time 
in the group with short BUT 

-Short BUT group had greater 
deterioration in optical quality after 

the blink 

Xi, Qin 
and Bao 
(2019) 

35 DED subjects 
with short BUT 

(35 eyes) and 43 
healthy subjects 

(43 eyes) 

DED: 
31.31±6.44  
Controls: 

29.02±5.37 

OQAS double-pass 
system 

DED: 1.206±0.688  
Controls: 

0.637±0.285 

-OSI was significantly higher in the 
short BUT subjects in the early stage of 

the disease 
-Tear film instability in short BUT DED 
subjects affected the optical quality 

Herbaut 
et 

al.(2018) 

72 DED subjects 
(136 eyes) 

49.2±17.3 
OQAS double-pass 

system 
1.9±1.55 

-OSI was correlated with BUT, Oxford 
score, the Van Bijsterveld score, 

Schirmer test and OSDI 
-The OQAS system might be useful to 
assess visual function in DED subjects 

Ye et al. 
(2019) 

25 ADDE (25 
eyes), 25 MGD 

(25 eyes) and 25 
healthy subjects 

(25 eyes) 

ADDE: 
43.12±18.27 

DED: 
43.12±18.27 

Controls: 
43.12±18.27 

OQAS double-pass 
system 

ADDE: 1.554±0.058 
DED: 2.386±0.118 

Controls: 
0.431±0.017 

-Both ADDE and MGD had an 
increased OSI in comparison with 

controls 
-MGD subjects had significantly altered 
the optical quality in comparison with 

ADDE subjects 

D’Souza 
et al. 

(2020) 

25 DED (50 eyes) 
and 25 healthy 

subjects (50 
eyes) 

Range: 25-40 
years 

OQAS double-pass 
system 

DED: 9.50±-- 
Controls: 0.69±-- 

-DED subjects had lower quality of 
vision and higher optical scatter 

Gouvea 
et al. 

(2019) 

66 DED (66 eyes) 
and 44 healthy 

subjects (44 
eyes) 

DED: 
60.48±13.24 

Controls: 
44.51±8.06 

OQAS double-pass 
system 

DED: 4.29±4.07 
Controls: 1.88±2.04 

-DED had a higher OSI 
-Tear film instability can be objectively 
assessed by dynamic changes un OSI 

over 20 seconds 

Wu et al. 
(2020a) 

39 DED (39 eyes) 
and 62 healthy 

subjects (62 
eyes) 

DED: 24.9±4.6 
Controls: 
25.3±3.4 

OQAS double-pass 
system 

DED: 1.33±0.68 
Controls: 1.17±0.76 

-No statistical differences were found 
in OSI between groups. Nevertheless, 

non-ascending and ascending 
correlation coefficients between OSI 

and time of DED subjects reflect 
different stability of the tear film 

 (Where ADDE: Aqueous Deficient Dry Eye; BUT: Break-Up Time; cpd: cycles per degree; 

DED: Dry Eye Disease; MGD: Meibomian Gland Dysfunction; MTF: Modulation Transfer 

Function; OQAS: Optical Quality Analysis System; OSI: Ocular Scatter Index; SD: 

Standard Deviation). 
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Herbaut et al.(2018) confirmed that OSI was correlated with dry eye symptoms 

and signs, which suggests that the OQAS double-pass system can help in the 

understanding of DED patients’ complaints about the visual quality and it could be 

used in the objective assessment of DED severity and follow-up. 

In addition, double pass systems have also been used to assess the effectiveness 

and follow-up of treatments, contact lenses, the study of blinking, or the effect of 

visual displays (Table 1.21). For instance, Diaz-Valle D et al. (2012) analysed the light 

scattering through OQAS and found that OSI decreased after the instillation of 

eyedrops (p < 0.001, 45 minutes; p < 0.01, 60 minutes). García-Montero et al. (2019c) 

found that OSI increased only under the condition of low blink ratio after wearing 

silicone hydrogel contact lenses for 15 days. 

Scheimpflug imaging has also been used to assess the ocular forward light 

scattering and corneal backward light scattering, which has been demonstrated to be 

higher in DED patients (Koh et al., 2014b). In this way, Koh et al. (2014b) found that 

DED patients had more intraocular forward light scattering and corneal backward light 

scattering. Furthermore, as expected, DED patients with superficial punctate 

keratopathy had higher anterior and total corneal backward light scattering since the 

cornea is less transparent. Nevertheless, Asena et al. (2017) did not find differences in 

the mean corneal peak densitometry and volume before and after DED therapy.  

These studies confirm that optical quality systems provide a reliable assessment of 

the tear film stability, especially in patients with mild DED in whom the disease is more 

difficult to diagnose. 
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Table 1.21. Results reported by different authors regarding the use of double-pass 

systems to assess the effect on the quality of vision of treatments, contact lenses, 

blinking and visual displays. 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
MTF cut-off frequency 

(cpd) (mean ± SD) 
Main findings 

Ferrer-
Blasco T et 
al. (2009) 

14 eyes of 
healthy, young 

patients 
25±1.3 

Tomey TMS-2N 
topography system 
(corneal elevation 

maps) 

Authors provided the 
figures of the MTF in the 

air-tear film interface 

-The best optical quality was 
achieved 6 seconds after the 

blink 
-MTF is a useful metric for 

optical quality assessment of 
tear film changes 

Bettach et 
al. (2021) 

41 subjects 
(41 eyes) 

32.1±10.6 
OQAS double-pass 

system (HD 
Analyzer) 

Before reading task: 
39.53±8.23 

After reading task: 
38.42±9.73 

-A reading task on a 
smartphone affected tear film 
stability and OSI. Nevertheless, 
the MTF cut-off was not altered 

Gao et al. 
(2021) 

25 DED 
subjects (25 

eyes) 
45.95±15.90 

OQAS double-pass 
system 

Pre: 23.88±2.16 
Post: 30.87±2.08 

-Optical quality improved after 
DED treatment 

Study Sample 
Age  

(mean ± SD) 
years 

Technique 
Strehl ratio (mean ± 

SD) 
Results 

Ferrer-
Blasco et al. 

(2009) 

14 eyes of 
healthy, young 

patients 
25±1.3 

Tomey TMS-2N 
topography system 
(corneal elevation 

maps) 

Air-tear film interface 
optical quality 

(Approximately) 
3mm: 

2 s after blink: 0.49±-- 
6s: 0.63±-- 

10s: 0.49±-- 
15s: 0.31±-- 

-The best optical quality was 
achieved 6 seconds after the blink 
-The Strehl ratio is a useful metric 
for optical quality assessment of 

tear film changes 

Bettach et 
al. (2021) 

41 subjects 
(41 eyes) 

32.1±10.6 
OQAS double-pass 

system (HD 
Analyzer) 

Before reading task: 
0.24±0.15 

After reading task: 
0.21±0.05 

-A reading task on a smartphone 
affected tear film stability and OSI. 
Nevertheless, the MTF cut-off was 

not altered 

Gao et al. 
(2021) 

25 DED 
subjects (25 

eyes) 
45.95±15.90 

OQAS double-pass 
system 

Pre: 0.14±0.01 
Post: 0.17±0.01 

-Optical quality improved after DED 
treatment 

Study Sample 
Age  

(mean ± SD) 
years 

Technique OSI (mean ± SD) Results 

Diaz-Valle et 
al. (2012) 

25 DED 
subjects (25 
eyes) and 10 

healthy 
subjects (10 

eyes) 

DED: 39.2±10.7 
Controls 

31.1±11.4 

OQAS double-pass 
system 

DED: 
20 s after blinking: 

4.7±2.7 
Controls: 

20 s without blinking: 
1.6±0.4 

-OSI was significantly higher in the 
DED group 

-The instillation of eye drops 
improved OSI 

-OSI was correlated with Schirmer 
test, OSDI, BUT using fluorescein 

and corneal staining score 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique OSI (mean ± SD) Results 

Yu et al. 
(2016) 

32 DED 
subjects (32 

eyes) and 109 
asymptomatic 
subjects (109 

eyes) 

DED: 24.8±5.3 
Asymptomatic: 

24.6±4.2 

OQAS double-pass 
system 

DED: 
1.41±0.88 

Asymptomatic: 
1.05±0.63 

-There were variations in OSI after 
the blink even in asymptomatic 

subjects 
-The double-pass system has 

potential to detect the preclinical 
phase of DED 

García-
Montero et 
al. (2019c) 

15 subjects 
(15 eyes) 

24.1±2.2 
(CL A: 

Lotrafilcon B; CL 
B: Samfilcon A; 
CL C: Comfilcon 

A; and CL D: 
Filcom V3) 

OQAS double-pass 
system (HD 
Analyzer) 

Low blink ratio 
A Day 0: 0.83±0.46 

A Day 15: 1.84±1.64 
B Day 0: 0.79±0.26 

B Day 15: 1.88±1.98 
C Day 0: 1.02±0.60 

C Day 15: 2.23±2.44 
D Day 0: 0.66±0.16 

D Day 15: 1.10±0.43 
 High blink ratio 

A Day 0: 0.66±0.26 
A Day 15: 0.93±0.61 
B Day 0: 0.79±0.22 

B Day 15: 1.15±0.58 
C Day 0: 0.70±0.34 

C Day 15: 1.15±0.76 
D Day 0: 0.64±0.16 

D Day 15: 1.01±0.67 

-OSI increased over time for all CLs 
in low blink rate 

-Tear film optical quality decreased 
only for the lowest blink ratio after 

wearing silicone hydrogel CLs 

Bettach et 
al. (2021) 

41 subjects 
(41 eyes) 

32.1±10.6 
OQAS double-pass 

system (HD 
Analyzer) 

Before reading task: 
0.57±0.25 

After reading task: 
0.68±0.36 

-A reading task on a smartphone 
affected tear film stability and the 

optical quality 

Passi et al. 
(2020) 

21 DED 
subjects (33 

eyes) 
64.8±14.9 

OQAS double-pass 
system (HD 
Analyzer) 

Pre: 2.08±1.70 
Post: 1.78±1.39 

-Optical quality after intranasal 
neurostimulator improved optical 

quality 

Study Sample 
Age  

(mean ± SD) 
years 

Technique OSI (mean ± SD) Results 

Mencucci et 
al. (2020) 

60 subjects 
(60 eyes) (30 

novel 
injectable 

intracameral 
solution and 

30 anaesthetic 
drops) 

Novel: 73±7 
Anaesthetic: 

74±8 

OQAS double-pass 
system 

(Approximately) 
Novel  

Day 1: 1.85±-- 
Day 5: 1.52±-- 

Day 15: 1.25±-- 
Anaesthetic  

Day 1: 1.90±-- 
Day 5: 1.70±-- 

Day 15: 1.68±-- 

-Novel injectable intracameral 
solution cause better optical 

quality and tear film stability after 
cataract surgery 

Gao et al. 
(2021) 

25 DED 
subjects (25 

eyes) 
45.95±15.90 

OQAS double-pass 
system 

Pre: 3.58±0.69 
Post: 2.11±0.49 

-Optical quality improved after DED 
treatment 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Technique OSI (mean ± SD) Results 

Vandermeer, 
Chamy and 

Pisella 
(2018) 

19 DED 
subjects (19 

eyes with 
artificial tears 
and 19 with 

normal saline) 

67±13.5 
OQAS double-pass 

system 

Artificial tears pre: 
1.607±1.109 

Artificial tears post: 
1.507±0.985 

Normal saline pre: 
1.917±1.478 

Normal saline pre: 
1.693±1.317 

-Artificial tear allowed better 
stabilization of the tear film and a 

significant improvement in the 
optical quality in comparison to 

normal saline 

 (Where BUT: Break-Up Time; CL: Contact Lens; cpd: cycles per degree; DED: Dry Eye 

Disease; MTF: Modulation Transfer Function; OQAS: Optical Quality Analisys System; 

OSDI: Ocular Surface Disease Index; OSI: Ocular Scatter Index; SD: Standard Deviation). 

* In the cases where “approximately” is written, studies showed the results in a figure, 

instead of a numerical value. 

1.3.2.3 Lipid layer thickness assessment 

The assessment of the lipid layer thickness is essential due to the role that it plays 

in maintaining the stability of the tear film. The lipid layer thickness can be non-

invasively evaluated using interferometry, which allows clinicians to carry out both a 

qualitative and a quantitative assessment of the lipid layer (Arita, Fukuoka and 

Morishige, 2017b). It has been reported that interferometry provides clinical 

information about DED and MGD (Arita, Fukuoka and Morishige, 2017a) and it allows 

clinicians to monitor the condition of the lipid layer (Geerling et al., 2017; Arita, 

Fukuoka and Morishige, 2017c; Park et al., 2018). 

This technique is based on the analysis of the fringe interference pattern caused 

by the interaction of waves. Lipid layer interferences are caused by differences in the 

optical path of the waves reflected on the air-lipids and lipids-aqueous layer interfaces 
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(King-Smith et al., 2004; Montés-Micó et al., 2010a; Hosaka et al., 2011; Szczesna, 

2011; McGinnigle, Naroo and Eperjesi, 2012; Sweeney, Millar and Raju, 2013; Lin and 

Yiu, 2014; Ring et al., 2015; Arita, Fukuoka and Morishige, 2017a; Arita, Fukuoka and 

Morishige, 2017b; Arita, Fukuoka and Morishige, 2017c; Bai and Nichols, 2017; Chan et 

al., 2017; Geerling et al., 2017; Park et al., 2018). Constructive interference occurs 

when two waves interfere in-phase and generate a bright fringe, whilst destructive 

interference occurs when two waves interfere out-phase and a dark fringe is 

generated (Hosaka et al., 2011; Sharma and Oliver, 2018). Due to the polychromatism 

of light, a colour pattern is created in the thickest lipid layer thicknesses (Bai and 

Nichols, 2017). 

A white or grey wave-pattern is observed in normal subjects, whereas a dark 

pattern is characteristic of DED and hyposecretory MGD (Arita, Fukuoka and 

Morishige, 2017c). The Guillon-Keeler system describes the following patterns: open 

meshwork (13-53 nm), closed meshwork (13-50 nm), wave/flow (50-70 nm), 

amorphous (80-90 nm), colour fringes (90-180 nm) and globular (>200 nm) (Isenberg 

et al., 2003). On the other hand, the Yokoi scheme is more commonly used and it has 

five grades: grade 1 (greyish and uniform), grade 2 (greyish and non-uniform), grade 3 

(few colours but non-uniform), grade 4 (very colourful but non-uniform) and grade 5 

(exposed cornea from absent of lipid layer) (Guillon et al., 1997; Eom et al., 2013; Ring 

et al., 2015). 

In addition, interferometry has also been used to assess the whole tear film 

thickness (Wolffsohn et al., 2017). In this case, the reflection of the waves is caused on 

the surface of the tear film and the interface between the tear film and the cornea. 
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1.3.2.3.1 Specular reflection using a slit-lamp 

Different interferometry techniques exist to evaluate the tear film lipid layer 

stability, but the cheapest technique is the specular reflection using a slit-lamp (Yokoi, 

Takehisa and Kinoshita, 1996; Wolffsohn et al., 2017). In this technique, clinicians 

observe the interference pattern of the tear film and subjectively classify it into a 

grade. Yokoi, Takehisa and Kinoshita (1996) found that despite the repeatability of this 

technique being influenced by the examiner’s ability; results were highly correlated 

with DED severity. Neverthelessbi, it had a high degree of intra and inter-observer 

variability and clinicians need more time to carry it out. To solve this issue, some 

authors developed computer-based analysis systems to assess and classify 

interferometric patterns in an automatic way, which provides more objectivity, good 

accuracy, precision, sensitivity and specificity (Remeseiro et al., 2014a; Remeseiro et 

al., 2016). 

1.3.2.3.2 Interferometers 

The tear film can also be measured through interferometers, which are portable 

devices that are usually coupled with a slit-lamp. Not only are interferometers able to 

assess the lipid layer, but most of them also allow the evaluation of other tear film 

parameters, such as NIBUT and TMH (Ring et al., 2015; Arita, Fukuoka and Morishige, 

2017b; Wolffsohn et al., 2017).  

Different studies have demonstrated the utility of interferometry in diagnosis and 

grading of DED and MGD in different populations (Nichols et al., 2002b; Yokoi et al., 

2008; Hosaka et al., 2011; Eom et al., 2013; Jones and Nischal, 2013; Menzies et al., 
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2015; Zhao, Tan and Tong, 2015; Aragona et al., 2017; Park et al., 2018; Chou, Fan and 

Lin, 2019; Hwang, Lee and Chung, 2019; Jie et al., 2019; Arita and Fukuoka, 2020; Li et 

al., 2020b; Zhang et al., 2020a; Zhang et al., 2020b). They have found statistical thinner 

lipid layer thickness in DED subjects than in controls (Table 1.22) (Yokoi et al., 2008; 

Hosaka et al., 2011; Jones and Nischal, 2013; Menzies et al., 2015; Chou, Fan and Lin, 

2019; Hwang, Lee and Chung, 2019; Zhang et al., 2020a; Zhang et al., 2020b). 

Moreover, lipid layer thickness measured using interferometers have found to be 

directly correlated with BUT and meibomian gland secretion; and inversely correlated 

with DED symptoms, osmolarity, meibomian glands drop-out, ocular surface staining 

and Schirmer test (Nichols et al., 2002b; Jones and Nischal, 2013; Chou, Fan and Lin, 

2019; Hwang, Lee and Chung, 2019; Jie et al., 2019; Tong, Teo and Lee, 2019; Lee et al., 

2020c; Li et al., 2020b; Zhang et al., 2020a; Weng et al., 2021). This suggests that 

interferometry might be a useful tool in understanding the pathophysiology of DED 

(Hwang, Lee and Chung, 2019). 

Main tear interferometers which are commercially available are Tearscope, 

Tearscope Plus, Tearscope 2, Lipiscanner, LipiView and DR-1 interferometer (Goto and 

Tseng, 2003; Yokoi et al., 2008; García-Resúa et al., 2014; Rohit et al., 2014; Menzies et 

al., 2015; Ring et al., 2015; Zhao, Tan and Tong, 2015; Aragona et al., 2017; Arita, 

Fukuoka and Morishige, 2017b; Rohit, Willcox and Stapleton, 2017; Wolffsohn et al., 

2017; Arita et al., 2018; Itokawa et al., 2018; Park and Baek, 2018; Cho et al., 2019; 

Chou, Fan and Lin, 2019; Garzón, López-Alemany and Gené-Sampedro, 2019; Jie et al., 

2019; Kang et al., 2019; Lee et al., 2019; Tong, Teo and Lee, 2019; Wong et al., 2019a; 

Arita and Fukuoka, 2020; Fan et al., 2020; Kaido et al., 2020; Lim, Han and Tong, 2020; 
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Simsek et al., 2020; Zhang et al., 2020b; Lee, Hyon and Jeon, 2021; Weng et al., 2021). 

Generally, they also depend on the examiner’s ability to classify the interference 

pattern, which might decrease the repeatability of the method (Table 1.23) (García-

Resúa et al., 2014). García-Resúa et al. (2014) found poor intra- e inter-observer 

repeatability in the lipid layer thickness measurement with Tearscope Plus. Thus, 

misinterpretations may appear even in the same observer. Nevertheless, Nichols et al. 

(2002b) found that Tearscope Plus had moderate to substantial within and between 

examiners’ agreement in the lipid layer assessment. 

On the other hand, LipiView overcomes this issue since it allows quantifying the 

lipid layer thickness automatically using a broad-band white light source in 20 seconds 

(Eom et al., 2013; Finis et al., 2013; Menzies et al., 2015; Ring et al., 2015; Zhao, Tan 

and Tong, 2015; Kim et al., 2016; Arita, Fukuoka and Morishige, 2017b; Markoulli et al., 

2018; Park and Baek, 2018; Park, Kim and Baek, 2018; Chou, Fan and Lin, 2019; Hwang, 

Lee and Chung, 2019; Jie et al., 2019; Kang et al., 2019; Lee et al., 2019; Tong, Teo and 

Lee, 2019; Wong et al., 2019a; Arita and Fukuoka, 2020; Li et al., 2020b; Lim, Han and 

Tong, 2020; Zhang et al., 2020b; Kang et al., 2021; Lee, Hyon and Jeon, 2021; Weng et 

al., 2021). This device quantifies the thickness in Interferometric Color Units (ICU) by 

analysing specular reflections. 1 ICU is approximately 1 nm (Finis et al., 2013; Ring et 

al., 2015; Arita, Fukuoka and Morishige, 2017b; Chan et al., 2017). The automatic 

measurement provides more objective, repeatable and standardized results since they 

depend less on the examiner’s ability (Eom et al., 2013; Zhao, Tan and Tong, 2015; 

Markoulli et al., 2017). Thus, Eom et al. (2013) found that the LipiView interferometer 

had excellent intra-observer reliability. 
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Table 1.22. Lipid layer thickness results using interferometers obtained by authors. 

Study Sample 
Age  

(mean ± SD) 
years 

Device 

Lipid layer pattern 
or Lipid layer 

thickness  
(mean ± SD) 

Main findings 

Nichols et 
al. (2002b) 

40 subjects 
(40 eyes) 

31.6±11.0 Tearscope Plus 

(Guillon: Range 1-5) 
Real time examiner: 

Grade (0-1): 
13 subjects 

Grade (2): 15 
Grade (3-5): 12 

Digital examiner: 
Grade (0-1): 22 

subjects 
Grade (2): 7 

Grade (3-5): 11 

- Higher NIBUTs for both examiners 
were associated with thicker tear film 

interference patterns 

Hosaka et 
al. (2011) 

28 ADDE (28 
eyes) and 14 

healthy 
subjects (14 

eyes) 

ADDE: 
62.2±11.4 
Controls: 
27.1±6.1 

Quore MSPA1100 
and 

DR-1 interferometer 

Tear film thickness 
ADDE: 

2.0±1.5 µm 
Controls: 6.0±2.4 

µm 
(Yokoi: Range 1-5) 

ADDE: 
3.4±0.9 score 

Controls: 2.0±0.7 
score 

-ADDE had significant lower tear film 
thickness. 

Eom et al. 
(2013) 

30 obstructive 
MGD (30 eyes) 
and 25 healthy 

subjects (25 
eyes) 

MGD: 
46.1±11.6 
Controls: 
30.4±6.9 

LipiView 
interferometer 

MGD: 
54.2±17.9 ICU 

Controls: 65.0±19.1 
ICU 

-Lipid layer thickness was significantly 
lower in MGD subjects 

-Lipid layer thickness was negatively 
correlated with upper and lower 

meibomian gland drop-out 

Chou, Fan 
and Lin 
(2019) 

115 subjects 
(229 eyes) 

60.5±13.6 
LipiView 

interferometer 
71.2±-- nm 

-Lipid layer thickness was inversely 
correlated to DED symptoms 

-Lipid layer thickness was inversely 
correlated to the Schirmer test 

-Subjects with lipid layer thickness < 69 
nm were more likely to have DED 

symptoms 

Weng et al. 
(2021) 

143 young 
(143 eyes), 
304 middle 

age subjects 
(304 eyes) and 

228 elderly 
subjects (228 

years) 

Young: 32.0±5.9 
Middle: 
52.1±5.7 
Elderly: 

68.5±6.3 

LipiView 
interferometer 

Young: 50.5±15.9 
nm 

Middle: 52.4±14.1 
nm 

Elderly: 57.1±16.0 
nm 

-DED symptoms were negatively 
correlated with lipid layer thickness 

-Young DED subjects had thinner lipid 
layer thickness 

Jie et al. 
(2019) 

29 subjects 
(29 eyes) 

62±12.30 
LipiView 

interferometer 
67.42±21.17 nm 

-Lipid layer thickness was negatively 
correlated with tear osmolarity 

Zhang et al. 
(2020a) 

31 night 
medical staff 
(62 eyes) and 

31 controls (59 
eyes) 

Night: 
26.55±3.15 
Controls: 

21.91±4.33 

LipiView II 
interferometer 

Night: 55.02±21.17 
ICU 

Controls: 
72.76±21.62 ICU 

-Lipid layer thickness was thinner in 
night shift medical staff 

-Lipid layer thickness was negatively 
correlated with DED symptoms 
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 (Where ADDE: Aqueous Deficient Dry Eye; DED: Dry Eye Disease; ICU: Interferometric 

Color Units; MGD: Meibomian Gland Dysfunction; NIBUT: Non-Invasive Break-Up Time; 

SD: Standard Deviation). 

Table 1.23. Results of main studies that assessed the repeatability of lipid layer 

thickness using interferometers. 

Study Type of repeatability Device Cohen’s kappa CoR 

Markoulli et al. (2017) Intraexaminer 
LipiView  20.9 nm 

Tearscope  90.2 nm 

Zhao, Tan and Tong (2015) 
Intraexaminer 

LipiView 
 16 nm 

Interexaminer  13 nm 

García-Resúa et al. (2014) 

Intraexaminer 

Tearscope 

Examiner 1: 0.770 
Examiner 2: 0.812 

 

Interexaminer 
Examiner 1: 0.615 
Examiner 2: 0.633 

 

Dutta et al. (2019) Intraexaminer LipiView  42.4 nm 

(Where CoR: Repeatability Coefficient). 

(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 

Lipid layer pattern 
or Lipid layer 

thickness  
(mean ± SD) 

Main findings 

Kim et al. 
(2016) 

43 subjects 
(43 eyes) 

65.0±13.8 
LipiView 

interferometer 

Baseline: 
66.95±19.09 ICU 

1 month: 
60.60±20.99 ICU 

3 months: 
66.67±20.42 ICU 

-Lipid layer thickness was positively 
correlated with BUT. 

-Lipid layer thickness was negatively 
correlated with DED symptoms, ocular 
surface staining, and meibum quality 

score 

Hwang, Lee 
and Chung 

(2019) 

30 Sjögren 
syndrome DED 
(30 eyes) and 

30 non-
Sjögren 

syndrome DED 
subjects (30 

eyes) 

Sjögren: 
50.8±9.8 

Non-Sjögren: 
55.3±15.0 

LipiView II 
interferometer 

Sjögren: 72.3±31.2 
nm 

Non-Sjögren: 
84.7±20.2 nm 

-Maximum lipid layer thickness was 
thinner in the Sjögren syndrome DED 

group 
-Lipid layer thickness was negatively 

correlated meibomian glands drop-out 
and conjunctival staining scores in the 

Sjögren syndrome group 

Menzies et 
al. (2015) 

11 Sjögren 
syndrome (11 
eyes) and 10 

healthy 
subjects (10 

eyes) 

Sjögren: 
56.0±9.1 
Controls: 
58.5±4.7 

Tearscope Plus 

Median (IQR) 
Sjögren:  

15 (15-15) nm 
Controls:  

60 (45-100) nm 

-Sjögren syndrome group had thinner 
lipid layer thickness 

Tong, Teo 
and Lee 
(2019) 

120 subjects 
(120 eyes) 

61.0±13.8 
LipiView 

interferometer 
66.2±24.5 nm 

-Low NIBUT in inferior peripheral 
locations is associated with a thin lipid 

layer thickness 
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Moreover, it has been reported that LipiView has a sensitivity of 65.8 % and a 

specificity of 63.4 % with a cut-off value of 75nm of lipid layer thickness in the 

diagnosis of MGD (Finis et al., 2013). Zhao, Tan and Tong (2015) found that the limits 

of agreement for inter- and intra-observer results were similar, which suggests that the 

repeatability of LipiView is independent of its examiner. In addition, Markoulli et al. 

(2017) found significantly higher lipid layer thickness with Tearscope Plus in 

comparison to LipiView. Thus, both devices were not interchangeable due to the 

subjectivity of the Tearscope Plus, which limits its repeatability and detracts from its 

utility in comparison with more objective devices. 

Recently, IDRA ocular surface analyzer has been developed. It allows performing 

automatic interferometry through the analysis of the interference colours from the 

lipid layer. It determines the average, maximum and minimum lipid layer thickness 

according to the scale of Guillon (Lee et al., 2020a). Lee et al. (2020a) did not find 

significant differences between IDRA and LipiView in the lipid layer thickness 

assessment. 

Finally, lateral shearing interferometry relies on illumination with a helium-neon 

laser to obtain the data, which are processed using Fourier transform analysis. This 

allows clinicians to evaluate tear film surface irregularities and their relationship to the 

break-up of the lipid layer (Szczesna, 2011; Szczesna-Iskander, 2014; Szczesna-

Iskander, 2018). Szczesna-Iskander et al. (2014) compared the pre-lens tear film quality 

of two contact lenses through this interferometric technique and found a reduction in 

pre-lens tear film quality in both contact lenses. However, water gradient silicone 

hydrogel lenses had less impact on the tear film. The same author (Szczesna, 2011) 
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claimed that this method can help to assess the tear film on soft contact lenses in a 

non-invasive way. 

In addition, interferometers have also been used to assess the effectiveness and 

follow-up of treatments and surgical procedures, and the effect of some diseases on 

the lipid layer (Table 1.24) (Rohit et al., 2014; Kim et al., 2016; Rohit, Willcox and 

Stapleton, 2017; Arita et al., 2018; Itokawa et al., 2018; Markoulli et al., 2018; Park, 

Kim and Baek, 2018; Szegedi et al., 2018; Kang et al., 2019; Lee et al., 2019; Wong et 

al., 2019a; Arita and Fukuoka, 2020; Kaido et al., 2020; Lim, Han and Tong, 2020; Zhang 

et al., 2020b; Kang et al., 2021). 

Table 1.24. Results reported by different authors regarding the use of interferometers 

to assess the effect on the lipid layer of treatments, surgical procedures and diseases. 

Study Sample 
Age  

(mean ± SD) 
years 

Device 

Lipid layer pattern 
or Lipid layer 

thickness  
(mean ± SD) 

Main findings 

Wong et al. 
(2019a) 

20 subjects (20 
eyes with 

treatment and 
contralateral 
eyes used as 

controls) 

Median: 63.5 
(range 48-76) 

LipiView 
interferometer 

Treated baseline: 
70.4±25.5 nm 

Treated 30 days: 
68.5±24.8 nm 
Non-treated 

baseline: 71.4±22.3 
Non-treated 30 
days: 68.3±23.7 

-Lipid layer thickness did not improve 
after treatment with eyelid wipes 

Aragona et 
al. (2017) 

66 psoriasis (66 
eyes) and 30 

healthy 
subjects (30 

eyes) 

Psoriasis: 
50.7±13.1 
Controls: 
45.6±16.3 

Tearscope Plus 
(Guillon: Range 1-5) 

Psoriasis: 2.7±1.9 
Controls: 4.7±1.8 

-Subjects with psoriasis had altered 
lipid layer thickness 

Kang et al. 
(2019) 

124 DED 
subjects (124 

eyes) 
28.92±6.33 

LipiView 
interferometer 

Baseline: 
61.50±2.57 nm 

After diquafosol eye 
drops: 73.27±2.67 

nm 

-Topical instillation of diquafosol 
increased lipid layer thickness in DED 

subjects with MGD 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 

Lipid layer pattern 
or Lipid layer 

thickness  
(mean ± SD) 

Main findings 

Park and 
Baek (2018) 

98 thyroid eye 
disease (98 

eyes) and 62 
DED subjects 

(62 eyes) 

Thyroid: 
45.8±12.4 
Controls: 
48.3±11.3 

LipiView 
Interferometer 

Thyroid: 
78.64±22.11 nm 

Controls: 
78.47±23.94 nm 

-No statistically significant differences 
were found between controls and 

subjects with thyroid eye disease in 
lipid layer thickness 

Zhang et al. 
(2020b) 

31 diabetic 
cataracts (31 
eyes) and 38 
age-related 

cataract 
subjects (38 

eyes) 

Diabetic: 
71.0±10.7 
Controls: 
65.2±11.0 

LipiView II 
interferometer 

Diabetic before: 
65.7±23.3 nm 
Diabetic after: 
51.3±17.1 nm 

Controls before: 
67.1±23.4 nm 
Controls after: 
60.2±21.1 nm 

-Lipid layer thickness was correlated 
with the duration of diabetes mellitus 

and was significantly thinner after 
cataract surgery 

Kim et al. 
(2016) 

43 subjects (43 
eyes) 

65.0±13.8 
LipiView 

interferometer 

Baseline: 
66.95±19.09 ICU 

1 month: 
60.60±20.99 ICU 

3 months: 
66.67±20.42 ICU 

-Lipid layer thickness was thinner 1 
month after cataract surgery 

Arita and 
Fukuoka 
(2020) 

36 MGD with 
posterior 

blepharitis 
subjects (36 

eyes) (16 
azithromycin 

and 20 
preservative-
free artificial 

drops) 

Azithromycin: 
60.1±17.9 
Controls: 
61.9±12.2 

LipiView 
interferometer 

Azithromycin class 
0: 19% 

Azithromycin class 
1: 38% 

Azithromycin class 
2: 44% 

Controls class 0: 
25% 

Controls class 1: 
25% 

Controls class 2: 
50% 

-Azithromycin improved lipid layer 
thickness after treatment 

Fan et al. 
(2020) 

64 MGD 
subjects 

(36.09±11.13) 
36.09±11.13 DR-1 interferometer 

(Yokoi: Range 1-5) 
Baseline: 3.61±0.5 

score 
Post: 1.93±1.25 

score 

-Lipid layer thickness improved after 
intense pulsed light treatment 

Lee et al. 
(2019) 

30 unilateral 
normal-tension 

glaucoma 
subjects (60 

eyes) 

61.33±11.75 
LipiView 

interferometer 

Glaucoma eye: 
64.83±16.50  
Normal eye: 
77.26±17.81 

-Eyes with long-term glaucoma 
medications had thinner lipid layer 

thickness 

Kang et al. 
(2021) 

41 subjects (41 
eyes) (A: 21 

cyclosporine A 
and 20 

carboxymethyl 
cellulose 

A: 63.43±12.09 
B: 68.45±8.83 

LipiView 
interferometer 

Pre A: 77.67±21.71 
Post A: 81.57±18.45 
Pre B: 75.80±20.56 
Post B: 71.45±19.64 

-Treatment with 0.05% cyclosporine A 
is effective after cataract surgery to 

improve lipid layer thickness 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 

Lipid layer pattern 
or Lipid layer 

thickness  
(mean ± SD) 

Main findings 

Lee, Hyon and 
Jeon (2021) 

102 DED 
subjects (201 

eyes) 
56.38±11.78 

LipiView II 
interferometer 

77.86±22.66 
-Eyes with corneal erosions had 

significantly higher lipid layer 
thickness 

Rohit, Willcox 
and Stapleton 

(2017) 

40 contact 
lens wearers 

(40 eyes) 
26±9 Tearscope 

(Guillon: Range 1-5) 
Baseline: 3.0±1.0 

Day 14 lipid: 
3.0±1.0 

Day 14 placebo: 
2.0±1.0 

-Lipid drops did not change lipid layer 
thickness 

-Placebo drops decreased lipid layer 
thickness 

Park, Kim and 
Baek (2018) 

17 subjects 
after 

chemotherapy 
(34 eyes) 

62.4±14.82 
LipiView 

interferometer 
Mean: 34.5  

(Range: 20-89) nm 

-Lipid layer thickness in subjects after 
chemotherapy was under the normal 

value 

Kaido et al. 
(2020) 

17 contact 
lens wearers 

(17 eyes) 
36.8±8.3 DR-1 interferometer 

(2 patterns: 
1=grayish 

monochromatic 
and 2=multicolour 

band) 
With CL 

1: 8 subjects 
2: 9 subjects 

After CL 
1: 17 subjects  
2: 0 subjects 

-CL decreased lipid layer thickness 

Markoulli et 
al. (2018) 

20 subjects 
(40 eyes) 

20.7±1.7 
LipiView 

interferometer 

Visit 1 right eye:  
55.4±13.6 nm 

Visit 2 right eye: 
61.9±18.2 nm 

Visit 3 right eye: 
57.2±22.7 nm 
Visit 1 left eye: 
59.2±15.5 nm 
Visit 2 left eye: 
65.1±21.3 nm 
Visit 3 left eye: 
54.9±16.8 nm 

-Eyedrops increased lipid layer 
thickness for 15 minutes 

Simsek et al. 
(2020) 

22 subjects 
drinking 

alcohol (44 
eyes) and 22 

subjects 
drinking water 

(44 eyes) 

Alcohol: 35.3±-- 
Water: 37.5±-- 

DR-1 interferometer 

(Yokoi: Range 1-5) 
The lipid layer 
showed mixed 

colour indicating 
dry eye in the 
alcohol group 

-Lipid layer was altered 12 hours 
after alcohol intake 

 (Where CL: Contact Lens; DED: Dry Eye Disease; ICU: Interferometric Color Units; MGD: 

Meibomian Gland Dysfunction; SD: Standard Deviation). 
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1.3.2.3.3 Other techniques 

Other techniques have also been developed to measure the lipid layer thickness. 

For instance, Ellipsometry has advantages in front of the use of coloured interference 

patterns to assess the lipid layer thickness. It measures the degree of phase shift as 

light is reflected from a surface film, which increases sensitivity over a reflection 

measurement. It allows the measurement of the lipid refractive index and the lipid 

layer thickness (Kottaiyan et al., 2012; Glasgow, 2019). 

Finally, topographic devices, such as Keratograph 5M, have also incorporated 

software to analyse the tear film, which allows the recording of the pattern. However, 

generally, they also need that clinicians classify subjectively the lipid layer interference 

patterns (Markoulli et al., 2017; Li et al., 2019; Kim et al., 2021). 

1.3.2.4 Infrared thermography 

Infrared thermography is a non-invasive technique, which measures the amount 

of infrared radiation emitted from the ocular surface and periorbital skin by using a 

long-wave infrared thermal camera (Chan et al., 2017). It has been reported that the 

normal corneal temperature calculated using thermography is between 35.4 ± 0.1ºC 

and 34.01 ± 0.64ºC (Tan, Ng and Acharya, 2011). Purslow et al.(211) found that the 

Ocular Surface Temperature (OST) was mainly due to the tear film. Thus, changes in 

the temperature of the ocular surface can also help clinicians in understanding ocular 

physiology and in DED diagnosis since evaporation of tear film causes the ocular 

surface cooling rate to be faster in DED patients than in controls (Table 1.25) (Ring et 
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al., 2015; Versura et al., 2015; Zhang et al., 2015; Abreau et al., 2016; Yamaguchi et al., 

2016; Matteoli et al., 2020). 

Table 1.25. Results reported by different authors through thermography. 

Study Sample 
Age (mean ± SD) 

years 
Device Results (mean ± SD) Main findings 

Abreau et 
al. (2016) 

10 subjects (10 
eyes) in each 

group: controls, 
Sjögren 

syndrome, EDE 
and ADDE 

SS: 51.8±13.83 
EDE: 48.4±13.12 

ADDE: 
46.1±13.67 
Controls: 

50.1±12.25 
 

Non-invasive 
infrared thermal 

camera 
(Thermovision A40) 

OST in 9 mm 
diameter in the 

central cornea over 
5 seconds 
Controls: 

34.95±0.60 ºC 
SS: 34.29±0.57 ºC 

EDE:34.36±0.60 ºC 
ADDE: 

33.95±1.11 ºC 

-All DED types had significantly lower 
ocular surface temperatures than 

controls 

Kawali 
(2013) 

Patients with 
ocular 

inflammation 
(1 eye with 

MGD-keratitis) 

35 years 
Non-contact 

thermographic 
camera FLIR P620 

The authors 
provided the 

thermography 
maps 

-MGD-keratitis patient had a low 
corneal temperature 

Nosch et 
al. (2016) 

42 healthy 
subjects (42 

eyes) 
27.76±5.36 

Self-calibrating 
thermal infrared 

camera (FLIR A310) 

2 seconds after 5 
natural blinks 
Minimum OST 
central cornea: 
34.98±0.68 ºC 
Minimum OST 

inferior cornea: 
35.11±0.74 ºC 

-Interactions between OST, corneal 
sensitivity, NIBUT and blink 

frequency 

Matteoli et 
al. (2020) 

220 healthy 
subjects (220 

eyes) (112 male 
and 108 female) 

Male: 45.7±19.9 
Female: 

44.4±17.6 

Non-contact 
infrared 

thermography 
camera (FLIR 320 A) 

OST nasal cantus ºC 
Male: 35.78±0.49 

Female: 35.68±0.49 
OST central cornea 

ºC 
Male: 35.00±0.48 

Female: 34.93±0.46 
OST temporal 

cantus ºC 
Male: 35.15±0.44 

Female: 35.23±0.48 

-OST measured in five different 
regions was different 

-The nasal cantus was the hottest 
region and the central cornea the 

coolest 
-OST was inversely correlated with 

age 

Yamaguchi 
et al. 

(2016) 

30 DED subjects 
(30 eyes) and 30 

healthy (30 
subjects) 

DED: 52.9±17.1 
Controls: 
42.7±17.0 

Ocular surface 
termographer 
(TOMEY Corp) 

- 

-The decrease of temperature in DED 
subjects was higher than in controls 

at 10 seconds after blinking 
-OST was correlated with NIBUT 

(Where ADDE: Aqueous Deficient Dry Eye; DED: Dry Eye Disease; EDE: Evaporative Dry 

Eye; MGD: Meibomian Gland Dysfunction; NIBUT: Non-Invasive Break-Up Time; OST: 

Ocular Surface Temperature; SD: Standard Deviation; SS: Sjögren Syndrome). 
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For instance, Abreau et al. (2016) compared the temperatures of the eyelid, the 

ocular surface and the periorbital skin between Sjögren syndrome, ADDE and EDE 

patients and found that ADDE patients had the lowest mean initial OST in each region 

than controls, EDE and Sjögren syndrome subjects, whilst the healthy group had the 

highest. Moreover, Versura et al. (2015) found a relationship between the sensation of 

discomfort and low corneal temperatures in DED patients. In addition, Tan, Sanjay and 

Morgan (2016b) reported that the best detectors of DED were the absolute 

temperature of extreme nasal conjunctiva 5 and 10 seconds after eye-opening.  

Several authors have claimed that thermography is a non-invasive, easy, quick, 

reproducible and repeatable technique with acceptable sensitivity and specificity, 

which could be used as a clinical diagnostic tool to differentiate and grade the severity 

of DED (Table 1.26) (Kamao et al., 2011; Kottaiyan et al., 2012; Kawali, 2013; Li et al., 

2015b; Ring et al., 2015; Zhang et al., 2015; Abreau et al., 2016; Tan, Sanjay and 

Morgan, 2016a; Tan, Sanjay and Morgan, 2016b; Yamaguchi et al., 2016; Matteoli et 

al., 2017; Su et al., 2017; Wolffsohn et al., 2017; Itokawa et al., 2018; Konieczka et al., 

2018; García-Porta et al., 2019; Konieczka et al., 2019; García-Montero et al., 2019a; 

Minatel-Riguetto et al., 2019; Kremers, Hohberger and Bergua, 2020; Matteoli et al., 

2020; Németh et al., 2020; Su and Chang, 2021). Thus, Su et al. (2011) found 

acceptable sensitivity (0.84) and specificity (0.83) in the diagnosis of DED using a 

custom-designed infrared thermal image system. In this case, they combined two 

parameters to diagnose the disease: the temperature difference value which was the 

change of temperature after blinking and the compactness value which was the degree 

of tear film stability over 6 seconds eye-open period. In addition, Tan, Sanjay and 
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Morgan (2016a) found that NEC infrared thermo-tracer TH 9260 had acceptable 

repeatability in assessing OST in healthy and DED patients. 

Table 1.26. Sensitivity and specificity found by different authors in the assessment of 

ocular temperature through thermography. 

Study Sample 
Age 

(mean ± SD) years 
Technique Metric 

Cut-off 
value 

Sensitivity Specificity 
Area under 
the curve 

Su and 
Chang 
(2021) 

195 subjects 
(195 eyes) 

42.2±16.2 
IT-85 video-

thermographer 
OST 

3 
seconds 

0.87 0.8  

Su et al. 
(2016) 

42 DED 
subjects (42 
eyes) and 31 
controls (31 

eyes) 

DED: 54±9 
Control:35±12 

Customized 
ocular surface 
thermography 
device (IT-85) 

OST 
4 

seconds 
0.80 0.89 0.88 

Tan, Sanjay 
and 

Morgan 
(2016b) 

62 DED 
subjects (62 
eyes) and 63 
controls (63 

eyes) 

DED: 48±10 
Controls: 49±7 

Thermography 
in real time with 

an infrared 
thermo tracer 

Nasal 
conjunctiva 

OST 5 
seconds 

after 
blinking 

34.7 ºC 0.87 0.51  

Nasal 
conjunctiva 

OST 10 
seconds 

after 
blinking 

34.5 ºC 0.78 0.62  

Kamao et 
al. (2011) 

30 DED 
subjects (30 

eyes)  and 30 
of controls (30 

eyes) 

DED: 
52.9±17.1 
Controls: 
42.7±17.0 

Ocular surface 
termographer 

(TOMEY) 

OST 10 
seconds 

after 
blinking in 
the central 

cornea 

0.13 ºC 0.83 0.80  

Yamaguchi 
et al. (2016) 

30 DED 
subjects (30 
eyes) and 30 
healthy (30 

subjects) 

DED: 52.9±17.1 
Controls: 42.7±17.0 

Ocular surface 
termographer 
(TOMEY Corp) 

OST 

0.13 ºC 0.83 0.80 0.86 

0.11 ºC 0.80 0.73  

(Where DED: Dry Eye Disease; OST: Ocular Surface Temperature; SD: Standard 

Deviation). 

Moreover, due to the relationship between tear film instability, tear film 

evaporation and ocular surface cooling; thermography can also be used as an index of 
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tear film stability to non-invasively measure the tear film BUT. For instance, Su et al. 

(2016) developed a technique based on thermography to measure thermal BUT area 

and time. They defined the thermal BUT as the first of three dots showing a 

temperature reduction of 0.2 ºC and found that DED patients had lower thermal BUT 

(p < 0.001) and a faster increase in the thermal break-up area. In addition, they 

reported acceptable sensitivity and specificity of thermal BUT. It has been reported 

that thermal NIBUT and OST were correlated with age, BUT with fluorescein, NIBUT, 

corneal sensitivity and blink rate (Li et al., 2015b; Nosch et al., 2016; Su et al., 2016; 

Yamaguchi et al., 2016; Matteoli et al., 2020). 

Thermography has also been proved to be helpful for MGD diagnosis and its 

follow-up (Kawali, 2013; Zhang et al., 2015; Su et al., 2017). For instance, Kawali (2013) 

reported low corneal temperatures in one MGD-keratitis patient. Zhang et al. (2015) 

found that MGD patients had both higher initial temperature (p < 0.022) and higher 

asymptotic temperature (p < 0.007) than ADDE patients. In another study (Su et al., 

2017), subjects with MGD had higher eyelid temperature than in controls due to the 

accumulation of inflammatory molecules in the eyelid margin and a sensitivity and 

specificity of 0.90 and 0.88 in the nasal side was reported. 

Thermography has also been used to provide indirect information about the 

influence of contact lenses (Itokawa et al., 2018; García-Montero et al., 2019a), 

diseases (García-Porta et al., 2019; Minatel-Riguetto et al., 2019; Németh et al., 2020), 

drugs (Konieczka et al., 2019) and therapies (Konieczka et al., 2019; Kremers, 

Hohberger and Bergua, 2020) on OST (Table 1.27). All of the above studies confirm 
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that this technique is a useful method to assess the tear film to help in the diagnosis of 

DED and MGD (Kottaiyan et al., 2012; Su et al., 2017). 

Table 1.27. Results reported by different authors regarding the use of thermography to 

assess the effect on the ocular surface temperature of treatments, contact lenses, 

diseases and drugs. 

Study Sample 
Age (mean ± SD) 

years 
Device Results (mean ± SD) Main findings 

García-
Montero et 
al. (2019a) 

15 subjects 24.1±2.2 

Non-contact 
infrared 

thermography 
camera (FLIR A325) 

OST (ºC) Baseline 
Lotrafilcon A: 35.13±0.99 
Samfilcon A: 35.31±0.65 
Comfilcon A: 34.82±1.12 

Filcom V3: 35.16±0.91 
OST (ºC) 15 days 

Lotrafilcon A: 34.83±1.08 
Samfilcon A: 34.91±0.92 
Comfilcon A: 34.47±1.35 

Filcom V3: 35.01±1.23 

-OST did not change for any 
CL over 15 days 

-CL wear did not impact 
ocular surface over 15 days, 

except for ocular surface 
staining 

Németh et 
al. (2020) 

90 subjects with 
keratoconus 

(179 eyes) and 
41 controls (82 

eyes) 

Keratoconus: 
36.1±12.5 
Controls: 
36.4±12.8 

TG-1000 ocular 
surface 

thermographer 

OST (ºC) Central 
Keratoconus: 34.3±0.6 

Controls: 34.3±0.7 

-Thermography was not 
altered in subjects with 

keratoconus 
-OSDI was higher in the 

keratoconus group 
-OST was not correlated with 

OSDI 

Minatel-
Riguetto et 
al. (2019) 

136 subjects 
with Graves’ 
disease (136 
eyes) and 62 
healthy (62 

eyes) 

Graves > 3:  
53 (15-68) 
Graves <3:  
48 (19-80) 

Graves without 
ophthalmopathy: 

49.5 (16-80) 
Controls:  

48 (15-80) 

Non-contact 
infrared 

thermography 
camera (FLIR ONE) 

(Median (IQR)) 
OST caruncles (ºC) 

Graves > 3:  
38.4 (37-39.6) 

Graves <3:  
36.05 (34.85-37.5) 

Graves without 
ophthalmopathy: 36.13 

(34.3-37.4) 
Controls:  

36.13 (34.35-37.35) 
OST eyelids (ºC) 

Graves > 3:  
38 (37.3-38.55) 

Graves <3:  
36.08 (34.75-36.95) 

Graves without 
ophthalmopathy: 36.28 

(33.3-37.15) 
Controls:  

36.05 (34.35-37.2) 

-Infrared thermography is an 
objective tool to assess 
inflammation in Graves 

ophthalmopathy 
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(continuation) 

Study Sample 
Age (mean ± SD) 

years 
Device Results (mean ± SD) Main findings 

Itokawa et 
al. (2018) 

20 CL wearers 
(20 eyes) 

34.4±4.1 
TG-1000 ocular 

surface 
thermographer 

Differences in OST with 
and without CLs 

Delefilcon A: 0.15±0.33 
Etafilcon A PVP: 0.22±0.33 

Etafilcon A: 0.46±0.33 
Polymacon: 0.50±0.35 

-Changes in OST over soft CLs 
was related to tear film 

stability 
-Infrared thermography can 

be used as a non-invasive tool 
to assess tear film stability in 

CL wearers 

Konieczka 
et al. 

(2019) 

40 healthy 
subjects (80 

eyes) 
Range: 19-47 

TG-1000 ocular 
surface 

thermographer 
- 

-Brimonidine reduced central 
corneal temperature 0.5ªC 
-Latanoprost did not affect 
the corneal temperature 

García-
Porta et al. 

(2019) 

21 glaucoma 
subjects (21 
eyes) and 19 
healthy (19 

eyes) 

Glaucoma: 19 
Controls: 19 

Long-wave infrared 
thermal camera 

(Therm-App) 

(Median-approximately) 
OST eyelid ºC 

Glaucoma: 35.35 
Controls: 35.85 
OST central ºC 

Glaucoma: 36.05 
Controls: 36.4 

OST peripheral ºC 
Glaucoma: 36.6 
Controls: 36.7 

-Tear film stability and 
changes in ocular blood play a 

key role in temperature in 
patients with glaucoma 

 (Where CL: Contact Lens; IQR: Interquartile Range; OSDI: Ocular Surface Disease Index; 

OST: Ocular Surface Temperature; SD: Standard Deviation). 

1.4 Imaging techniques to assess the meibomian glands 

In the definition and classification report of the international workshop on MGD, 

MGD was defined as “a chronic, diffuse abnormality of the meibomian glands, 

commonly characterized by terminal duct obstruction and/or qualitative/quantitative 

changes in the glandular secretion. This may result in alteration of the tear film, 

symptoms of eye irritation, clinically apparent inflammation, and ocular surface 

disease” (Nelson et al., 2011). Generally, MGD is associated with skin disease and it is 

positively correlated with ageing (Bron et al., 2017). 

MGD is the main cause of evaporative DED and it is characterized by altered 

meibomian gland secretions, tear film instability, dry eye symptoms, and ocular 
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surface staining. Thus, the assessment of meibomian glands is essential in the 

diagnosis of DED related to MGD since these glands secrete meibum which contributes 

to the lipid layer of the tear film (Arita et al., 2008; McGinnigle, Naroo and Eperjesi, 

2012; Eom et al., 2013; Lin and Yiu, 2014; Koh et al., 2016; Arita, Fukuoka and 

Morishige, 2017a; Arita, Fukuoka and Morishige, 2017b; Arita, Fukuoka and Morishige, 

2017c; Bron et al., 2017; Wolffsohn et al., 2017; Yoo et al., 2017b). 

MGD can be classified as hyposecretory or hypersecretory (Arita et al., 2008; 

McGinnigle, Naroo and Eperjesi, 2012; Eom et al., 2013; Lin and Yiu, 2014; Koh et al., 

2016; Arita, Fukuoka and Morishige, 2017a; Arita, Fukuoka and Morishige, 2017b; 

Arita, Fukuoka and Morishige, 2017c; Bron et al., 2017; Yoo et al., 2017b). The 

hypersecretory type is uncommon and it is known as meibomian seborrhoea, which 

can be associated with seborrhoeic dermatitis or rosacea. On the other hand, 

hyposecretory MGD is more common and is caused by low meibum delivery or 

obstruction of meibomian glands. Furthermore, it can be divided into non-cicatricial 

MGD or cicatricial MGD, depending on the mechanism that causes low meibum 

delivery (Bron et al., 2017). Figure 1.6 summarizes the aetiology and physiopathology 

of the disease. 
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Fig. 1.6. A summary of the aetiology and pathophysiology of MGD (Bron et al., 2017). 

The analysis of both the structure and function of the meibomian glands is vital to 

diagnose MGD. Meibometry is a technique that assesses the function of meibomian 

glands by using plastic tape to blot the central lower lid margin. The lipid blot changes 

the optical density and can be measured using a photometer (Chew et al., 1993; Lin 

and Yiu, 2014). Thus, infrared spectroscopy has been used to study human meibum 

secretion, which has the advantage of not being necessary preparation or the 

extraction of lipids (Borchman, Yappert and Foulks, 2010). On the other hand, 

meibography assesses the structure of meibomian glands, which is a valuable method 

to assess the structure of the glands (Lin and Yiu, 2014; Arita, Fukuoka and Morishige, 

2017a). Nevertheless, meibomian glands structure cannot be used as a single method 

to diagnose MGD, and its results should be combined with other signs and symptoms 

to improve the diagnosis (Chan et al., 2017). 
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Different imaging techniques are available to image the meibomian glands, such 

as non-contact infrared meibography, confocal microscopy or OCT (Yoo et al., 2017b; 

Villani and Arita, 2019; Villani et al., 2020). A summary of the advantages and 

disadvantages of the imaging techniques to assess meibomian glands is shown in Table 

1.28. 

Table 1.28. Summary of advantages and disadvantages of the different imaging 

techniques to assess the meibomian glands (Ibrahim et al., 2010b; Hwang et al., 2013; 

Yoo et al., 2017a; Yoo et al., 2017b). 

Technique Advantages Disadvantages 

Non-contact 
infrared 

meibography 

All meibomian glands are shown in one image No depth analysis 

Quicker It provides a more general analysis 

 Errors due to the light intensity 

 
Disagreement between images due to 

changes in the quality 

OCT 
meibography 

Better field of view than confocal microscopy, 
but worse than non-contact infrared 

meibography (4.3mm x 4.3mm) 

All meibomian glands are not shown in 
one image 

Depth analysis allows clinicians to obtain 3D 
images 

Motion artefacts occur during the 
examination 

High resolution More time to acquire 3D images 

Allows the detailed evaluation of acini and ducts  

Confocal 
microscopy 

High resolution Lower field of view (400µm x 400µm) 

Allows the evaluation of acinar density, 
diameter, inflammation and secretion 

reflectivity 

All meibomian glands are not shown in 
one image 

 Partially invasive (anaesthesia) 

 
Requires a learning curve to obtain images 

of high quality 

1.4.1 Non-contact infrared meibography 

Early meibography systems imaged the meibomian gland structure through the 

illumination of the tarsal plate from the skin side and were thereby able to detect 

abnormalities in gland morphology (Mathers, Daley and Verdick, 1994; Nichols et al., 

2005; Yokoi et al., 2007; Arita, Fukuoka and Morishige, 2017c). However, these 

systems were invasive and involved contact, which had some disadvantages such as 



Chapter 1. Introduction 

  

 

165 
 

discomfort, pain, heat sensation and limited area of view (Yokoi et al., 2007; Arita, 

Fukuoka and Morishige, 2017c). These problems were overcome with the use of 

meiboscopy, which is a technique that uses transillumination to observe the 

meibomian glands.  

Currently, non-contact meibography systems have been developed and are the 

most widely used technique to assess meibomian glands structure since they allow 

clinicians to observe meibomian glands across the entire eyelid without contact 

(Molinari and Tapie, 1982; Arita et al., 2008; Arita, Fukuoka and Morishige, 2017a). 

Thus, non-contact infrared meibography is a technique used to obtain two-

dimensional images of the meibomian gland structure by retroillumination using 

infrared light.  

The image is obtained by adding an infrared transmitting filter and an infrared-

sensitive camera to detect infrared light using a slit-lamp (Arita et al., 2008; Eom et al., 

2013; Kim et al., 2015; Liang et al., 2015; Arita, Fukuoka and Morishige, 2017b; Arita, 

Fukuoka and Morishige, 2017c; Yoo et al., 2017b; Geerling et al., 2017; Karaca et al., 

2019; Lekhanont et al., 2019; Arita and Fukuoka, 2020; Pondelis et al., 2020; Ha et al., 

2021). Thus, meibomian glands are detected as areas of high reflectivity while gland 

drop-out is detected as areas of low reflectivity. Furthermore, it also has the advantage 

that the required observation time is short. Likewise, despite not being non-invasive, 

since it needs eyelid eversion, patients experience minimal discomfort. Contrary, it has 

the drawback of not providing information about depth (Hwang et al., 2013) because 

the infrared non-contact meibography systems usually use a shorter wavelength (800-

940 nm) than OCT (1300 nm), which limits its penetration in the palpebral conjunctiva. 
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Other devices such as videoqueratographs or interferometers have also 

incorporated non-contact infrared meibography (Arita et al., 2013; Koh et al., 2016; 

Wang et al., 2016; Kang et al., 2017; Yin et al., 2017; Yoo et al., 2017b; El Ameen et al., 

2018; He et al., 2018; Li et al., 2018; Park et al., 2018; Park and Baek, 2018; Portela et 

al., 2018; Randon et al., 2018; Seo et al., 2018; Siddireddy et al., 2018a; Zang et al., 

2018; Ağın et al., 2019; Al-Hayouti et al., 2019; Dereli-Can and Kara, 2019; Guarnieri et 

al., 2019; Rico-del-Viejo et al., 2019; Ruan et al., 2019; Shrestha et al., 2019; Wang et 

al., 2019a; Wong et al., 2019b; Yu, 2019; Altin Ekin, Karadeniz Ugurlu and Kahraman, 

2020; Garduño et al., 2020; Garza-Leon et al., 2020; Ge et al., 2020; Gjerdrum et al., 

2020; Guo et al., 2020; Lee et al., 2020a; Lee et al., 2020b; Li et al., 2020a; Li et al., 

2020b; Li et al., 2020c; Llorens-Quintana, Garaszczuk and Szczesna-Iskander, 2020; 

Recchioni et al., 2020; Wu et al., 2020b; Bilkhu et al., 2021; Chen et al., 2021; 

Dikmetas, Kocabeyoglu and Mocan, 2021; Kang et al., 2021; Weng et al., 2021). 

Moreover, some of them include software to automatically enhance the contrast of 

meibographies (Rico-del-Viejo et al., 2019; Llorens-Quintana, Garaszczuk and Szczesna-

Iskander, 2020). Figure 1.7 shows a meibography obtained with a videokeratograph 

through non-contact infrared meibography before and after contrast enhancement. 

Lee et al. (2020a) found statistically lower gland drop-out values with LipiView II 

than when it was measured with IDRA ocular surface analyzer. These differences could 

be due to differences between the instruments’ everting eyelids (IDRA uses a simple 

plastic everter while LipiView II uses a light-emitting lid everter). Likewise, the surface 

lighting with LipiView II is less, providing a clearer image of the meibomian gland 

shape. Similarly, Garduño et al. (2020) found statistically significant differences 
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between Antares and Cobra topographers in meibomian gland drop-out. This could be 

due to differences in image quality between both devices. However, no differences 

were found in DED subjects, which suggest that both devices can be used 

interchangeably in DED subjects. 

 

Fig. 1.7. Meibography obtained using a non-contact infrared meibography system of a 

commercially available videoqueratograph (Oculus Keratograph 5M). Left: 

Meibography with contrast enhancement. Right: Meibography without contrast 

enhancement. 

Infrared imaging has been proven to be a quick and patient-friendly tool to help in 

the diagnosis and treatment of MGD and it provides information about the 

morphology, drop-out of meibomian glands or other acini abnormalities such as 

shortening, dilatation and distortion (Arita et al., 2008; Pult, Riede-Pult and Nichols, 

2012; Eom et al., 2013; Kim et al., 2015; Liang et al., 2015; Koh et al., 2016; Wang et al., 

2016; Chan et al., 2017; Arita, Fukuoka and Morishige, 2017a; Arita, Fukuoka and 

Morishige, 2017b; Geerling et al., 2017; Kang et al., 2017; Thulasi and Djalilian, 2017; 

Yoo et al., 2017b; Park et al., 2018; Park and Baek, 2018; Portela et al., 2018; Zang et 

al., 2018; Al-Hayouti et al., 2019;  Karaca et al., 2019; Pondelis et al., 2020). Several 

studies have found alterations in meibomian glands in MGD and DED patients (Table 

1.29) and significant correlations have been found between meibomian glands loss and 
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tear film parameters such as the lipid layer pattern, NIBUT and OSDI (Pult, Riede-Pult 

and Nichols, 2012). 

Table 1.29. Results reported by different authors regarding the assessment of 

meibomian glands through non-contact infrared meibography. 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Koh et al. 
(2016) 

49 ADDE (49 
eyes) and 31 

healthy subjects 
(31 eyes) 

DED: 57.9±12.5 
Controls: 
37.7±9.8 

Keratograph 5M 

Meiboscore Arita 
DED upper eyelid: 

1.06±0.92 
DED lower eyelid: 

0.65±0.90 
Controls upper 

eyelid: 0.32±0.54 
Controls lower 

eyelid: 0.19±0.54 

-Significant higher meiboscore in 
ADDE  subjects 

Wang et al. 
(2016) 

47 DED subjects 
(47 eyes) 

201 healthy 
subjects 

(201 eyes) 

DED: 
12.45±1.54 
Controls: 

11.75±1.95 

Keratograph 5M 
Meiboscore Arita 
DED: 3.21±1.02 

CONTROL: 0.61±0.65 

-Significant higher meiboscore in 
the DED group 

Arita et al. 
(2008) 

236 eyes of 
healthy subjects 

(236 eyes) 
41.2±23.1 

Non-contact 
infrared 

meibography 
system (Slit-lamp + 

infrared 
transmitting filter 
IR-83 + infrared 
charge-coupled 

camera) 

Meiboscore Arita 
 (Approximately) 
0-9 years: 0.20±-- 

10-19 years: 0.60±-- 
20-29 years: 0.75±-- 
30-39 years: 1.05±-- 
40-49 years: 1.00±-- 
50-59 years: 1.35±-- 
60-69 years: 1.85±-- 
70-79 years: 1.35±-- 
≥80 years: 1.90±-- 

-A positive correlation was found 
between meiboscore and age, and 

between meiboscore and lid 
margin abnormality score 

Eom et al. 
(2013) 

30 obstructive 
MGD (30 eyes) 
and 25 healthy 

subjects (25 
eyes) 

MGD: 
46.1±11.6 
Controls: 
30.4±6.9 

BG-4M Non-Contact 
Meibography 

System (Topcon) 

Gland drop-out (%) 
MGD upper eyelid: 

19.4±14.6 
Controls upper 

eyelid: 
8.1±4.4 

MGD lower eyelid: 
25.2±17.5 

Controls lower 
eyelid: 

10.2±6.2 

-MGD had a significantly higher 
percentage of drop-out 

Kim et al. 
(2015) 

51 Grave’s 
Orbipathy (51 
eyes) and 31 

healthy subjects 
(31 eyes) 

Grave´s: 
42.35±12.80 

Controls: 
45.45±16.73 

BG-4M Non-Contact 
Meibography 

System (Topcon) 

Meiboscore Arita 
Grave´s Orbipathy: 

1.67±1.58 
Control: 

1.03±1.08 

-Significant lower meiboscore in 
the control group 

-Significant negative correlation 
between meiboscore and BUT 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Weng et al. 
(2021) 

143 young (143 
eyes), 304 
middle age 

subjects (304 
eyes) and 228 

elderly subjects 
(228 years) 

Young: 
32.0±5.9 
Middle: 
52.1±5.7 
Elderly: 

68.5±6.3 

LipiView 
interferometer 

Meiboscore Pult 
Young: 2.1±1.3 
Middle: 2.5±1.2 
Elderly: 2.9±1.3 

-Elderly DED subjects had higher 
meibomian gland drop-out 

Rico-del-
Viejo et al. 

(2019) 

161 subjects 
(161 eyes) 

42±17 Keratograph 5M 

Meiboscore Arita 
Upper eyelid  

Grade 0: 57 subjects 
Grade 1: 67 subjects 
Grade 2: 25 subjects 
Grade 3: 7 subjects 

Lower eyelid 
Grade 0: 47 subjects 
Grade 1: 83 subjects 
Grade 2: 23 subjects 
Grade 3: 3 subjects 

-Meibomian gland drop-out higher 
than 50% was accompanied by 

signs 
-Age was a relevant factor when 
assessing meibomian gland drop-

out 
-Statistically significant differences 
were found between meibomian 
gland loss groups in osmolarity, 

bulbar redness and ocular surface 
staining 

Bilkhu et al. 
(2021) 

15 MGD 
subjects (15 

eyes) 
31.6±13.1 Keratograph 5M - 

-Length is the key functional 
morphology feature of lower eyelid 

meibomian glands 
-Gland length was negatively 

correlated with gland expression 
and tortuosity scores, but not with 

width 

Ha et al. 
(2021) 

141 DED 
subjects (141 

eyes) 
54.8±14.6 

Slit-lamp 
biomicroscope with 

an infrared 
transmitting filter 

(R-72) and an 
infrared camera 

- 
-Lid margin abnormalities were 

associated with meibomian gland 
drop-out 

Kang et al. 
(2017) 

31 Sjögren 
syndrome 

subjects (31 
eyes), 30 non-

Sjögren 
syndrome DED 

(30 eyes) and 35 
healthy (35 

eyes) 

Sjögren: 
54.65±14.46 
Non-Sjögren: 
56.53±15.25 

Controls: 
58.43±10.81 

Keratograph 5M 

Meiboscore Arita 
(Approximately) 
Sjögren: 4.5±-- 

Non-Sjögren: 3.5±-- 
Controls: 0.5±-- 

-Sjögren syndrome and non-
Sjögren DED subjects had higher 

meiboscore and meibomian gland 
impairment than controls 

-Sjögren syndrome subjects had 
higher meiboscore than non-

Sjögren patients 

Li et al. 
(2020b) 

209 subjects 
(209 eyes) 
(Young: 77, 
Middle: 52, 

and Older: 80) 

All: 
49.68±18.33 
Median (IQR) 
Young: 29 (8) 

Middle: 51 
(7.75) 

Older: 66 (13) 

Keratograph 5M 

Gland drop-out (%) 
(Median (IQR)) 
All: 32 (12) nm 

Young: 32 (11) nm 
Middle:  

32 (13) nm 
Older: 30 (13) nm 

-Gland drop-out was inversely 
correlated with lipid layer thickness 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Zang et al. 
(2018) 

22 Sjögren 
syndrome 

subjects (22 
eyes) and 22 
non-Sjögren 
syndrome 

ADDE(22 eyes) 

Sjögren: 
50.1±11.8 

Non-Sjögren: 
49.6±11.7 

LipiView II 
interferometer 

Meiboscore Arita 
Upper eyelid Sjögren 

Grade 0: 4.5% 
Grade 1: 31.9% 
Grade 2: 54.5% 
Grade 3: 9.1% 

Upper eyelid non-
Sjögren 

Grade 0: 13.3% 
Grade 1: 77.3% 
Grade 2: 9.1% 
Grade 3: 0% 

-Sjögren syndrome subjects had 
more severe meibomian gland 
drop-out in the upper eyelid 

 (Where ADDE: Aqueous Deficient Dry Eye; BUT: Break-Up Time; DED: Dry Eye Disease; 

IQR: Interquartile Range; MGD: Meibomian Gland Dysfunction; SD: Standard 

Deviation).*In the cases where “approximately” is written, it is because the studies did 

not show the numerical value. They only showed the results in a figure. 

Meibographies can be graded into different scale categories depending on the 

structure, morphology and gland drop-out. For instance, Arita et al. (2008) proposed a 

meiboscore grading scale to quantify the degree of meibomian gland drop-out. The 

scale ranged from 0 to 3 where a higher score represents higher meibomian gland loss 

(0 = No loss of meibomian glands; 1 = gland drop-out < 1/3 of the total gland area; 2 = 

grand drop-out between 1/3 and 2/3; and 3 = gland drop-out > 2/3) (Arita et al., 2008; 

Chan et al., 2017). The same author (Arita et al., 2008) found a positive correlation 

between age and meiboscore; as well as between the meiboscore and lid margin 

abnormality. Nevertheless, this method has the drawback of being partially subjective 

and depends on the examiner’s ability. In addition, meibographies can only be graded 

into a few categories, making the difference between meibography grades too high. 
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This makes the method less accurate and less precise because within one group there 

may be meibographies with a wide range of variability (Arita et al., 2008). 

Furthermore, there are other grading scales, which difficult the comparison between 

studies. 

To minimize the influence of the observer in the classification of meibographies, 

some softwares have been developed to automatically classify them according to 

different alterations of the glands such as gland drop-out, shortening, visibility, dilation 

or distortion (Pult and Riede-Pult, 2011a; Koh et al., 2012; Celik et al., 2013; Eom et al., 

2013; Pult and Riede-Pult, 2013; Koprowski et al., 2016; Thulasi and Djalilian, 2017; 

Llorens-Quintana et al., 2019a). Thus, meibographies can be processed and analysed to 

obtain continuous numerical values, which increase the objectivity and repeatability of 

measurements (Table 1.30). For instance, some authors (Pult, Riede-Pult and Nichols, 

2012; Eom et al., 2013; Kim et al., 2015; Koh et al., 2016; Wang et al., 2016; Thulasi and 

Djalilian, 2017; Zang et al., 2018; Garduño et al., 2020; Garza-Leon et al., 2020; Wu et 

al., 2020b; Bilkhu et al., 2021) have used ImageJ tool, Phoenix software or Matlab to 

assess meibographies in an objective way. For instance, Eom et al. (2013) found that 

the ImageJ tool had excellent intra-observer and inter-observer reliability in the glands 

drop-out assessment. Moreover, the diagnostic capability of meiboscore has also been 

studied and has been reported to be acceptable (Table 1.31). 
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Table 1.30. Results of main studies that assessed the repeatability of meibomian 

glands assessment using non-contact infrared meibography. 

Study 
Type of 

repeatability 
Device Sw CoV (%) CoR ICC 

Eom et al. 
(2013) 

Intraexaminer BG-4M Non-
Contact 

Meibography 
System 

(Topcon) 

   0.875 

Interexaminer    0.801 

Garza-Leon et 
al. (2020) 

Intraexaminer Antares 
Phoenix: 2.54 
ImageJ: 2.94 

Phoenix: 11.85 
ImageJ: 10.88 

 
Phoenix: 0.989 
ImageJ: 0.988 

(Where CoR: Repeatability Coefficient; CoV: Coefficient of Variation; ICC: Intraclass 

Correlation Coefficient; Sw: within-subject standard deviation). 

 Table 1.31. Sensitivity and specificity found by different authors in the assessment of 

meibomian glands through non-contact infrared meibography to diagnose MGD. 

Study Sample 
Age 

(mean ± SD) years 
Metric 

Cut-off 
value 

Sensitivity Specificity 
Area under 
the curve 

Arita et al. 
(2009b)  

53 subjects  
(53 eyes) 

71.4±10.0 Meiboscore    0.92 

Yin and Gong 
(2019) 

47 subjects  
(47 eyes) 

39.2±11.1 Meiboscore 1 score 0.94 0.96 0.95 

Adil et al. 
(2019) 

487 subjects 
(487 eyes) 

35.1±16.4 Meiboscore 0.5 score 0.97 0.85  

Finis et al. 
(2014) 

128 subjects 
(128 eyes) 

57.0±17.0 Meiboscore 4 score 0.28 0.80  

Giannaccare 
et al. (2018) 

149 subjects 
(149 eyes) 

53.4±15.5 Gland loss 20 % 0.60 0.61 0.60 

Koprowski, 
Tian and 

Olczyk (2017) 

57 subjects 
(57 eyes) 

- 

The area 
occupied by the 

glands in an 
automatic 
algorithm 

- 0.99 0.97  

Xiao et al. 
(2020) 

447 subjects 
(447 eyes) 

42.1±15.1 
Meiboscore 1.5 score 0.93 0.97 0.98 

Gland loss -   0.98 

(Where SD: Standard Deviation) 

Some authors have compared the results obtained with different devices to assess 

meibomian glands (Table 1.32). Despite using the ImageJ tool to assess gland drop-out, 



Chapter 1. Introduction 

  

 

173 
 

Wong et al. (2019b) found statistically lower values in meiboscore and gland drop-out 

percentage with LipiView II in comparison with Keratograph 5M, which suggests that 

both devices should not be used interchangeably to assess meibomian gland drop-out. 

Authors argued that this is caused by differences in the amount of eyelid that was 

typically everted and differences in image quality between devices. In addition, Garza-

Leon et al. (2020) found that ImageJ and Phoenix programs had good repeatability in 

the measurement of meibomian gland loss. However, their results were not 

interchangeable since statistically differences were found between them. 

Non-contact infrared meibography has also been used to assess the effect of 

treatments and contact lenses (Yin et al., 2017; Li et al., 2018; Ruan et al., 2019; Wang 

et al., 2019a; Altin Ekin, Karadeniz Ugurlu and Kahraman, 2020; Arita and Fukuoka, 

2020; Guo et al., 2020; Li et al., 2020a; Li et al., 2020c; Llorens-Quintana, Garaszczuk 

and Szczesna-Iskander, 2020; Pondelis et al., 2020; Wu et al., 2020b; Chen et al., 2021), 

pathologies (He et al., 2018; Portela et al., 2018; Karaca et al., 2019, Lekhanont et al., 

2019; Shrestha et al., 2019; Dikmetas, Kocabeyoglu and Mocan, 2021) and surgical 

procedures (El Ameen et al., 2018; Ge et al., 2020; Gjerdrum et al., 2020; Lee et al., 

2020a) on meibomian glands (Table 1.33). 
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Table 1.32. Studies that compared the results obtained with different devices to assess 

meibomian glands. 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Wong et al. 
(2019b) 

20 subjects (20 
eyes) 

36.6±13.1 
LipiView II 

interferometer and 
Keratograph 5M 

Meiboscore Arita 
LipiView: 1.43±0.78 

Keratograph: 
1.90±0.81 

Gland drop-out (%) 
LipiView: 31.5 

Keratograph: 43.4 

-Statistically significant differences in 
meiboscore and drop-out percentage 
were found between LipiView II and 

Keratograph 5M 
-LipiView II showed lower values in 

meiboscore and gland drop-out 
percentage using ImageJ 

Lee et al. 
(2020a) 

47 subjects (47 
eyes) 

56.77±14.47 

LipiView II 
interferometer 

IDRA ocular surface 
analyzer 

Gland drop-out (%) 
LipiView II: 

36.51±17.53 nm 
IDRA:  

45.36±21.87 nm 

-The gland drop-out percentage was 
statistically significantly lower in the 

LipiView II than in the IDRA 
interferometer 

Lee et al. 
(2020c) 

33 subjects (33 
eyes) 

61.5±10.6 
Antares 

topographer and 
LipiView 

Gland drop-out (%) 
LipiView: 16.1±11.8 
Antares: 21.4±16.3 

-A positive significant correlation was 
found between gland drop-out using 

Antares and LipiView 

Garduño et 
al. (2020) 

80 subjects (80 
eyes) 

36.93±18.34 
Antares 

topographer 
Cobra topographer 

Gland drop-out (%) 
Antares upper 

eyelid: 18.97±0.78 
Antares lower 

eyelid: 20.24±0.71 
Cobra upper eyelid: 

17.89±0.77 
Cobra lower eyelid: 

21.24±0.95 

-Statistically significant differences in 
upper gland drop-out were found 

between both topographers 
-Measurements were similar in DED 
subjects, which suggests that both 

devices are interchangeable 

Lee et al. 
(2020b) 

33 subjects (33 
eyes) 

61.5±10.6 

LipiView II 
interferometer and 

Antares 
topographer 

Gland drop-out (%) 
LipiView: 16.1±11.8 
Antares: 21.4±16.3 

-Antares topographer is useful in 
DED diagnosis and meibomian glands 

assessment 
-Gland drop-out measured with both 

devices was correlated 

(Where DED: Dry Eye Disease; SD: Standard Deviation). 

 

 

 



Chapter 1. Introduction 

  

 

175 
 

Table 1.33. Results reported by different authors regarding the use of non-contact 

infrared meibography to assess the effect on the meibomian glands of treatments, 

contact lenses, diseases and surgical procedures. 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Park et al. 
(2018) 

30 thyroid eye 
disease subjects 

(30 eyes) 
42.9±11.8 

LipiView 
interferometer 

Meiboscore Arita 
Upper eyelid: 

1.17±0.75 
Lower eyelid: 

0.70±0.65 

-MGD may also be a cause of DED in 
thyroid eye disease subjects 

Seo et al. 
(2018) 

17 rosacea-
MGD subjects 

(17 eyes) 

Median: 64 
(IQR: 57-68) 

Keratograph 5M 

Meiboscore Arita 
Grade 2: 13 

subjects 
Grade 3: 4 subjects 

-Meibomian gland parameters 
improved after intense pulsed light 

treatment 

Karaca et al. 
(2019) 

36 subjects with 
severe sleep 

apnea (36 eyes) 
and 24 with 

primary snoring 
or mild sleep 

apnea (24 eyes) 

Severe: 
50.8±8.3 

Mild:  
47.9±10.5 

Slit-lamp 
biomicroscope (SL-

D701) with DC-4 
digital camera and 
BG-5 background 

illuminator 

Meiboscore Arita 
Total meiboscore 
severe: 2.8±2.3 

Total meiboscore 
mild: 1.1±2.2 

Morphological 
alterations  

Severe: 86.1 % 
Mild: 45.8 % 

-Morphological changes (duct 
distortion, thinning and dilatation) 
and gland drop-out were higher in 
subjects with severe obstructive 

sleep apnea 

Ağın et al. 
(2019) 

50 chronic 
smokers (50 
eyes) and 50 
non-smokers 

(50 eyes) 

Smokers: 
31.46±5.72 
Controls: 

31.66±10.65 

Scheimpflug 
camera-Placido 

topography device 
(Sirius) 

Meiboscore Pult 
Smokers: 3.22±1.18 
Controls: 1.48±1.12 

-Smokers showed decreased 
meiboscore 

Wang et al. 
(2019a) 

59 myopic 
subjects (59 

eyes) 
12.03±2.31 Keratograph 5M 

Baseline: 0.68±0.51 
1 month: 0.68±0.51 

6 months: 
0.68±0.51 

24 months: 
0.68±0.51 

-Overnight orthokeratology did not 
affect meibomian glands drop-out 

Pondelis et 
al. (2020) 

15 DED subjects 
(30 subjects) 

53.26±17.33 
Infrared 

meibography 
(RTVUE XR) 

Perimeter pre-
stimulation: 

235.94±51.38 µm 
Perimeter post-

stimulation: 
222.21±47.72 µm 

Area pre-
stimulation: 

2187.60±635.88 
µm

2 

Area post-
stimulation: 

1933.20±538.55 
µm

2 

-Infrared meibography can be used 
to detect changes in the meibomian 

gland area and perimeter 
-Meibomian gland area and 

perimeter were reduced after 
intranasal stimulation 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 
Results  

(mean ± SD) 
Main findings 

He et al. 
(2018) 

120 subjects 
(120 eyes): 44 

diabetic <5 
years, 40 
diabetic 

between 5-10 
years, 36 >10 
years and 40 

healthy. 

Control: 
64.88±7.04 
<5 years: 

64.75±8.20 
5-10 years: 
65.03±7.14 
>10 years: 
66.11±7.44 

Keratograph 5M 

Meiboscore Arita 
Control: 3.15±1.09 
<5 years: 3.13±1.08 

5-10 years: 
3.53±1.05 
>10 years: 
4.25±1.14 

-Meiboscore in the 1 years diabetic 
group was significantly higher than 

in the other three groups 

Park and Baek 
(2018) 

98 thyroid eye 
disease (98 

eyes) and 62 
DED subjects 

(62 eyes) 

Thyroid: 
45.8±12.4 
Controls: 
48.3±11.3 

LipiView 
Interferometer 

Meiboscore Arita 
Thyroid: 1.21±0.76 
Controls: 0.94±0.71 

-Meibomian gland loss in the upper 
eyelid was higher in DED subjects 

with thyroid disease 

Shrestha et 
al. (2019) 

16 patients with 
Stevens-
Johnson 

Syndrome (16 
eyes) 

32.0±14.3 Keratograph 5M 
Meiboscore Arita 

3.6±1.9 
-Meiboscore was correlated with 

Stevens-Johnson Syndrome 

Cui et al. 
(2020) 

49 MGD 
subjects (49 
eyes) and 54 
healthy (54 

eyes) 

MGD: 
51.16±12.97 

Controls: 
46.35±14.4 

Keratograph 5M 

Maximal duct 
diameter (µm) 

MGD: 
120.22±27.92 

Controls: 
100.96±20.30 

-MGD subjects had more diversified 
orifices and larger terminal duct 

diameters, while duct diameter was 
decreased in MGD subjects after 

gland massage 

Chen et al. 
(2021) 

100 MGD 
subjects (100 

eyes) (35 had a 
combined 
therapy) 

45.10±4.81 Keratograph 5M 

Gland drop-out (%) 
Upper eyelid 

Pre-treatment: 
33±15 

1 month: 33±13 
3 month: 32±12 

Lower eyelid 
(Median (IQR)) 
Pre-treatment:  

21 (17,25) 
1 month:  
15 (11,25) 
3 month:  
18 (13,23) 

-Lower meibomian gland drop-out 
was reduced at 1 and 3 months in 

the combined therapy 

Arita and 
Fukuoka 
(2020) 

36 MGD with 
posterior 

blepharitis 
subjects (36 

eyes) (16 
azithromycin 

and 20 
preservative-
free drops) 

Azithromycin: 
60.1±17.9 
Controls: 
61.9±12.2 

Non-contact 
meibography 

system (Topcon) 

Meiboscore Arita 
Azithromycin: 

3.2±1.8 
Controls class: 

4.2±1.5 

-No differences were found in 
meiboscore between groups 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 
Results  

(mean ± SD) 
Main findings 

El Ameen et 
al. (2018) 

30 who 
underwent 

cataract surgery 
(30 eyes) 

Men: 73.5±9.4 
Women: 
78.9±4.7 

Keratograph 5M 

Gland drop-out (%) 
Upper eyelid Pre: 

28.8±14.9 
Upper eyelid 1 

month: 32.5±14.9 
Upper eyelid 3 

months: 35.8±17 
Lower eyelid Pre: 

22.7±18.9 
Lower eyelid 1 

month: 23.8±19.7 
Lower eyelid 3 

months: 25.8±20.9 

-Meibomian gland loss was 
significantly higher in the upper 

eyelid 1 and 3 months after cataract 
surgery 

Lekhanont et 
al. (2019) 

32 subjects with 
Stevens-
Johnson 

syndrome (64 
eyes) 

42.2±17.7 

Non-contact 
infrared 

meibography 
system mounted on 

a slit-lamp 
biomicroscope 
(Topcon DC-4) 

Meiboscore Arita 
Upper eyelid: 

2.7±0.8 
Lower eyelid: 

2.5±0.9 

-Stevens-Johnson syndrome is 
associated with obstructive MGD 

Portela et al. 
(2018) 

30 glaucoma 
subjects (30 
eyes) and 27 
controls (27 

eyes) 

Glaucoma: 
71.33±11.50 

Controls: 
68.96±6.48 

Keratograph 5M 

Meiboscore Pult 
Glaucoma: 
 2.34±1.01 

Controls: 1.52±0.64 

-Significant higher meiboscore was 
found in glaucoma subjects 

Li et al. 
(2020a) 

25 
hyposecretory 
MGD subjects 
(25 eyes) and 
25 obstructive 
MGD subjects 

(25 eyes) 

Hyposecretory 
MGD: 

32.6±10.26 
Obstructive 

MGD: 
37.2±11.74 

LipiView II 
interferometer 

Meiboscore Arita 
Upper eyelid 

hyposecretory: 
52% grade 1, 44% 
grade 2, and 4% 

grade 3 
Upper eyelid 

obstructive: 64% 
grade 1 and 36% 

grade 2 

-Meibomian gland loss did not 
improve during the 12 week follow-

up period 
-Thermal Pulsation LipiFlow is 

effective for both obstructive and 
hyposecretory MGD 

Altin Ekin, 
Karadeniz 

Ugurlu and 
Kahraman 

(2020) 

55 subjects with 
a unilateral 

ocular 
prosthesis (110 

eyes) 

44.7±17.5 

Scheimpflug 
camera-Placido 

topography device 
(Sirius) 

Total meiboscore 
Arita 

Prosthetic: 3.9±1.8 
Control: 5.1±1.6 
Total gland drop-

out (%) 
Prosthetic: 
71.8±36.5 
Control: 

112.8±44.9 

-Ocular prosthesis is related to MGD 
and higher meiboscore and gland 

drop-out 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 
Results  

(mean ± SD) 
Main findings 

Llorens-
Quintana, 

Garaszczuk 
and Szczesna-

Iskander 
(2020) 

33 experienced 
CL wearers (33 

eyes) and 8 
unexperienced 

(8 eyes) 

Experienced: 
24±5 

Unexperienced: 
25±4 

Keratograph 5M 

Gland atrophy (%) 
Experienced: 

23.9±10.7 
Unexperienced: 

13.6±9.1 
Gland length (mm) 

Experienced: 
2.9±0.6 

Unexperienced: 
3.6±0.7 

Gland width (mm) 
Experienced: 

0.5±0.1 
Unexperienced: 

0.5±0.1 
Irregularity (%) 
Experienced: 

25.8±14.5 
Unexperienced: 

26.6±8.6 

-Significant differences were found 
between groups for gland atrophy 

and length 
-CL wear impacted meibomian gland 

morphology 

Gjerdrum et 
al. (2020) 

94 subjects with 
laser vision 
correction 

(LVC), 80 with 
implantable 

collamer lens 
(ICL) and 83 

controls 

LVC: 41.3±6.3 
ICL: 40.8±8.8 

Controls: 
41.2±8.1 

Keratograph 5M 

Meiboscore Arita 
LVC: 0.5±0.7 
ICL: 0.3±0.5 

Controls: 0.4±0.7 

-No significant differences were 
found between surgical procedures 

for meiboscore 

Ge et al. 
(2020) 

25 patients with 
conventional 

cataract surgery 
(25 eyes) and 22 

with optimal 
pulsed 

technology (22 
eyes) 

Conventional: 
65.8±8.1 
Pulsed: 

63.48±8.47 

Keratograph 5M 

Meiboscore 
(Median (IQR)) 

Conventional group 
Baseline: 1 (1,2) 

3 months: 1 (1,2) 
Optical pulsed 

treatment group 
Baseline: 1 (1,2) 

3 months: 1 (1,1) 

-There were significant differences 
in meiboscore before and 3 months 
after surgery in the optical pulsed 

treatment group 
-Cataract surgery aggravated MGD 

Recchioni et 
al. (2020) 

16 LASIK 
subjects (16 
eyes) and 13 

SMILE subjects 
(13 eyes) 

LASIK: 32.6±9.1 
SMILE:  

32.2±5.3 
Keratograph 5M 

Meiboscore 
Pre-LASIK: 2±2 
Post-LASIK: 2±2 

Pre-SMILE:  
1±1 

Post-SMILE:  
1±1 

-No differences were found in 
meiboscore after LASIK and SMILE 

surgery 

Dikmetas, 
Kocabeyoglu 
and Mocan 

(2021) 

22 graft-versus-
host DED 

subjects (22 
eyes) and 28 
healthy (28 

eyes) 

Graft: 
29.6±12.6 
Controls: 
26.9±13.5 

Scheimpflug 
camera-Placido 

topography device 
(Sirius) 

Meiboscore Pult 
Graft: 2.9±1.1 

Controls: 0.7±0.4 

-Subjects with graft-versus-host 
disease had worse meiboscore 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device 
Results  

(mean ± SD) 
Main findings 

Wu et al. 
(2020b) 

62 MGD 
subjects (124 

eyes) (29 
subjects in the 

optimal IPL 
group and 33 in 

the regulated 
IPL) 

Optimal: 
48.72±13.99 
Regulated: 

54.79±14.79 

Keratograph 5M 

Gland drop out (%) 
(Median (IQR)) 

Baseline Optimal: 
29(9) 

Baseline Regulated: 
30(8) 

3 months Optimal: 
27(4) 

3 months 
Regulated: 30(0) 

-IPL has clinical value in the 
treatment of MGD 

-Optimal IPL was more effective 

 (Where CL: Contact Lens; IPL: Intense Pulsed Light; IQR: Interquartile Range; LASIK: 

Laser-Assisted In Situ Keratomileusis; MGD: Meibomian Gland Dysfunction; SD: 

Standard Deviation; SMILE: Small Incision Lenticule Extraction). 

 

1.4.2 Optical coherence tomography 

In-vivo 3D images of meibomian glands using OCT was first introduced by Hwang 

et al. (2013), who developed a Fourier-domain OCT system based on a high-speed, 

wavelength-swept laser with a spectral bandwidth of 100 nm and a centre wavelength 

of 1310 nm. Usually, a long wavelength is used to increase the penetration of the light 

in the tissues. Nevertheless, longer wavelengths cause less image resolution. This 

device allowed examiners to obtain 3-dimensional images of the meibomian glands by 

reconstructing tomograms with an axial resolution of 5 µm and a lateral resolution of 

13 µm in the air (Hwang et al., 2013; Gumus and Pflugfelder, 2017; Yoo et al., 2017b; 

Kheirkhah et al., 2018). 

OCT imaging has the advantage of providing more detailed information of acini 

and ducts in the deep layer, data about depth, and enhanced visibility compared with 
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infrared meibography, which has a shorter penetration depth. Likewise, OCT 

meibography also allows examiners to obtain 3D images and to identify the nerve 

plexus of capillaries between or behind the meibomian glands. However, OCT 

meibography has also some limitations to consider. It cannot cover the entire area of 

meibomian glands in the eyelids and data processing for rendering three-dimensional 

images requires a longer time than infrared meibography (Hwang et al., 2013; Liang et 

al., 2015; Yoo et al., 2017a; Yoo et al., 2017b; Kheirkhah et al., 2018; Al-Hayouti et al., 

2019; Cui et al., 2020). 

This was studied by Yoo et al. (2017a), who compared infrared meibography with 

swept-source OCT and found a slight disagreement between both devices. Authors 

found a percentage of disagreement between devices of 49.45 % for gland drop-out. 

They claimed that meibomian glands drop-out detected with infrared meibography 

should be carefully interpreted, OCT being useful to confirm the information found 

with infrared meibography. Some studies have found this technique useful to assess 

the structure of meibomian glands to help in the diagnosis of MGD (Hwang et al., 

2013; Liang et al., 2015). Moreover, it has been reported that mean length was 

correlated with DED symptoms and mean width with BUT (Liang et al., 2015). 

1.4.3 Confocal microscopy 

Meibomian glands can also be assessed using confocal microscopy, which also has 

different advantages in comparison with infrared meibography. It can be used to 

analyse acinar density, acinar length and diameter, secretion, reflectivity and 

inflammation. Nonetheless, both OCT and confocal microscopy are less automated 

(Kobayashi, Yoshita and Sugiyama, 2005; Villani et al., 2013b; Liang et al., 2015; Chan 
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et al., 2017; Gumus and Pflugfelder, 2017; Thulasi and Djalilian, 2017). Confocal 

microscopy allows obtaining high-resolution images with depth selectivity of different 

ocular surface structures through the analysis of the light reflected on tissues. Thus, 

changes in the refractive index provide information to recognise inter- and intra-

cellular details (Montés-Micó, 2011). However, the technique has the limitation of 

having a small visual field due to high magnifications (Kottaiyan et al., 2012). 

It focuses the light source and the objective lens on the small area of interest, the 

focal volume of which is defined by the numerical aperture, magnification and working 

distance from the objective lens. Thus, it eliminates the light that comes from other 

points of the sample. This provides a resolution similar to histological analysis. Images 

are acquired point-by-point and reconstructed using a computer program, allowing 

three-dimensional reconstructions of topologically complex objects (Minsky, 1988; 

Wakamatsu et al., 2009; Montés-Micó, 2011; McGinnigle, Naroo and Eperjesi, 2012; 

Chan et al., 2017). 

It is usually performed in the centre of the cornea and requires the use of 

anaesthesia and a coupling agent between the applanating lens and the patients’ 

cornea. Therefore this technique is invasive, but its invasiveness does not alter the 

results since it does not analyse the tear film, but it assesses physical changes on 

meibomian glands or in the ocular surface (Zhang et al., 2011; McGinnigle, Naroo and 

Eperjesi, 2012). Nevertheless, it has also been previously used to study the tear film 

thickness (Bai and Nichols, 2017). 
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There are several confocal microscopes. Some of them use a confocal slit principal, 

such as ConfoScan 4; whereas, in tandem scanning microscopes, images are captured 

using a rotating Nipkow disc. Other instruments, such as the Rostock Cornea Module-

HRT use a laser, generating high-contrast and high-quality images with the greatest 

resolution (Erie, McLaren and Patel, 2009; Shaheen, Bakir and Jain, 2014, Baek, Doh 

and Chung, 2015). 

Different authors have assessed meibomian glands through confocal microscopy 

and have found differences between healthy and subjects with MGD (Table 1.34) 

(Ibrahim et al., 2012; Villani et al., 2013a; Villani et al., 2013b; Randon et al., 2018; 

Cheng et al., 2019; Yu, 2019; Vagge et al., 2020), and between healthy and DED 

subjects (Ban et al., 2011; Villani et al., 2011a), which suggests that the tool can be 

helpful in the assessment of these diseases. For instance, Villani et al. (2013b) found 

that MGD patients had a low acinar density and more secretion reflectivity, high acini 

diameter and orifices. In addition, Ban et al. (2011) found that meibomian gland acinar 

unit density, gland longest diameter and gland shortest diameter were lower and 

shorter in patients with DED associated with chronic graft-versus-host disease when 

measured using confocal microscopy. Villani et al. (2011a) found that Sjögren’s 

Syndrome patients had more periglandular inflammation, higher secretion reflectivity 

and more drop-out than controls. However, they had higher acinar density and smaller 

diameters than MGD patients. 

Randon et al. (2018) found a strong correlation between in vivo confocal 

microscopy score and infrared meibography with Keratograph 5M in the assessment of 

meibomian glands, and they concluded by saying that in vivo confocal microscopy 
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classification can help to understand patients’ symptoms and enhance MGD 

treatment. 

Table 1.34. Results reported by different authors regarding the assessment of 

meibomian glands through confocal microscopy. 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Villani et 
al. (2013b) 

30 eyes of 15 
SSDE I patients, 
30 of 15 NSSDE, 
30 of 15 MGD 
and 30 of 15 

controls. 

SSDE: 
52.1±15.4 

NSSDE: 
56.3±9.8 

MGD: 55.3±7.3 
CONTROLS: 
45.2±15.9 

Confocal microscope 
HRT II Corneal 

Rostock Module 

Acini density 
(acini/mm

2
) 

SSDE: 146±62
 

NSSDE: 128±43 
MGD: 64±33 

Controls: 121±45 
Acini diameter (µm) 

SSDE: 46±25 
NSSDE: 57±28 
MGD: 94±36 

Controls: 49±12 
Orifice diameter 

(µm): 
SSDE: 29±6 

NSSDE: 31±4 
MGD: 48±7 

Controls: 32±5 
Secretion 

reflectivity: 
SSDE: 1.7±0.6 
NSSDE: 1.5±-- 
MGD: 3.3±0.7 

Controls: 1.1±0.7 

-MGD patients had the worst values 
-Laser scanning confocal microscopy 

is able to provide in vivo, non-invasive 
and high-resolution images of the 

ocular surface 

Ban et al. 
(2011) 

9 DED 
associated with 
chronic graft-
versus-host 
disease (17 

eyes) and 8 non-
DED 

hematopoietic 
stem cell 

transplantation 
subjects (16 

eyes) 

 
(Median) 
DED: 50.5 

(Range 38-57) 
Controls: 47.0 
(Range 26-62) 

Heidelberg Retina 
Tomograph II-
Rostick Cornea 

Module 

Acinar unit density: 
DED: 

57.8±38.3 
glands/mm

2 

Controls: 
88.8±26.6 

glands/mm
2 

Gland acinar 
longest diameter: 

DED: 
37.3±24.4 µm

 

Controls: 
60.4±11.8 µm

 

Acinar shortest 
diameter: 

DED: 
17.7±11.8 µm

 

Controls: 
26.6±6.03 µm

 

-Lower and shorter values in the DED 
group 
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 (Where DED: Dry Eye Disease; MGD: Meibomian Gland Dysfunction; NSSDE: Non-

Sjögren Syndrome Dry Eye; SD: Standard Deviation; SSDE: Sjögren Syndrome Dry Eye). 

Confocal microscopy has also proven to be useful to evaluate the effect of some 

treatments, diseases and contact lenses on meibomian glands (Table 1.35) 

(Matsumoto et al., 2009; Villani et al., 2011b; Agnifili et al., 2013; Villani et al., 2015; 

Yin et al., 2017; Agnifili et al., 2018; Siddireddy et al., 2018a; Agnifili et al., 2019; Li et 

al., 2020c; Vagge et al., 2020). Nevertheless, Zhou and Robertson (2018) claimed that 

in vivo confocal microscopy was unable to obtain images from meibomian glands in 

the eyelid margin due to light attenuation in that tissue. Therefore, this might be a 

field with further research to improve the technique. 

 

 

 

 

(Continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Randon et 
al. (2018) 

100 MGD 
subjects (100 
eyes) and 15 
healthy (15 

eyes) 

52±20 

Keratograph 5M and 
Heidelberg Retina 

Tomograph II-
Rostick Cornea 

Module 

Meiboscore Arita 
1.3±0.9 

-In vivo confocal microscopy 
classification can help in 

understanding the symptoms of 
subjects and enhance MGD treatment 

-In vivo confocal microscopy score 
was correlated with the meibography 

score 
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Table 1.35. Results reported by different authors regarding the use of confocal 

microscopy to assess the effect on the meibomian glands of treatments, contact lenses 

and diseases. 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Villani et 
al. (2011b) 

20 CL wearers 
(20 eyes) and 20 

controls (20 
eyes) 

CL: 25±3.2 
Controls: 
25±3.5 

Heidelberg Retina 
Tomograph II-
Rostick Cornea 

Module 

Acinar unit 
diameter 

CL: 36.5±8 µm 
Control: 45±9 µm 

Acinar unit density 
CL: 129±48 
units/mm

2 

Control: 119±22 
units/mm

2 

Glandular orifices 
diameter 

CL: 44±16 µm 
Control: 33±7 µm 

-Altered values in CL wearers 

Siddireddy 
et al. 

(2018a) 

30 CL wearers 
(30 eyes) 

Median (IQR) 
Symptomatic: 

23 (13) 
Asymptomatic: 

23 (16) 
 

Keratograph 5M and 
Heidelberg Retina 

Tomograph II-
Rostick Cornea 

Module 

Meiboscore Arita 
Symptomatic: 1±1 

Asymptomatic: 0±0 
Acini secretion 

reflectivity 
Symptomatic: 3±1 

Asymptomatic: 1±1 

-Meibomian acini reflectivity was 
higher in symptomatic CL wearers 

Yu (2019) 

132 diabetes 
mellitus (132 
eyes) and 100 

control 
subjects(100 

eyes) 

Diabetes: 
60.18±7.59 
Controls: 

60.27±7.59 

Keratograph 5M and 
Heidelberg Retina 

Tomograph II-
Rostick Cornea 

Module 

Acinar unit density 
Diabetes: 

79.42±24.68 
U/mm

2 

Controls: 
115.38±19.05 

U/mm
2 

Acinar longest 
diameter 
Diabetes: 

91.21±22.35 µm 
Controls: 

58.01±14.99 µm 
Acinar shortest 

diameter 
Diabetes: 

45.87±11.68 µm 
Controls: 

31.34±34 µm 

-Meiboscore and gland drop-out was 
higher in the diabetes mellitus group 

-Confocal microscopy revealed 
alterations in acinar cells (expansion, 

atrophy and fibrosis), decreased 
density of acinar units, deposition of 
lipids and infiltration of inflammatory 

cells 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Yin et al. 
(2017) 

18 MGD 
subjects with IPL 

treatment (18 
eyes) and 17 

MGD with eyelid 
hygiene (17 

eyes) 

IPL: 41.56±9.67 
Hygiene: 

40.76±13.93 

Keratograph 5M and 
Heidelberg Retina 

Tomograph II-
Rostick Cornea 

Module 

Gland drop-out (%) 
IPL pre: 

45.72±12.93 
IPL post: 

40.28±13.15 
Hygiene pre: 
39.27±13.65 

Hygiene post: 
35.22±11.93 

Acinar longest 
diameter 
IPL pre: 

101.89±21.44 
IPL post: 

84.67±20.25 
Hygiene pre: 
98.0±29.01 

Hygiene post: 
97.86±25.39 

Acinar unit density 
IPL pre: 

91.50±37.42 
IPL post: 

113.11±40.12 
Hygiene pre: 
88.57±34.24 

Hygiene post: 
103.71±27.43 

Inflammatory cells 
IPL pre: 44.44 % 
IPL post: 16.67% 

Hygiene pre: 50 % 
Hygiene post: 50% 

-Meibomian gland drop-out improved 
in both groups 

-Meibomian gland microstructure 
indexes were improved only in the IPL 

group 

Li et al. 
(2020c) 

23 subjects 
treated with a 
conservative 
method for 

chalazion (23 
eyelids) and 35 

treated with 
surgery (44 

eyelids) 

Conservative: 
32.39±13.43 

Surgery: 
32.86±14.64 

Keratograph 5M and 
Heidelberg Retina 
Tomograph 3 with 

the Rostock Cornea 
Module 

Gland drop-out (%) 
(Median (IQR)) 

Conservative: 14.64 
(10.33,25.77) 

Surgery:  14.84 
(11.31,21.81) 

-Chalazion caused meibomian gland 
loss 

-A hot compress improved 
meibomian gland function 
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(continuation) 

Study Sample 
Age  

(mean ± SD) 
years 

Device Results (mean ± SD) Main findings 

Vagge et 
al. (2020) 

21 Graves 
ophthalmopathy 

subjects (21 
eyes) and 24 
healthy (24 

eyes) 

Graves: 
44.2±9.9 
Controls: 
39.8±10.7 

Heidelberg Retina 
Tomograph 3 with 

the Rostock Cornea 
Module 

Acinar unit density 
(U/mm

2
) 

Graves: 24.5±8.1 
Controls: 34.2±7.5 
Total lumen area 

(µm
2
) 

Graves: 
3104.7±1713.3 

Controls: 
1393.8±448.0 
Acinar longest 
diameter (µm) 

Graves: 94.4±21.2 
Controls: 64.3±10.1 

Acinar shortest 
diameter (µm) 

Graves: 46.6±15.3 
Controls: 42.2±12.3 

-Significant differences were found 
between groups for all meibomian 

gland features 
-In vivo confocal microscopy allowed 

to assess distinctive features of 
meibomian glands in subjects with 

Graves ophthalmopathy 

 (Where CL: Contact Lens; IPL: Intense Pulsed Light; IQR: Interquartile Range; SD: 

Standard Deviation). 

1.5 Imaging techniques to assess physical changes on the ocular surface 

1.5.1 Assessment of physical changes through confocal microscopy 

Apart from helping in the assessment of meibomian glands, in vivo confocal 

microscopy can also be a device that allows assessing corneal and conjunctival cell 

changes related to DED (Erie, McLaren and Patel, 2009; Bron et al., 2017). Thus, it has 

been reported that confocal microscopy is a tool that can help in the early DED 

diagnosis and monitoring, and in evaluating the influence of treatments on the ocular 

surface (Kobayashi, Yoshita and Sugiyama, 2005; Villani et al., 2007; Wakamatsu et al., 

2009; Wakamatsu et al., 2010; Villani et al., 2011a; Villani et al., 2011b; Zhang et al., 

2011; McGinnigle, Naroo and Eperjesi, 2012; Villani et al., 2013b; Lin and Yiu, 2014; Liu 

et al., 2017; López-De La Rosa et al., 2017; Cardigos et al., 2018; Labetoulle et al., 2018; 

Lee et al., 2018; Matsumoto and Ibrahim, 2018; Qazi et al., 2018; López-De La Rosa et 



Chapter 1. Introduction 

  

 

188 
 

al., 2019a; Lafiti et al., 2020; Liu et al., 2020; Matsumoto et al., 2020; Wei et al., 2020; 

Aggarwal et al., 2021). 

Authors have found higher inflammatory cell density in DED and MGD subjects. 

Higher inflammatory cell density was negatively correlated with tear film quantity and 

stability; and positively correlated with dry eye symptoms and ocular surface staining 

(Wakamatsu et al., 2009; Wakamatsu et al., 2010; López-De La Rosa et al., 2017; Qazi 

et al., 2018; Liu et al., 2020; Matsumoto et al., 2020; Aggarwal et al., 2021). Aggarwal 

et al. (2021) found a correlation between corneal immune dendritiform cell density 

and severity of DED. It has also been reported that DED and MGD subjects had a loss in 

goblet cells (Agnifili et al., 2018), lower conjunctival epithelial cell densities 

(Wakamatsu et al., 2010; Matsumoto et al., 2020) and lower superficial, intermediate 

and basal epithelial cells in the layers of the cornea (Villani et al., 2007; Villani et al., 

2011b; Zhang et al., 2011; Lee et al., 2018; Matsumoto et al., 2020). Villani et al. 

(2013b) found reduced epithelial cell densities in all tissues except in eyelid margins in 

subjects with Sjögren syndrome, non-Sjögren DED and MGD in comparison with 

controls. Similarly, Dogan, Gurdal and Arslan (2018) found that contact lens subjects 

with discomfort had higher dritiform cells, with indicates intensified inflammation of 

the cornea. Moreover, Zhang et al. (2011) concluded that confocal microscopy can be 

used for non-invasive impression cytology (Wakamatsu et al., 2010). In-vivo confocal 

microscopy imaging is less invasive and as effective as impression cytology; 

nevertheless, it has not been widely used in clinical practice and its predictive ability is 

unknown in DED diagnosis (Kojima et al., 2010; Wolffsohn et al., 2017). 
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Eye surface damage in DED also causes losing corneal nerves and increasing 

tortuosity (Bron et al., 2017; Liu et al., 2017; Cardigos et al., 2018; Matsumoto and 

Ibrahim, 2018; Qazi et al., 2018; Lyu et al., 2019; Lafiti et al., 2020; Liu et al., 2020; Ma 

et al., 2020; Matsumoto et al., 2020; Wei et al., 2020; Dermer et al., 2021; Patel et al., 

2021). Corneal nerves assessment is essential because they play a relevant role in the 

blink reflex, wound healing and tear secretion (Shaheen, Bakir and Jain, 2014; 

Belmonte et al., 2017). Villani et al. (2007) found that corneal thickness in Sjögren 

syndrome patients was higher than in controls, and they had a lower number of 

subbasal nerves, and higher nerve tortuosity. The same author (Villani et al., 2013b) 

found that subjects with Sjögren syndrome, non-Sjögren DED and MGD had fewer sub-

basal nerve plexi fibers and more bead density than controls (p < 0.001). Sub-basal 

dendritic cell density was higher in the Sjögren syndrome and MGD groups (p < 0.01). 

Zhang et al. (2011) also found that the grade of sub-basal nerve tortuosity was 

significantly higher in the moderate to severe dry eye group compared with the control 

group (p < 0.01), but there was no significant difference between mild dry eye and the 

control groups (p > 0.05). 

In summary, confocal microscopy allows clinicians to obtain valuable information 

about physical changes in the ocular surface to diagnose DED, such as cell densities, 

inflammatory cells or sub-basal corneal nerves alteration (Chan et al., 2017). 

1.5.2 Assessment of physical changes through optical coherence tomography 

OCT can also be used as a device to assess ocular surface changes related to DED. 

For instance, OCT has been used to evaluate Lid Parallel Conjunctival Folds (LIPCOF), 

conjunctivochalasis, map 3-dimensional corneal epithelial thickness and to assess the 
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structure of Meibomian glands (Lin and Yiu, 2014; Poh et al., 2017; Thulasi and 

Djalilian, 2017; Bandlitz et al., 2019b; Kheirkhah et al., 2019; Gumus and Pflugfelder, 

2021). Gumus and Pflugfelder (2013) found that conjunctivochalasis may disrupt tear 

distribution along the lower lid. Thus, Fourier domain-OCT was reported to be a useful, 

objective and quantitative technique to assess conjunctivochalasis.  

Regarding the assessment of LIPCOF with OCT, results were correlated with slit-

lamp evaluation. Thus, this technique may allow a more detailed and objective method 

of assessment of this condition in the future and can be useful in DED due to the 

correlation between dry eye and the presence of LIPCOF (McGinnigle, Naroo and 

Eperjesi, 2012). Moreover, Gumus and Pflugfelder (2021) found that ADDE patients 

had lower bulbar conjunctival epithelial thickness than controls and EDE patients, 

especially in the temporal region, but the difference was not statistically significant. 

Subjects with DED and conjunctivochalasis had lower bulbar conjunctival epithelial 

thickness in temporal and inferior regions in comparison with DED subjects without 

conjunctivochalasis.  

Finally, the device has been found to have good repeatability. Sella et al. (2019) 

found that iVue Fourier-domain OCT provided good repeatability and reproducibility in 

the measurement of epithelial thickness in normal and DED subjects. Moreover, Ma et 

al. (2018) also found excellent repeatability and reproducibility for corneal thickness 

and epithelial thickness in DED and healthy subjects. 
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1.5.3 Bulbar redness assessment 

Ocular redness is the principal sign of ocular surface inflammation (Kilduff and 

Luis, 2016), being inflammation crucial for the inclusion of a patient in the DED 

definition (Craig et al., 2017). Conjunctival redness can be assessed using a slit-lamp or 

a pen torch. However, it is quite subjective since it involves image-based grading scales 

(Papas, 2000; Wolffsohn and Purslow, 2003; Wolffsohn, 2004; Peterson and 

Wolffsohn, 2007; Peterson and Wolffsohn, 2009; Schulze, Hutchings and Simpson, 

2011; Amparo et al., 2013; Baudouin et al., 2015; Downie, Keller and Vingrys, 2015; Wu 

et al., 2015; Tauste et al., 2017; Wolffsohn et al., 2017; Albietz and Schmid, 2018; 

Macchi et al., 2018; Sapkota, Franco and Lira, 2018; Sorbara et al., 2018; Beshtawi et 

al., 2019; Mann et al., 2019; Debarun and Wolffsohn, 2021). Due to the fact that these 

scales depends on the examiners’ ability; objective and quantitative image analysis 

methods have been developed to quantify bulbar redness (Papas, 2000; Wolffsohn, 

2004; Peterson and Wolffsohn, 2007; Peterson and Wolffsohn, 2009; Amparo et al., 

2013; Baudouin et al., 2015; Downie, Keller and Vingrys, 2015; Wu et al., 2015; 

Wolffsohn et al., 2017). 

Some corneal topographers such as Oculus Keratograph 5M allow clinicians 

assessing bulbar redness in an objective, automated and non-invasive way (Wu et al., 

2015; Pérez-Bartolomé et al., 2017; Wolffsohn et al., 2017; Pérez-Bartolomé et al., 

2018; Xie et al., 2018; García-Montero et al., 2019a; Lorente-Velázquez et al., 2019; 

Rico-del-Viejo et al., 2019; Wang et al., 2019a; Cheng et al., 2020; Mylla-Bosso et al., 

2020; Talens-Estarelles et al., 2020). They include software that enables the evaluation 

of ocular redness in a continuous score. Thus, clinicians are able to grade redness 
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accurately, instead of choosing between two categories of a grading scale when an 

intermediate score is needed (Pérez-Bartolomé et al., 2018). 

Generally, topography systems use white light illumination and conjunctiva must 

be properly focused (Wu et al., 2015; Pérez-Bartolomé et al., 2017; Pérez-Bartolomé et 

al., 2018). The software automatically detects bulbar conjunctival boundaries and 

excludes the iris and the eyelids from the analysis. Thus, bulbar redness is calculated 

through the ratio between conjunctival vessels (red pixels) and sclera (white pixels) 

(Best, Drury and Wolffsohn, 2012; Downie, Keller and Vingrys, 2015; Wu et al., 2015; 

Pérez-Bartolomé et al., 2017; Pérez-Bartolomé et al., 2018; Xie et al., 2018; García-

Montero et al., 2019a; Lorente-Velázquez et al., 2019; Rico-del-Viejo et al., 2019; 

Cheng et al., 2020; Mylla-Bosso et al., 2020; Talens-Estarelles et al., 2020). Ocular 

redness is classified between bulbar and limbal; and temporal and nasal (Figure 1.8). 

Furthermore, a total measurement of the global bulbar redness is also calculated (Wu 

et al., 2015; Wolffsohn et al., 2017; Pérez-Bartolomé et al., 2018; García-Montero et 

al., 2019a).  

Some authors have found higher ocular redness in DED and MGD subjects 

(Srinivasan et al., 2008; Abelson, Lane and Maffei, 2010; Rodriguez et al., 2013; Rico-

del-Viejo et al., 2019). Nevertheless, the repeatability of these devices in some 

measurements is still unclear (Hong et al., 2013; Best, Drury and Wolffsohn, 2015; Wu 

et al., 2015; Tian et al., 2016; Pérez-Bartolomé et al., 2017; Fernández et al., 2018; 

Pérez-Bartolomé et al., 2018; Vidal-Rohr et al., 2018). Wu et al. (2015) found that the 

bulbar redness score had the highest reproducibility in comparison with other grading 

scales (Institute for Eye Research, Efron and Validated Bulbar Redness). Conversely, 
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Pérez-Bartolomé et al. (2018) found poor agreement between objective and subjective 

techniques. They concluded by saying that Keratograph 5M overestimates the scores 

in comparison with subjective grading scales. Schulze et al. (2021) found that although 

Keratograph 5M and a subjective grading scale were both sensitive to assess changes 

in bulbar redness, statistically significant differences in bulbar redness between DED 

and controls were found only in the subjective grading scale. Authors also argued that 

Keratograph 5M may underestimate bulbar redness (Downie, Keller and Vingrys, 2015; 

Schulze et al., 2021). This might be due to the visible areas that are being assessed. 

Thus, the Keratograph 5M evaluates ocular redness from a front view, which causes a 

less area of analysis in comparison with slit-lamp examination. Finally, in some cases, 

the algorithm was not able to properly assess the conjunctival redness since it includes 

parts of the surrounding skin in the analysis. Further research is needed to clarify this 

lack of agreement between studies. 

The analysis of bulbar redness has also been proven to be useful to assess the 

influence of contact lenses (Tauste et al., 2017; Sapkota, Franco and Lira, 2018; Xie et 

al., 2018; García-Montero et al., 2019a; Lorente-Velázquez et al., 2019; Debarun and 

Wolffsohn, 2021), some medications (Pérez-Bartolomé et al., 2017; Albietz and 

Schmid, 2018; Cheng et al., 2020; Mylla-Bosso et al., 2020), and visual displays (Talens-

Estarelles et al., 2020; Talens-Estarelles et al., 2021a) on the ocular surface 

inflammation. 
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Fig. 1.8. Measurement of the ocular redness using a videokeratograph. 

 

1.6 Impact of contact lenses on the tear film and the ocular surface 

Iatrogenic disease is known as an adverse clinical condition in which a disease is a 

result of a medical treatment. Tear film can be altered by several iatrogenic conditions. 

For instance, contact lens wear has been reported to be associated with DED (Gomes 

et al., 2017; Stapleton et al., 2017). The increasing number of contact lens wearers has 

highlighted the need of studying iatrogenic dry eye (Gomes et al., 2017). 

Contact lens wear impacts the ocular surface homeostasis (Stapleton et al., 2006; 

Stapleton et al., 2017). Approximately, 50 % of contact lens wearers suffer from 

dryness and ocular discomfort, both problems being the major causes of contact lens 

intolerances (Doughty et al., 1997; Young et al., 2002; Dumbleton et al., 2013a; 

Llorens-Quintana et al., 2018). Nevertheless the authors of the TFOS DEWS II 

Iatrogenic Report argued that it is largely reliant upon symptoms because they can be 

confounded by overlap with that of discomfort during contact lens wear and for which 
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the cause is multifactorial (Dumbleton et al., 2013a; Gomes et al., 2017). Dryness, 

discomfort, tearing, itching, hyperaemia and/or blurred vision are common signals and 

symptoms related to dry eye that are reported by contact lens wearers (Montés-Micó 

et al., 2004; Ferrer-Blasco et al., 2009; Ruiz-Pomeda et al., 2018a; Lafosse et al., 2019). 

Contact lens discomfort was defined as “a condition characterized by episodic or 

persistent adverse ocular sensations related to lens wear, either with or without visual 

disturbance, resulting from reduced compatibility between the contact lens and the 

ocular environment, which can lead to decreased wearing time and discontinuation of 

contact lens wear” (Nichols et al., 2013b; Koh, 2020). Dry eye in contact lens wearers 

has been identified as a growing public health issue (Pili et al., 2014; Gomes et al., 

2017). Two definitions of dryness associated to contact lens wear have been proposed: 

CL-induced dry eye and CL-associated dry eye (Pult, Murphy and Purslow, 2009; Gomes 

et al., 2017; Alzahrani et al., 2018). The first one is related to the presence of signs and 

symptoms during contact lens wear, which did not exist before contact lens wear. The 

second one is also related to the presence of signs and symptoms, but they could be 

the consequence of a pre-existing dry eye before contact lens wear (Pult, Murphy and 

Purslow, 2009; Gomes et al., 2017; Alzahrani et al., 2018). 

Several studies have found that signs and symptoms of ocular dryness were more 

prevalent in contact lens wearers (Viso, Rodríguez-Ares and Gude, 2009; Han et al., 

2011; Uchino et al., 2011; Dumbleton et al., 2013a; Uchino et al., 2013; Paulsen et al., 

2014; Vehof et al., 2014; Tan et al., 2015b; Yang et al., 2015; Stapleton et al., 2017; 

Kojima, 2018; Li et al., 2018; McMonnies, 2018; Rico-del-Viejo et al., 2018; Wang and 

Craig, 2019; Willcox, 2019; Kaido et al., 2020; Koh, 2020; Kobia-Acquah et al., 2021a; 
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Kobia-Acquah et al., 2021b). Likewise, the TFOS DEWS II Epidemiology Report 

recognized contact lens wear as a consistent risk factor for DED (Stapleton et al., 

2017). However, other studies did not find an association with DED (Schaumberg et al., 

2003; Galor et al., 2012; Wang et al., 2020). 

In light of the above, tear film assessment is essential in contact lens wearers 

(Dumbleton et al., 2013a; Llorens-Quintana et al., 2018; Mousavi et al., 2018; Lafosse 

et al., 2019) because contact lenses induce biophysical and biochemical changes in the 

tear film (Mann and Tighe, 2013; Gomes et al., 2017; Llorens-Quintana et al., 2018; 

Sorbara et al., 2018; Willcox, 2019; Read et al., 2020). When a contact lens is inserted 

into the eye, tear film destabilizes (Foulks et al., 2013) because the contact lens divides 

the tear film into two layers: pre-lens and post-lens tear film. The pre-lens tear film is 

constituted by a lipid layer and a reduced aqueous layer with approximately 2µm, 

whilst the post-lens tear film consists of an aqueous layer and a mucin layer. The pre-

lens tear film plays a key role in visual quality, comfort, lubrication and hydration of 

the contact lens front surface. It also facilitates palpebral interaction with the contact 

lens surface and provides a smooth optical surface. Thus, the assessment of the pre-

lens tear film will be crucial in contact lens wearers to understand the symptoms 

related to ocular dryness (Fabber et al., 1991; Korb, Greiner and Glonek, 1996; 

Szczesna-Iskander et al., 2012; Tyagi et al., 2012; Dumbleton et al 2013b; Llorens-

Quintana et al., 2018; Guillon et al., 2019b; Itokawa et al., 2020; Marx, Eckstein and 

Sickenberger, 2020). 

The division of the tear film will differ depending on the characteristics of each 

subject, as well as the characteristics of the contact lens such as its design and its 
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material (Dumbleton et al., 2013a). Moreover, when a contact lens is inserted into the 

eye, corneal sensitivity decreases; which might reduce tear secretion through the 

reflex sensory loop (Dumbleton et al., 2013a). 

Insufficient tear distribution, increased friction, tear evaporation, tear instability 

and contact lens dewetting are the main proposed mechanisms that cause dryness 

associated to contact lens wear (Nichols and Sinnott, 2006; Szczesna-Iskander and 

Iskander, 2014; Kojima, 2018; Llorens-Quintana et al., 2018; Vidal-Rohr et al., 2018; 

Kolbe et al., 2019; Koh, 2020). Several studies reported that contact lens wear caused a 

decrease in tear kinetics (Faber et al., 1991; Nichols and King-Smith, 2004; Nichols and 

Sinnott, 2006; Guillon and Maissa, 2008; Szczesna-Iskander et al., 2012; Tyagi et al., 

2012; Guillon et al., 2016; Guillon et al., 2019b; Kaido et al., 2020), tear stability and 

BUT (Santodomingo-Rubido, Wolffsohn and Gilmartin, 2006b; Dogan, Gurdal and 

Arslan, 2018; Itokawa et al., 2018; Llorens-Quintana et al., 2018; Moro et al., 2018; 

Stahl and Jalbert, 2018; Siddireddy et al., 2018b; Vidal-Rohr et al., 2018; Guillon et al., 

2019b; Walther, Subbaraman and Jones, 2019; Yucekul et al., 2019; Gu et al., 2020b; 

Itokawa et al., 2020), lipid layer thickness (Yokoi et al., 2008; Gomes et al., 2017), 

optical quality (Vidal-Rohr et al., 2018; García-Montero et al., 2019c; Kolbe et al., 

2019), less goblet cell densitiy (Colorado et al., 2016), tear meniscus parameters (Chen 

et al., 2011a; Lafosse et al., 2018; Siddireddy et al., 2018a; Gu et al., 2020b), and an 

increase in tear evaporation (Kojima et al., 2011; Gomes et al., 2017), discomfort and 

dry eye symptoms (Dogan, Gurdal and Arslan, 2018; Sapkota, Franco and Lira, 2018; 

Siddireddy et al., 2018a; Siddireddy et al., 2018b; Sorbara et al., 2018; Stahl and 

Jalbert, 2018; Vidal-Rohr et al., 2018; Yucekul et al., 2019; Kaido et al., 2020; Situ et al., 
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2020; Jeon and Park, 2021). It has also been reported to increase tear osmolarity 

(Nichols and Sinott, 2006; Stahl and Jalbert, 2018; López-De La Rosa et al., 2019b) and 

ocular surface staining (Fonn, Peterson and Woods, 2010; Li et al., 2018; Sapkota, 

Franco and Lira, 2018; Siddireddy et al., 2018a; Stahl and Jalbert, 2018; Muntz et al., 

2020); and to alter bulbar redness and ocular surface inflammation (López-De La Rosa 

et al., 2017; McMonnies, 2018; Sapkota, Franco and Lira, 2018; Tauste et al., 2017; 

Dogan, Gurdal and Arslan, 2018; Siddireddy et al., 2018b; Gad et al., 2019; López-De La 

Rosa et al., 2019b; Alghamdi, Markoulli and Papas, 2020; Liu et al., 2020) and 

meibomian gland drop-out, morphology and secretions (Siddireddy et al., 2018a; 

Siddireddy et al., 2018b; Pucker et al., 2019b; Gu et al., 2020a; Gu et al., 2020b; 

Llorens-Quintana, Garaszczuk and Szczesna-Iskander, 2020; Pucker and Tichenor, 2020; 

Uçakhan and Arslanturk-Eren, 2019), especially in high water content contact lenses 

(Nichols and Sinnott, 2006; Szczesna-Iskander, 2014; García-Montero et al., 2019c; 

Lafosse et al., 2019; Lorente-Velázquez et al. 2019). Ocular redness is related to oxygen 

transmissibility of contact lens materials and it is a sign of ocular surface inflammation 

and hypoxia (Papas et al., 1997; Fonn, Peterson and Woods, 2010; García-Montero et 

al., 2019a).  

In contrast to these studies, García-Montero et al. (2019a) did not find significant 

changes in the ocular surface parameters over 15 days of use of a monthly silicone 

hydrogel contact lens. Ruiz-Pomeda et al. (2018a) did not report significant changes in 

osmolarity over 24-months in the dual-focus lens; and García-Montero et al. (2019a) 

neither found differences in tear film stability, TMH and limbal and bulbar redness 

after 15 days of silicone hydrogel contact lens wear. 
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The use of daily disposable contact lenses (Lazón-de la Jara et al., 2013), lenses 

with internal wetting agents (Peterson et al., 2006), and reducing wearing time or 

ceasing contact lens wear (Santodomingo-Rubido, Barrado-Navascués and Rubido-

Crespo, 2010; Tan, Ng and Acharya, 2011) can help to solve discomfort in contact lens 

wearers. Vidal-Rohr et al. (2018) found that enhancing the physical properties of 

contact lenses improved comfort. However, the effect of contact lens properties on 

the tear film is still unclear and further controlled studies are required (Kojima, 2018).  

Hydrogels with lower water content have higher lens hydration (Martín, 1995; 

Vidal-Rohr et al., 2018), providing a better lens comfort (Efron et al., 1986; Young, 

1996; Vidal-Rohr et al., 2018) than other materials with higher water content. Silicone 

increases oxygen permeability; however, it compromises lens wettability (Vidal-Rohr et 

al., 2018). Choosing a silicone hydrogel contact lens can also help to maintain the 

homeostasis of the tear film and the ocular surface (Guillon et al., 2018; García-

Montero et al., 2019a; Guillon et al., 2019a). Conversely, Ruiz-Alcocer et al. (2018) did 

not find significant differences between a hydrogel and two silicone hydrogel contact 

lenses in osmolarity, TMA, central corneal thickness and corneal aberrations. Another 

study compared the performance of silicone hydrogel daily disposable with hydrogel 

daily disposable contact lenses (Diec, Tilia and Thomas, 2018; Koh, 2020). They did not 

find a difference in discomfort between lenses. However, hydrogel lenses caused more 

limbal redness and silicone hydrogel lenses caused more conjunctival staining and 

indentation. Thus, the choice between silicone hydrogel and hydrogel contact lenses is 

controversial and it depends on the individual eye (Koh, 2020). Overall, despite the 

development of new materials and contact lenses with a short replacement, tear film 
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alterations and discomfort in contact lens wearers remains a common reason for 

contact lens wear ceasing (Chalmers, 2014; Chen et al., 2017; McMonnies, 2018). 

1.7 Conclusions 

In light of the above, the diagnosis and management of DED is a challenge because 

of the multifactorial character of the disease and the lack of a gold standard test.  

Moreover, the lack of correlation between signs and symptoms for DED, the lack of 

correlation between techniques, their low repeatability, their invasiveness and their 

relative objectivity challenges the assessment of the tear film and the diagnosis of 

DED. 

The development of new diagnostic methods would allow a better assessment, 

monitoring and control of dry eye patients; and therefore, a better evaluation of 

treatments for this disease. Imaging techniques have a high potential in this field due 

to their non-invasiveness. Thus, they can provide an accurate, repeatable, objective 

and quick measurement of the tear film in a non-invasive way, which allows clinicians 

to assess the tear film in more natural conditions and without disturbing the tear film. 

Although many imaging techniques exist to assess the tear film, this is a field that 

needs further research and which has a high potential to be explored. Therefore, it is 

necessary to develop new non-invasive and objective methods to evaluate the tear 

film and further studies are needed to improve the correlation of these techniques 

with clinical findings in dry eye patients. 
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2. JUSTIFICATION 

2.1 Current situation 

The tear film plays an essential role in the maintenance of the ocular surface 

health and the optical quality of the eye (Montés-Micó et al., 2010a). An altered tear 

film can lead to DED, which is a multifactorial disease that induces discomfort 

symptoms, visual alterations and ocular surface damage (Craig et al., 2017). DED has 

become a public health issue worldwide because of its high impact on the healthcare 

system (Brown, 2009; Mizuno, Yamada and Shigeyasu, 2012; Farrand et al., 2016; 

Stapleton et al., 2017). Moreover, it has also been reported to cause a high economic 

burden (Clegg et al., 2006; Yu, Asche and Fairchild, 2011; Mizuno, Yamada and 

Shigeyasu, 2012; Farrand et al., 2016; McDonald et al., 2016; Stapleton et al., 2017). 

The cost of DED patients also affects global productivity due to the need for treatment 

and office visits (Clegg et al., 2006; Yu, Asche and Fairchild, 2011). For instance, 

Mizuno, Yamada and Shigeyasu (2012) claimed that the annual cost in 2010 for each 

DED patient was USD $323±219 for drugs, USD $165±101 for healthcare, and USD 

$530±384 for punctal plug placement. Furthermore, a recent study found that the 

annual cost for DED treatment was USD $783 per patient, with a total cost of USD 

$3840 milions (Yu, Asche and Fairchild, 2011).  

Apart from the economic cost, DED also has a social impact. Different studies have 

demonstrated that DED subjects have a reduced quality of life (Mertzanis et al., 2005; 

Paulsen et al., 2014) and a higher chance to have stress, anxiety or depression (Labbé 

et al., 2013; Hallak, Tibrewal and Jain, 2015). Moreover, subjects diagnosed with DED 
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find challenging the performance of common tasks such as reading, performing work 

activities, using the computer, driving or watching the television (Alex et al., 2013). 

The prevalence of DED is increasing due to the current lifestyle of the population. 

Thus, factors such as the increasing cases of refractive surgery, the use of contact 

lenses and computers are associated with DED (Stapleton et al., 2017). Likewise, the 

increasing cases of environments with low humidity or with air-conditioned can also be 

behind the increase of DED prevalence because of tears evaporation (Alex et al., 2013; 

Tesón et al., 2013; López-Miguel et al., 2014). 

Nowadays, the diagnosis of DED is based on a combination of signs and symptoms. 

Nevertheless, DED diagnosis is still challenging due to its multifactorial aetiology, the 

lack of a gold standard metric, the low agreement between DED signs and symptoms 

and the lack of an objective and quantitative method with high repeatability and 

sufficient diagnostic capability (Wolffsohn et al., 2017). DED diagnosis is still more 

difficult in the early or mild stages of the disease due to the lack of objective tests with 

good sensitivity and specificity, repeatability, ease of performance, and suitability for 

clinical practice settings (Wolffsohn et al., 2017). In this way, subjective assessments 

depend on the ability of the examiner to detect alterations (Arita et al., 2009b; 

Tomlinson et al., 2011; Pult and Riede-Pult, 2013; Wolffsohn et al., 2017), which may 

lead to a decrease in repeatability and agreement between clinicians (Nichols et al., 

2005). Therefore, new objective metrics are still required to provide new insights into 

tear film assessment (Abdelfattah et al., 2015; Ji et al., 2017; Wolfsohn et al., 2017; 

King-Smith et al., 2018).  
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New non-invasive methods have been developed recently to enhance tear film 

and ocular surface analysis without destabilizing it (Varikooty, Keir and Simpson, 2012; 

Celik et al., 2013; Abdelfattah et al., 2015; Ji et al., 2017; Wolfsohn et al., 2017; King-

Smith et al., 2018; Llorens-Quintana et al., 2018; Lai et al., 2019; Llorens-Quintana, 

Szczesna-Iskander and Iskander, 2019; Llorens-Quintana et al., 2019a; Llorens-

Quintana et al., 2020). In addition, the TFOS DEWS II Diagnostic Methodology report 

recognized the need of developing new non-invasive, objective and as automatic as 

possible metrics to assess the tear film and the ocular surface (Wolffsohn et al., 2017). 

Overall, due to the growing incidence of DED and morbidity, improving the timely 

diagnosis to provide a better diagnosis and treatment of the disease is vital. Thus, the 

development of new metrics that could be used as tear film homeostasis markers is 

essential to improve the assessment of DED. Image processing has been reported to be 

a field with high potential to exploit (Arita et al., 2013; Celik et al., 2013; Koprowski et 

al., 2016; Geerling et al., 2017; Llorens-Quintana et al., 2019a).  

2.2 Hypothesis and objectives 

Due to the influence of DED on the health and the quality of life of subjects, the 

effect of DED on the economy, the abovementioned issues found in the assessment of 

the tear film and the need of developing new methods to assess the tear film non-

invasively and objectively; the present work aims to develop new metrics to assess the 

tear film and the ocular surface in a non-invasive and as objective as possible way. 

The main goals of the study are as follow: 
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1. To study the risk factors for DED, the repeatability of some current metrics for the 

assessment of the ocular surface, and the efficacy of a thermal eyebag application. 

1.1 To study systemic, environmental and lifestyle DED risk factors in a 

Mediterranean Caucasian population. 

1.2 To assess the repeatability of NIKBUT obtained using the Oculus 

Keratograph 5M. 

1.3 To assess the repeatability of bulbar redness obtained using the Oculus 

Keratograph 5M. 

1.4 To assess the effect of MGDRx eyebag application on the ocular surface of 

young and older subjects with dry eye symptoms. 

2. To develop and validate new metrics to assess the tear film and the ocular surface in 

a non-invasive and as objective as possible way. The repeatability and diagnostic 

capability of new metrics will be assessed. 

2.1 To develop and validate new quantitative metrics to assess meibomian 

glands visibility objectively. 

2.2 To develop and assess the performance of an analysis method to measure 

in vivo the spreading speed of tear film particles post-blink. 

2.3 To develop and validate a novel method to objectively assess the lipid layer 

through the analysis of grey intensity values obtained from the Placido disk 

pattern reflected onto the tear film. 
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3. To assess the effect of contact lenses, artificial tears, blinking and computer use on 

the ocular surface and the newly developed metrics. 

3.1 To assess the short-term effect of dual-focus design on pre-lens tear film 

stability, optical quality and visual performance in comparison with a single-

vision contact lens of the same material. 

3.2 To assess the short-term effect of two different dual-focus designs on pre-

lens tear film stability, optical quality and visual performance. 

3.3 To assess dry eye symptoms and meibomian gland alterations in scleral lens 

wearers after one year of lens wear. 

3.4 To assess the light disturbance related to changes in the tear film stability 

parameters. 

3.5 To assess the effect of soft contact lens wear and duration on meibomian 

glands, the tear film and ocular surface parameters. 

3.6 To assess the effect of computer use, contact lenses and artificial tears on 

the newly developed metrics and current ones. 

Contact lens wear and computer use have been identified as potential risk factors 

for DED according to the TFOS DEWS II Epidemiology Report (Stapleton et al., 2017). 

Moreover, the instillation of artificial tears is generally accepted as one of the main 

management strategies for DED (Jones et al., 2017). Therefore, the hypothesis is that 

new metrics are able to detect changes in the tear film and the ocular surface in a non-

invasive and objective way. This might help to validate the metrics and find clinical 
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applications for them such as the assessment of the ocular surface in contact lens 

wearers, computer users or in subjects under artificial tears treatment. 
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3. GENERAL METHODOLOGY 

3.1 General design and ethical considerations of the studies 

To implement this doctoral thesis, a wide range of ocular surface measurements 

have been taken to develop new metrics to assess the tear film and the ocular surface 

and to validate them. The population studied consisted of students or staff from the 

University of Valencia. Participants had no prior history of ocular complications, injury 

or disease in the last three months. To evaluate various ocular surface stages, no 

exclusion based on the state of the meibomian glands or the tear film of subjects was 

made. Thus, inclusion and exclusion criteria were not restrictive and they depended on 

the purpose of each study; therefore, they will be mentioned in each chapter of the 

thesis. The present study followed the tenets of the Declaration of Helsinki and was 

approved by the Ethics Committee of the University of Valencia. Written consent of 

each subject was obtained after the explanation of the purpose and the protocol of the 

study. 

The present work was divided into 3 parts: 1) Development of new metrics to 

assess the tear film and the ocular surface; 2) Validation of the developed metrics; and 

3) Application of the new metrics to subjects fitted with contact lenses. Metrics were 

developed using Matlab© R2018a software (MathWorks, Natick, MA) and the 

procedure will be explained in each chapter of the present work. The protocol was 

prepared considering the cost limits of the project. 

3.2 Measurements and devices 

This section describes the technical information of the devices used for data 
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collection. Measurements were taken in the following research centres: 1) University of 

Valencia, Optometry Research Group (GIO) and 2) University of Minho, Clinical and 

Experimental Optometry Research Laboratory (CEORLab). 

The most appropriate ocular measures to fulfil the definition of DED were chosen, 

based on the literature review and the practical experience. Thus, DED was defined 

according to the TFOS DEWS II Diagnostic Methodology Report criterion (Wolffsohn et 

al., 2017). Despite non-invasive tests preventing the tear film from destabilizing, it is 

important to proceed from the least to the most invasive measurement since some 

alteration of blinking or bright illumination can alter the results (Wolffsohn et al., 2017). 

Evaluation sheets were prepared following this rule. The order in which each 

measurement was taken is specified in each chapter of the present work; however, this 

was the general order used: subjective questionnaires, bulbar redness, TMH, lipid layer 

thickness, NIKBUT, tear film osmolarity, ocular surface staining and non-contact infrared 

meibography. 

Generally, the time of each visit was estimated to be around 45 minutes. Availability 

of the laboratory, national and academic holidays and weekends also were considered. 

Moreover, all measurements were taken by the same experienced researcher and 

laboratory temperature (°C) and humidity (%) were monitored with a thermo-hygrometry 

device (C3121, Comet, Czech Republic). 

3.2.1 Ocular symptoms assessment 

The TFOS DEWS II Diagnostic Methodology Report recommended the use of the OSDI 

and DEQ-5 questionnaires to assess dry eye symptoms and to diagnose DED (Wolffsohn et 

al., 2017). In this study, a combination of both questionnaires was used to assess ocular 
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symptoms. Questionnaires were self-administered by the participants. 

3.2.1.1 OSDI 

OSDI questionnaire is the most commonly used tool for the dry eye symptoms 

assessment (Wolffsohn et al. 2017). Originally it was developed by the Outcomes 

Research Group at Allergan Inc (Irvine, California) (Walt et al., 1997) and is a 12-item 

questionnaire designed to assess the frequency in which symptoms related to dry eye 

appeared and their impact on vision-related tasks. Thus, each frequency is attributed 

with a score: 4) All the time; 3) Most of the time; 2) Half of the time; 1) Some of the 

time; and 0) None of the time. Dry eye symptoms can be quantified by using these 

scores. Moreover, it includes questions regarding the “last week period” to assess the 

impact on the quality of life of dry eye (Stevenson, Tauber and Reis, 2000; Russo, 

Bouchard and Galasso, 2007; Chang et al., 2009; Yüksel et al., 2010). The questionnaire 

was previously validated for the diagnosis of DED (Özcura, Aydin and Helvaci, 2007). 

Questions are separated into three groups: 1) Physical symptoms, which are 5 

questions that include light sensitivity, gritty eyes, pain or sore in eyes, blurred vision 

and poor vision; 2) Daily activities, which are 4 questions that include reading, driving 

at night, working with a computer or bank machine and watching the television; and 3) 

Environmental factors, which are 3 questions that include windy conditions, low 

humidity and areas with air-conditioned. The OSDI ranges from 0 to 100, with higher 

scores representing higher symptoms. The score is calculated as OSDI = [(Sum of all 

scores for each question answered) × 100] / [(total number of questions answered) × 

4]. The total score allows the classification of subjects as normal if they have a score 

between 0 and 12, mild DED if they have a score between 13 and 22, moderate DED if 
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they have a score between 23 and 32, and severe DED if they have a score between 33 

and 100 (Schiffman, 2000; Simpson et al., 2008; Dougherty, Nichols and Nichols, 2011; 

Wolffsohn et al., 2017). OSDI test is attached in Appendix A. 

3.2.1.2 DEQ-5 

DEQ-5 is a 5-item questionnaire to assess dry eye symptoms. It is a shortened 

version of the DEQ developed by Begley et al. (2002). Questions are related to the 

severity and frequency of eye discomfort, dryness and tearing (Chalmers, Begley and 

Caffery, 2010; Wolffsohn et al., 2017). Frequency questions are scored as 0) Never; 1) 

Rarely; 2) Sometimes; 3) Frequently; and 4) Constantly. Moreover, severity questions 

are scored from 0 to 5, where 0 means “Never have it”, 1 “Not all intense” and 5 “Very 

intense”. DEQ-5 scores range from 0 to 22 with higher scores representing higher 

symptoms. The total score is calculated as the sum of the scores of each question. A 

score between 6 and 11 represents mild to moderate ocular symptoms, and values > 

12 means severe ocular symptoms (Chalmers, Begley and Caffery, 2010). DEQ-5 is 

attached in Appendix B. 

3.2.2 Keratograph 5M 

The ocular surface was assessed using the Keratograph 5M (K5 M; Oculus GmbH, 

Wetzlar, Germany), which is a videokeratograph that can be used with white light or 

infrared light (880 nm) and allows the non-invasive measurement of TMH, NIKBUT, 

bulbar redness, lipid layer thickness and the assessment of the meibomian glands 

using the meiboscan. Figure 3.1 shows a picture of the device. 
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Fig. 3.1. The Keratograph 5M. 

3.2.2.1 Tear meniscus height 

A picture of the lower TMH was obtained using infrared light with the Keratograph 

5M. It was measured using digital callipers as the distance between the lower eyelid 

margin and the upper limit of the reflective zone in the centre of the eyelid. The 

measurement was taken immediately post-blink in primary gaze (Figure 3.2) 

(Wolffsohn et al., 2017). 
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Fig. 3.2. Example of the measurement of the lower TMH in primary gaze. 

3.2.2.2 NIKBUT 

NIKBUT was measured according to the manufacturer’s instructions. Infrared light 

was used and subjects were asked to perform two consecutive blinks and focus on the 

light fixation target during the measurement. The video recording of the Placido disk 

pattern started automatically after two blinks. Break-ups were automatically detected 

by the Keratograph 5M and appeared on a polar-type grid representing the corneal 

area (Figure 3.3). NIKBUT was measured three consecutive times. Measurements were 

taken every three minutes to allow the stabilization of the tear film between 

evaluations (Wolffsohn et al., 2017). The software automatically calculated two 

measurements: the first NIKBUT and the average/mean NIKBUT. The first NIKBUT was 
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the moment of the first break-up of the tear film, whilst the average NIKBUT was the 

average time of all break-ups (Wolffsohn et al., 2017). 

 

Fig. 3.3. Example of the measurement of the NIKBUT. 

3.2.2.3 Lipid layer thickness 

The lipid layer was assessed using the Keratograph 5M with a magnification of 

×1.4, which enables the observation of subtle changes in the interference pattern and 

the debris floating over the surface of the tear film. Once the lipid layer was properly 

focused, the interference pattern was recorded using white light (Figure 3.4). Subjects 

were advised to look at the central focusing spot of the device and blink freely. The 

lipid layer pattern was classified into 4 groups using a standardized grading scale 

(Guillon, 1998b; Tomlinson et al., 2011; Wang et al., 2015): 1 = open meshwork (13-15 

nm); 2 = closed meshwork (30-50 nm); 3 = wave (50-80 nm); and 4 = color fringe (90-

140 nm). 
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Fig. 3.4. Example of the visualization of the lipid layer that is used to measure its 

thickness. 

3.2.2.4 Ocular redness 

The R-Scan function of the Keratograph 5M was used to assess the ocular redness. 

White light illumination is used to acquire bulbar redness measurement (Wu et al., 

2015; Pérez-Bartolomé et al., 2017; Pérez-Bartolomé et al., 2018). Conjunctiva must be 

properly focused, and once the grey disc of the device covered the iris, the picture was 

taken. A keratograph image of 1156 X 873 pixels and at 96 dpi was created and 

displayed on a computer screen. Ocular redness was evaluated three consecutive 

times, and an averaged value was calculated. The software automatically detected the 

bulbar and limbal conjunctiva and obtained the ratio between conjunctival vessels (red 
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pixels) and sclera (white pixels) with an accuracy of 0.1 units (Figure 3.5). It calculated 

five different metrics: bulbar redness nasal, bulbar redness temporal, limbal redness 

nasal, limbal redness temporal and total bulbar redness. Total bulbar redness score 

ranged from 0.0 to 4.0 (Wu et al., 2015; Koprowski, Tian and Olczyk, 2017).  

 

Fig. 3.5. Example of the measurement of the ocular redness. On the left, the ocular 

surface is shown. On the right top, the bulbar redness temporal and nasal are 

measured, whilst on the right bottom, the limbal redness temporal and nasal are 

measured. 

3.2.2.5 Ocular surface staining 

Ocular surface staining was evaluated using the Keratograph 5M with fluorescein 

strips for the assessment of the cornea (Figure 3.6 left), and with lissamine strips for 

the assessment of the conjunctiva (Figure 3.6 right) and eyelid margins. TFOS DEWS II 

recommendations were followed in the protocol (Wolffsohn et al., 2017). The Fluo-

Imaging tool of the Keratograph 5M was used to assess the fluorescein staining. The 
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strip was applied onto the outer canthus to avoid ocular surface damage (Mooi et al., 

2017). The recommendations of Peterson, Wolffsohn and Fowler (2006) were followed 

to optimize the visualization of the staining. Thus, a period between 1-3 minutes was 

established between the instillation of the dye and the assessment of the ocular 

surface. Subjects were asked to look at the red central dot of the device. The red target 

was focused and a picture of the central ocular surface was obtained. To assess the 

conjunctival staining, subjects were asked to look up and down, and then look left and 

right. Moreover, the lid wiper was recorded using the Imaging tool of the Keratograph 

5M after eyelid eversion. After pictures from the ocular surface were obtained, the 

number of corneal and conjunctival spots was recorded (Wolffsohn et al., 2017). 

Positive lid wiper epitheliopathy was defined as a lid margin staining ≥ 2 mm in length 

and/or ≥ 25 % of sagittal width (excluding Marx’s line) (Wolffsohn et al., 2017). 

 

Fig. 3.6. Example of the images that are used for the assessment of the corneal staining 

with fluorescein strips (left) and the assessment of conjunctival staining with lissamine 

strips (right). 
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3.2.2.6 Meibography 

Meibomian gland morphology was captured by non-contact infrared meibography 

using the Meibo-Scan tool (Meibography Single Image) of the Keratograph 5M after 

eyelid eversion. Default settings were used with a magnification of x0.5. Images were 

stored automatically for further processing. Meiboscore was graded according to the 

scale of Arita et al. (2009b) and Arita, Fukuoka and Morishige (2017c): 0 = No gland 

loss; 1 = loss < 1/3 of the total gland area; 2 = loss between 1/3 and 2/3; 3 = loss > 2/3. 

Moreover, gland drop-out percentage was calculated by using the Polygon selection 

tool of the Image J tool (Wayne Rasband, National Institutes of Health, Bethesda, MD) 

as the ratio between the eyelid area and gland loss area (Figure 3.7) (Pult, Riede-Pult 

and Nichols, 2012).  

 

Fig. 3.7. Example of the assessment of meibomian gland drop-out using the Image J 

tool. Left: Selection of the entire eyelid area; Right: Selection of the gland drop-out 

area. 
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3.2.3 TearLab osmolarity system 

Tear film osmometry was performed in both eyes using the TearLab Osmolarity 

device (TearLab Corporation, San Diego, CA, USA) from 50 nL tear samples collected 

from the lower tear meniscus (Figure 3.8). The device calculates the osmolarity 

through electrical impedance in the inferior-lateral tear meniscus. An electronic check 

card is used every morning to ensure the accuracy of the measurements. The device 

and the test cards were stored in the laboratory in which the measurements were 

conducted, to ensure them being at the same temperature as the environment, and 

the same pen was used in all subjects. Once the osmolarity was measured in each eye, 

the interocular difference in osmolarity was calculated (Wolffsohn et al., 2017). 

 

Fig. 3.8. TearLab osmolarity system. 
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3.2.4 IRX3 

Ocular aberrations were measured with a high-density Hartmann-Shack 

Aberrometer (irx3TM, Imagine Eyes, Orsay, France) for pupil diameters of 3 mm and 5 

mm. RMS of lower-order aberrations, higher-order aberrations up to 9th order and 

total aberrations were analyzed and expressed as Zernike polynomials (Figure 3.9). 

 

Fig. 3.9. IRX3. 

3.2.5 Medmont E 300 

Medmont E 300 6.1 version (Medmont Pty., Ltd, Melbourne, Australia) was used to 

measure the TFSQ and corneal aberrations. Figure 3.10 shows a picture of the device. 
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Fig. 3.10. Medmont E 300. 

3.2.5.1 Tear Film Surface Quality 

TFSQ is a previously validated algorithm, which is directly related to tear film 

stability (Alonso-Caneiro, Iskander and Collins, 2009). It was evaluated using Medmont 

E 300. As NIKBUT, TFSQ is based on the analysis of the structure of the reflected 

Placido disk pattern onto the tear film. Subjects were instructed to focus on the centre 

of the innermost ring, blink twice and then suppress blinking. Measurements were 

carried out three consecutive times and mean and median were calculated for each 

metric. The software automatically calculates TFSQ at 300 radial points using the 
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approach of the block-feature reported by Alonso-Caneiro, Iskander and Collins (2009). 

Local TFSQ at a given point is assessed by analysing the standard deviations of the 

radial distances to the next innermost ring for n=8 point on either side of the analysis 

point. TFSQ values range from 0 to 1, and a local value ≥ 0.30 corresponds to a 

destabilized tear film. Thus, higher TFSQ scores represent a less regular tear film 

(Alonso-Caneiro, Iskander and Collins, 2009; Downie, 2015). Moreover, TFSQ area is 

the percentage of the tear film area with a TFSQ value higher than 0.30, while auto 

Tear Break-Up Time is the time in seconds in which the TFSQ area is at least 5.0 % in 

two consecutive images (Alonso-Caneiro, Iskander and Collins, 2009; Downie, 2015). 

Figure 3.11 shows an example of measurement. 

 

Fig. 3.11. Example of the measurement of TFSQ, TFSQ area and TBUT using the 

Medmont E 300. 
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3.2.5.2 Corneal aberrations 

Corneal aberrations were assessed using Medmont E 300. The device assessed the 

structure of the reflected Placido disk pattern onto the cornea. Thus, corneal 

aberrations were calculated until the 4th order and expressed as Zernike polynomials. 

RMS of higher-order aberrations, spherical aberration, vertical coma and horizontal 

coma were analyzed. Figure 3.12 shows an example of measurement. 

 

Fig. 3.12. Example of the measurement of corneal aberrations using the Medmont E 

300. 
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3.2.6 Cobra Fundus Camera 

Apart from the use of the Keratograph 5M to obtain meibographies, Cobra fundus 

camera (CSO, Scandicci, Firenze, Italy) was also used to perform non-contact infrared 

meibography in the upper eyelid (Figure 3.13). Gland drop-out percentage was also 

calculated by using the Image J tool as the ratio between the eyelid area and gland loss 

area, as previously described (Pult, Riede-Pult and Nichols, 2012). 

 

Fig. 3.13. Cobra fundus camera. 

3.2.7 Light Disturbance Analyzer 

Light Disturbance Analyzer (LDA, CEORLab, Portugal) was used to evaluate the 
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light disturbance monocularly. LDA is a prototype device to assess the size and shape 

of the light disturbance surrounding a central bright light source. It consists of a central 

5 mm white Light-Emitting Diode (LED) surrounded by 240 small, white LEDs of 1 mm 

divided into 24 semimeridians with an angular separation of 15 degrees and covering 

an area of 10 degrees at a 2 meters examination distance. A detailed description of the 

system, light sources and acquisition procedure has been previously reported (Linhares 

et al., 2013). In the present work, semimeridians with an angular separation of 30 

degrees were assessed to reduce the time of examination. LDA measured 3 times each 

meridian and the final value was the mean of the three measurements. Whether the 

SD along each meridian was above 20%, the device automatically repeated the 

measurement to ensure consistency.  

Software calculated different metrics related to the size and regularity of the light 

disturbance. Disturbance area was the sum of the areas of semimeridians assessed, in 

mm2. Light Disturbance Index (LDI) was the ratio of the area of points missed by the 

subject and the total area explored, expressed as a percentage (%). Best-Fit Circle 

(BFC) radius was the circle that best fits the disturbance area, expressed in millimetres. 

The deviation of the obtained polygonal shape from the BFC was called BFC 

irregularity. The SD of BFC irregularity measured the asymmetry of the actual limits of 

the disturbance from the perfect circular shape of the BFC and indicated the light 

disturbance irregularity. Further details on these parameters can be found in previous 

reports (Ferreira-Neves et al., 2015; Fernandes et al., 2018). Figure 3.14 shows a 

picture of the device and Figure 3.15 a picture of the results obtained with the LDA. 
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Fig. 3.14. Light disturbance analyzer. 

 

Fig. 3.15. Results obtained with the LDA. 

3.2.8 Over-refraction, visual acuity and stereopsis 

An open field binocular autorefractor (Grand Seiko Autorefractometer WAM-

5500, Grand Seiko Co., Ltd., Hiroshima, Japan) was used to objectively assess the over-
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refraction while subjects were wearing contact lenses. It was subjectively adjusted 

with spheres, using the end-point criterion of maximum plus for the best visual acuity 

(Ferreira-Neves et al., 2015). Distance best-corrected photopic visual acuity was 

assessed using the Logarithmic Visual Acuity Chart “2000” (Precision Vision, USA). 

Moreover, the Randot Stereo Test (Stereo Optical Company Inc, Chicago, IL) was used 

to measure stereopsis at 40 cm. 

3.2.9 Contrast sensitivity 

Best-corrected photopic and mesopic contrast sensitivity were measured using 

Vision Contrast Test System VCTS 6500 (Vistech Consultants, Dayton, OH) at 3 meters. 

Luminance was manually adjusted by the examiner using a dim light. 

3.2.10 Quality of Vision questionnaire 

Quality of Vision (QoV) questionnaire (McAlinden, Pesudovs and Moore, 2010; 

Fernandes et al., 2018) was used to assess the subjective quality of vision of subjects 

while wearing contact lenses. The questionnaire consists of 10 questions about visual 

symptoms such as glare, haloes, starburst, hazy vision, blurred vision, distortion, 

double or multiple images, fluctuation in vision, focusing difficulties and difficulty in 

depth perception. Moreover, seven questions had a photographic image to help in 

defining the visual symptom. The questionnaire was Rasch-scaled (0-100 scale) based 

on the frequency, severity and bothersomeness of symptoms. Higher scores indicate 

the worse quality of vision (McAlinden, Pesudovs and Moore, 2010; Fernandes et al., 

2018). QoV questionnaire is attached in Appendix C. 
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3.3 Application of the developed metrics to contact lens wearers 

The methodological procedure as well as the contact lens type and fitting will be 

explained in each chapter of the present work. In all of them, contact lens fit included 

contact lens centration, corneal coverage, blink movement and push-up test with slit-

lamp. 

3.4 Statistical analysis 

The data analysis was performed using Excel (version 2016, Microsoft Corporation, 

Redmond, WA, USA) and SPSS statistical software (version 26.0, IBM Corp., Armonk, NY, 

USA). In this section, the main statistical procedures are explained in a general way. The 

specific methods used to analyse the data will be exposed in each chapter according to the 

variable assessed.  

3.4.1 Sample size 

The sample size was not calculated a priori due to the large number of parameters 

assessed and the need to take first the measurements to be analysed using the 

developed software to obtain the new metrics developed. Therefore, a post-hoc 

statistical power calculation was carried out using the G*Power 3.1 software. More 

details about the statistical power calculation can be found in each chapter. 

3.4.2 Descriptive statistics 

Results were shown as the mean ± SD, as the median and interquartile range, as 

confidence intervals or as the number and percentage of participants, depending on 

the parameter assessed in each study. 
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3.4.3 Assessment of sample distribution 

Normality distribution for each group was assessed via the Kolmogorov-Smirnov 

test or the Shapiro-Wilk test, depending on the number of subjects in each sample. 

The Shapiro-Wilk test was used when the sample was up to 50 subjects and the 

Kolmogorov-Smirnov test when the sample size was larger than 50 subjects. A p-value 

of less than 0.05 was considered statistically significant. Q-Q plots were also run in the 

normality analysis, showing the plots near the diagonal when the sample is normally 

distributed. 

3.4.4 Differences between two groups 

To assess differences between two independent groups the t-test for independent 

groups or Mann-Whitney U test was used, depending on the data distribution. T-test 

was used when groups followed a normal distribution. Moreover, the homogeneity of 

the variances was checked by means of Levene’s test. When variables did not follow a 

normal distribution or were ordinal, the Mann-Whitney U test was used. 

To assess differences between two related groups the paired t-test or Wilcoxon 

signed-rank test was used, depending on sample distribution. T-test was used when 

groups followed a normal distribution. When variables did not follow a normal 

distribution or were ordinal, the Wilcoxon signed-rank test was used. 

The Chi-Square test was used to assess the association of two categorical variables 

(ordinal or nominal). In this case, a contingency table was created to obtain the 

frequency in which the variables were associated. A p-value of less than 0.05 was 

considered statistically significant. 
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3.4.5 Correlation between variables 

The correlation between variables was assessed using the correlation coefficient 

of Pearson and the Rho Spearman coefficient. Bivariates correlations were obtained 

and a p-value of less than 0.05 was defined as statistically significant. When variables 

were normally distributed the coefficient of Pearson was used, otherwise the Rho 

Spearman coefficient was the non-parametric option. The Rho Spearman coefficient 

was also used for ordinal variables. 

3.4.6 Repeated ANOVA  

Repeated ANOVA was used to analyse the differences among repeated 

measurements taken over time. It was used in continuous variables normally 

distributed. Moreover, Mauchly’s sphericity test was used when there were more than 

two levels in the within-subjects factor to evaluate the equality of the variances 

between combinations of related groups. The presence of outliers was also checked. If 

the analysis revealed non-sphericity, the Greenhouse-Geisser correction was used. A p-

value of less than 0.05 was defined as statistically significant. 

3.4.7 Mixed ANOVA 

Mixed ANOVA analyses the differences between independent groups with 

repeated measurements. Therefore, there are two factors: the between-subjects and 

the within-subjects factor. It was applied for continuous variables with a normal 

distribution. The normality distribution of the sample and the presence of outliers 

were checked. The homoscedasticity and sphericity assumptions were also checked by 

Levene’s and Mauchly’s tests, respectively. The Greenhouse-Geisser correction was 
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applied in the case of non-sphericity. A p-value less than 0.05 was defined as 

statistically significant. 

3.4.8 Non-parametric comparison between 3 or more groups 

Friedman test was used to assess the differences between three or more related 

groups when variables did not follow a normal distribution. Moreover, the Kruskal-

Wallis test was used to compare three or more independent groups when variables did 

not follow a normal distribution. Bonferroni was used to evaluate the post-hoc 

differences between paired moments and p-values were shown according to the 

Bonferroni correction. A p-value less than 0.05 was defined as statistically significant. 

3.4.9 Repeatability 

The repeatability of measurements was assessed by calculating the within-subject 

standard deviation (Sw), coefficient of variation (CoV) and the repeatability coefficient 

(CoR). The Sw was defined as the square root of the mean within-subject variance 

(Cerviño et al., 2015; McAlinden, Pesudovs and Moore, 2015; Martínez-Albert et al., 

2018). The CoR was calculated as 1.96   x Sw in accordance with the British Standard 

Institution (Bland and Altman, 2010). CoV was calculated as the ratio between Sw and 

the average value (Martínez-Albert, Esteve-Taboada and Montés-Micó, 2018). 

Moreover, a Passing-Bablok graphical analysis, applied using Matlab R2018a 

(Passing and Bablok regression by Andrea Padoan, Jan 16, 2010) (Passing and Bablok, 

1983), was also performed to compare the maximum and minimum values of the three 

measurements. Continuous distribution and linear relationship between both data sets 

were checked previous to the Passing-Bablok application. The cumulative sum linearity 
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test (cusum test) was used to confirm the random distribution of residuals above and 

below the regression line. Thus, Passing Bablok plots contain the regression line shown 

as y = ax + b, the identity line as y = x and the 95 % confidence intervals for the 

intercept and the slope of the regression line. 

3.4.10 Linear regressions 

Multiple linear regressions were performed to construct models that can predict a 

continuous variable. Variables should be statistically correlated between them. The 

option of stepwise regression was chosen and p < 0.05 was taken as the criterion for 

statistical significance. The following assumptions were checked: the linear 

relationship between the independent and dependent variables, normal distribution of 

residuals, homoscedasticity of residuals and predicted values and absence of 

multicollinearity between independent variables. 

Furthermore, binomial logistic regression was performed to construct models that 

can predict a nominal variable. Univariate logistic regression was performed initially to 

identify the predictors for DED or MGD. Predictors with a p-value less than 0.15 were 

incorporated into the multivariate logistic regression analysis (Wang et al., 2020; Wang 

et al., 2021). Collinearity assumption was checked among variables. A p-value of less 

than 0.05 was considered statistically significant. 

3.4.11 Diagnostic capability of metrics 

Receiver Operating Characteristics (ROC) curves were calculated for different 

metrics to assess its diagnostic capability. Different parameters were obtained for each 

ROC curve: Sensitivity, specificity, area under the ROC curve, the cut-off value that 



Chapter 3.General methodology 

  
 

236 
 

optimizes the diagnosis, Youden index and discriminant power (Sokolova, Japkowicz 

and Szpakowicz, 2006). The area under the curve was obtained using trapezoidal 

numerical integration. This parameter ranged from 0 to 1, with values near 1 denoting 

a powerful diagnostic metric (Sokolova, Japkowicz and Szpakowicz, 2006; Llorens-

Quintana, Szczesna-Iskander and Iskander, 2019). The cut-off value was calculated as 

the point in the curve where the distance between the curve and diagonal reference 

line was maximum. Furthermore, the Youden index was obtained as follows: sensitivity 

+ specificity - 1. Values near 1 denoted good metric performance. Finally, the 

discriminant power was calculated as: 
  

 
 (log ( 

           

              
) + log ( 

           

             
 )). 

Discriminant power higher than 3 showed good discrimination, values between 2 and 3 

fair discrimination, values between 1 and 2 limited discrimination, and values lower 

than 1 poor discrimination (Sokolova, Japkowicz and Szpakowicz, 2006; Llorens-

Quintana, Szczesna-Iskander and Iskander, 2019).  

Moreover, the level of agreement between objective and subjective classification 

scales was analysed by calculating the accuracy, Kappa index, weighted Kappa index 

with quadratic weights and F-measure for each metric as in previous studies (Cohen, 

1968; Landis and Koch, 1977; Rosenfield and Fitzpatrick-Lins, 1986; Viera and Garrett, 

2005). The three indexes denote a high level of agreement between tests when the 

values are near 1. Accuracy was calculated as: (true positives + true negative) / (true 

positives + true negatives + false positives + false negatives). Kappa index was obtained 

as follows: (Pr(α) – Pr(e)) / (1 – Pr(e)). Where Pr(α) is the agreement between scales 

and Pr(e) the hypothetic probability of a random agreement (Cohen, 1968; Landis and 

Koch, 1977; Rosenfield and Fitzpatrick-Lins, 1986; Viera and Garrett, 2005). The 
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weighted kappa was calculated using a predefined table of weights which measures 

the degree of disagreement between the two raters, the higher the disagreement the 

higher the weight. Finally, F-measure was calculated as: (2 x precision x recall) / 

(precision + recall); where precision was (true positives) / (true positives + false 

positives), and recall (true positives) / (true positives + false negatives). 
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4. SYSTEMIC, ENVIRONMENTAL AND LIFESTYLE RISK FACTORS FOR DRY EYE DISEASE 

IN A MEDITERRANEAN CAUCASIAN POPULATION 

As explained in the Chapter 1 Introduction and Chapter 2 Justification, the 

diagnosis of DED is challenging due to the multifactorial aetiology of DED together with 

the lack of a gold standard metric, the low agreement between DED signs and 

symptoms and the lack of an objective and quantitative method with high repeatability 

and sufficient diagnostic capability (Wolffsohn et al., 2017). Therefore, systemic, 

environmental and lifestyle risk factors for DED will be studied in this chapter; due to 

the influence of the multifactorial aetiology of DED in its diagnosis. 

4.1 Introduction 

As explained in Chapter 1 Introduction, the prevalence of DED is increasing 

substantially worldwide influenced by demographic, systemic and environmental 

factors (Yang et al., 2015; Stapleton et al., 2017). Moreover, the multifactorial and 

heterogeneous aetiology of the disease indicated the tear film and the ocular surface 

integrity are highly influenced by a wide range of risk factors (Stapleton et al., 2017). 

The TFOS DEWS II Epidemiology Report listed several risk factors for DED 

(Stapleton et al., 2017). This meta-analysis showed that the prevalence of DED 

increases with age, female sex and Asian ethnicity. Nevertheless, very few of the 

studies included in the analysis incorporated young people. Also, the report 

highlighted that some of the listed risk factors are still inconclusive and there is not yet 

clear evidence that most of them induce DED (Stapleton et al., 2017). Moreover, 
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studies have significant differences in the methodology and in the procedure followed 

to diagnose DED, which makes their direct comparison and the building of global 

conclusions particularly challenging (Stapleton et al., 2017; Wolffsohn et al., 2017; 

Wang et al., 2020; Wang et al., 2021). In the report, the authors argued that there is 

still a considerable lack of information about risk factors for DED and that the 

implementation of studies to assess such factors in different geographic regions is 

required (Stapleton et al., 2017). 

To the authors’ knowledge, there are only two studies (Wang et al., 2020; Wang et 

al., 2021) that have evaluated DED risk factors following the TFOS DEWS II guidelines 

for the diagnosis and identification of potential risk factors for DED, both performed on 

a cohort in New Zealand. Authors found that age, ethnicity, migraine, systemic 

rheumatologic disease, thyroid disease, use of antidepressant medication, oral 

contraceptive therapy, increased digital screen exposure time and reduced caffeine 

consumption were independently associated with DED (Wang et al., 2020; Wang et al., 

2021). Authors (Wang et al., 2020; Wang et al., 2021) also acknowledged the need to 

analyse non-significant potential risk factors that were not very prevalent in their 

population. Furthermore, these studies did not consider interactions between 

demographic, systemic and lifestyle risk factors, since systematic risk factors were 

assessed separately from lifestyle factors (Wang et al., 2020; Wang et al., 2021). 

This study is the first to examine DED in a Mediterranean Caucasian population 

using the standardised TFOS DEWS II criteria and analyzes systemic, environmental and 
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lifestyle DED risk factors (Stapleton et al., 2017; Wolffsohn et al., 2017). In addition, 

new lifestyle and environmental risk factors have been included in the analysis. 

4.2 Methodology 

One hundred and twenty Caucasian volunteers ranging in age from 18 to 89 years 

(47.0 ± 22.8 years) participated in this cross-sectional study. In order to evaluate 

different health and tear film status, no exclusion based on health or tear film 

parameters was made. Contact lens users were instructed not to wear their contact 

lenses for the 48 hours prior to examination (Wang et al., 2020; Wang et al., 2021). 

Participants with ocular surgery within the previous three months were excluded. Only 

volunteers who lived in the region were enrolled to minimize environmental 

differences (Wang et al., 2020; Wang et al., 2021). Only the right eye of each 

participant was assessed to avoid data bias (except for tear osmolarity, which was 

measured from each eye as recommended). The study was carried out in accordance 

with the tenets of the Declaration of Helsinki and was approved by the Ethics 

Committee of the University of Valencia. Written consent from each participant was 

obtained after a verbal explanation of the protocol, nature and possible consequences 

of the study. Recruitment was carried out by advertisement within University 

dissemination channels, campus personnel and students, as well as in local public 

entities in nearby towns. 
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Measurements 

Ocular surface was assessed using the Oculus Keratograph 5M (K5 M; Oculus 

GmbH, Wetzlar, Germany) and the TearLab Osmolarity device (TearLab Corporation, 

San Diego, CA, USA). Measurements were taken by the same experienced examiner 

within a single visit. Data was acquired following the guidelines of the TFOS DEWS II 

Diagnostic Methodology Report, to avoid the destabilization of the tear film, in the 

following order (Wolffsohn et al., 2017): Medical history, information regarding 

environmental conditions and lifestyle, OSDI, DEQ-5, NIKBUT, tear film osmolarity and 

ocular surface staining. The temperature and humidity of the room were maintained at 

24.1 ± 1.6 °C and 44.9 ± 5.0 %, respectively. Measurements were performed between 

November 2018 and January 2019, minimizing seasonal variations. 

Participants were asked about their lifestyle, medical history, use of oral or topical 

medications, history of ophthalmic surgery and environmental conditions. The risk 

factors included in the present study were those reported by the TFOS DEWS II 

Epidemiology Report (Stapleton et al., 2017; Wang et al., 2020; Wang et al., 2021). 

Participants with rheumatoid arthritis, gout, osteoarthritis, fibromyalgia and 

osteoporosis were included under the classification of systemic rheumatologic disease, 

while bradycardia and heart failure were included under the classification of heart 

disease. Participants graded the quality of their diet as good (excellent or good quality) 

or poor (poor or fair quality). They were instructed to consider a good diet quality if 

they believe as having a balanced intake of protein, carbohydrates, fruits and 
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vegetables; whilst a poor diet quality is an unbalanced diet, associated with the intake 

of ultra-processed food, ready-to-eat products and sugars. 

Table 4.1 shows the risk factors evaluated in the present study. No participant 

reported a history of Sjögren syndrome, rosacea, acne vulgaris, psoriasis, lupus 

erythematosus, hepatitis C, steroids deficiency, chronic kidney disease or 

hematopoietic stem cell transplantation. Moreover, all participants used soft contact 

lenses daily; therefore, this variable was not included in the analysis since a binary 

logistic regression was not able to be performed. 

The first NIKBUT, tear film osmometry in both eyes and ocular surface staining 

were assessed as explained in Chapter 3 General Methodology. The interocular 

difference in osmolarity was calculated (Wolffsohn et al., 2017; Wang et al., 2020). 

The sample was classified following the indications of the TFOS DEWS II Diagnostic 

Methodology Report for the diagnosis of DED (Wolffsohn et al., 2017). Participants 

were classified into the DED group if they had dry eye symptoms (OSDI ≥ 13 or DEQ-5 ≥ 

6) and at least one altered homeostasis marker (NIKBUT < 10 seconds; osmolarity ≥ 

308 mOsm/L; interocular osmolarity difference > 8 mOsm/L; corneal fluorescein 

staining > 5 spots; conjunctival lissamine green staining > 9 spots; or lid margin staining 

≥ 2 mm length and  ≥ 25% width). 
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Table 4.1. Risk factors evaluated in the present study. 

Characteristic 

Age 

Female sex 

Lifestyle 

Hours of sleep per day 

Smoking 

Number of cigarettes smoked per day 

More than 5 cigarettes smoked per day 

Contact lens wear 

Hours per week of contact lens wear 

More than 56 hours per week of contact lens wear 

Computer use 

Daily hours of computer use 

More than 4 hours of daily computer use 

Exercise 

Not walking (sedentary lifestyle) 

Hours walking per day 

Not practising exercise 

Hours practising exercise per week 

Medical conditions 

Menopause 

Allergic rhinitis 

Asthma 

Hypertension 

Ovarian dysfunction 

Anxiety 

Systemic rheumatologic disease 

Diabetes 

Hypercholesterolemia 

Glaucoma 

Migraine headaches 

Depression 

Heart disease 

Thyroid disease 

Schizophrenia 

Eczema 

Stress 
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Characteristic (continuation) 

Medications 

Antihistamines 

Antihypertensives 

Stomach protector 

Oral contraceptive therapy 

Anticoagulants 

Anxiolytics 

Blood glucose regulators 

Topical anti-glaucoma medication 

Antidepressants 

Hypercholesterolemia medication 

Anti-inflammatories 

Medication for thyroids 

Antipsychotics 

Daily medication 

Ocular surgery 

Ocular Surgery 
Retinal surgery 

Refractive surgery 

Pterygium surgery 

Glaucoma surgery 

Cataract surgery 

Diet 

Poor diet quality 

Non-omnivorous diet 

Non-oily fish diet 

Percentage of unprocessed food in diet 

Percentage of ultra-processed food in diet 

Drinking alcohol 

Units of alcohol per week 

More than 4 units of alcohol per week 

Not drinking caffeine 

Units of caffeine per day 

Litres of water per day 

Less than 2 litres of water per day 

Environment 

Working 

Hours working per day 

Working ≥ than 8 hours per day 

Urban life 

Air conditioning 

Hours of exposure to air conditioning per day 

≥ 8 hours of exposure to air conditioning per day 

Central heating 

Hours of exposure to central heating per day 

≥ 8 hours of exposure to central heating per day 



Chapter 4. Systemic, environmental and lifestyle risk factors for dry eye disease in a 

Mediterranean Caucasian population 

  

 

248 
 

Statistical analysis 

Statistical analysis was carried out using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results are presented as the mean ± SD, as the median and 

interquartile range or as the number and percentage of participants, depending on the 

parameter.  

Normality distribution for each group was assessed via the Kolmogorov-Smirnov 

test or the Shapiro-Wilk test. Significant differences in age between healthy and DED 

groups were assessed using the Mann-Whitney U test, while sex differences between 

groups were evaluated using the Chi-square analysis. 

Univariate logistic regression was performed initially to identify the predictors of 

DED. Predictors with a p-value less than 0.15 were incorporated into the multivariate 

logistic regression analysis (Wang et al., 2020; Wang et al., 2021). Collinearity 

assumption was checked among variables. A p-value of less than 0.05 was considered 

statistically significant. 

The statistical power of the sample was calculated post-hoc using the G*Power 3.1 

software (Faul et al., 2007). A statistical power of 0.8 was achieved for logistic 

regression analysis with the sample size of 120 participants and a significance level of 

0.05. 

4.3 Results 

One hundred and twenty right eyes from 120 participants were measured: 60 

females (50 %) and 60 males (50 %). The mean ± SD age of the participants was 47.0 ± 
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22.8 years, ranging from 18 to 89 years. The comparison between the cohort of the 

sample and the Spanish population is shown in Figure 4.1.  

 

Fig. 4.1. Tornado plots representing the sample cohort (left) and the Spanish 

population (right). 

No participant was previously diagnosed with DED. From the total sample, 44 

participants (36.7 %) were classified into the healthy group (43.2 ± 21.2 years) and 76 

(63.3 %) into the DED group (49.2 ± 23.5 years) according to the criterion described in 

the TFOS DEWS II Diagnostic Methodology Report. Given that the cohort does not fully 

represent the Spanish population (Figure 4.1), a corrected prevalence was calculated 

by multiplying the DED rate found for each age group by the age proportion in each 

group. Results show a corrected prevalence of DED using the TFOS DEWS II criteria for 

the Mediterranean Caucasian population of 57.7 % with a confidence interval of 33.3-

80.9 %. 
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There were no statistically significant age differences between groups (Mann-

Whitney U = 1886.5, p = 0.243). Sixty participants were females (50 %) and sixty males 

(50 %). Twenty-five per cent of females were classified into the healthy group and 75 % 

into the DED group, while 48 % of males were classified into the healthy group and 52 

% into the DED group. The DED group had statistically higher number of females (X2 = 

7.033, p = 0.008). Table 4.2 shows the demographic, clinical characteristics, and 

environmental and lifestyle factors of participants, while Table 4.3 shows the ocular 

surface parameters of the participants. 

 

Table 4.2. Demographic, clinical, environmental and lifestyle characteristics of 

participants. 

Characteristic Results 

Age (mean ± SD) 47.0 ± 22.8 years 

Female sex (number of participants, percentage of participants) 60, 50 % 

Lifestyle 

Hours of sleep per day (mean ± SD) 7.1 ± 1.2  

Smoking (number of participants, percentage of participants) 31, 26 % 

Number of cigarettes smoked per day (mean ± SD) 2.6 ± 6.2  

More than 5 cigarettes smoked per day (number of participants, percentage of 

participants) 
19, 16 % 

Contact lens wear (number of participants, percentage of participants) 37, 31 % 

Hours per week of contact lens wear (mean ± SD) 15.6 ± 29.3  

More than 56 hours per week of contact lens wear (number of participants, 

percentage of participants) 
16, 13 % 

Computer use (number of participants, percentage of participants) 71, 59 % 

Daily hours of computer use (mean ± SD) 2.9 ± 3.1  

More than 4 hours of daily computer use (number of participants, percentage of 

participants) 
37, 31 % 

Exercise 

Not walk (sedentary lifestyle) (number of participants, percentage of 

participants) 
29, 24 % 

Hours walking per day (mean ± SD) 1.1 ± 1.1 hours 

Not practise exercise (number of participants, percentage of participants) 77, 64 % 

Hours practising exercise per week (mean ± SD) 2.2 ± 4.7 hours 
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(continuation) 

Characteristic Results 

Medical conditions 

Menopause (number of participants, percentage of participants) 21, 18 % 

Allergic rhinitis (number of participants, percentage of participants) 19, 16 % 

Asthma (number of participants, percentage of participants) 7, 6 % 

Hypertension (number of participants, percentage of participants) 21, 18 % 

Ovarian dysfunction (number of participants, percentage of participants) 5, 4 % 

Anxiety (number of participants, percentage of participants) 18, 15 % 

Systemic rheumatologic disease (number of participants, percentage of 

participants) 
16, 13 % 

Diabetes (number of participants, percentage of participants) 12, 10 % 

Hypercholesterolemia (number of participants, percentage of participants) 11, 9 % 

Glaucoma (number of participants, percentage of participants) 6, 5 % 

Migraine headaches (number of participants, percentage of participants) 8, 7 % 

Depression (number of participants, percentage of participants) 8, 7 % 

Heart disease (number of participants, percentage of participants) 2, 2 % 

Thyroid disease (number of participants, percentage of participants) 5, 4 % 

Schizophrenia (number of participants, percentage of participants) 2, 2 % 

Eczema (number of participants, percentage of participants) 4, 3 % 

Stress (number of participants, percentage of participants) 10, 8 % 

Medications 

Antihistamines (number of participants, percentage of participants) 9, 8 % 

Antihypertensives (number of participants, percentage of participants) 20, 17 % 

Stomach protector (number of participants, percentage of participants) 4, 3 % 

Oral contraceptive therapy (number of participants, percentage of participants) 7, 6 % 

Anticoagulants (number of participants, percentage of participants) 7, 6 % 

Anxiolytics (number of participants, percentage of participants) 21, 18 % 

Blood glucose regulators (number of participants, percentage of participants) 9, 8 % 

Topical anti-glaucoma medication (number of participants, percentage of 

participants) 
6, 5 % 

Antidepressants (number of participants, percentage of participants) 4, 3 % 

Hypercholesterolemia medication (number of participants, percentage of 

participants) 
7, 6 % 

Anti-inflammatories (number of participants, percentage of participants) 3, 3 % 

Medication for thyroids (number of participants, percentage of participants) 3, 3 % 

Antipsychotics (number of participants, percentage of participants) 2, 2 % 

Daily medication (number of participants, percentage of participants) 58, 48 % 

Ocular surgery 

Ocular surgery (number of participants, percentage of participants) 25, 21 % 

Retinal surgery (number of participants, percentage of participants) 2, 2 % 

Refractive surgery (number of participants, percentage of participants) 5, 4 % 

Pterygium surgery (number of participants, percentage of participants) 1, 1 % 

Glaucoma surgery (number of participants, percentage of participants) 2, 2 % 

Cataract surgery (number of participants, percentage of participants) 16, 13 % 
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(continuation) 

Characteristic Results 

Diet 

Poor diet quality (number of participants, percentage of participants) 19, 16 % 

Non-omnivorous diet (number of participants, percentage of participants) 11, 9 % 

Non-oily fish diet (number of participants, percentage of participants) 79, 66 % 

Percentage of unprocessed food in diet (mean ± SD) 65 ± 20 % 

Percentage of ultra-processed food in diet (mean ± SD) 8 ±11 % 

Drinking alcohol (number of participants, percentage of participants) 83, 67 % 

Units of alcohol per week (mean ± SD) 3.2 ± 5.0 units 

More than 4 units of alcohol per week (number of participants, percentage of 

participants) 
30, 25 % 

Not drinking caffeine (number of participants, percentage of participants) 28, 23 % 

Units of caffeine per day (mean ± SD) 1.5 ± 1.5 units 

Litres of water per day (mean ± SD) 1.7 ± 0.8 liters 

Less than 2 litres of water per day (number of participants, percentage of 

participants) 
73, 61 % 

Environment 

Working (number of participants, percentage of participants) 57, 48 % 

Hours working per day (mean ± SD) 3.7 ± 4.1 hours 

Working ≥ than 8 hours per day (number of participants, percentage of 

participants) 
42, 35 % 

Urban life (number of participants, percentage of participants) 49, 41 % 

Air conditioning (number of participants, percentage of participants) 90, 75 % 

Hours of exposure to air conditioning per day (mean ± SD) 4.2 ± 4.1 hours 

≥ 8 hours of exposure to air conditioning per day (number of participants, 

percentage of participants) 
31, 26 % 

Central heating (number of participants, percentage of participants) 91, 76 % 

Hours of exposure to central heating per day (mean ± SD, years) 4.7 ± 4.7 hours 

≥ 8 hours of exposure to central heating per day (number of participants, 

percentage of participants) 
34, 28 % 

 (Where SD: Standard Deviation) 
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Table 4.3. Ocular surface parameters of participants. 

Characteristic Total  Healthy group DED group 

OSDI score (median, IQR) 16.7, 6.3-30.3 4.2, 0-8.3 22.6, 13.9-42.7 

DEQ-5 score (median, IQR) 7, 4-12 3, 1-5 10, 7-14 

NIKBUT (median, IQR) 
6.69, 4.40-10.66 

seconds 

8.54, 4.92-

15.29 seconds 

7.76, 4.21-8.36 

seconds 

Osmolarity (median, IQR) 
318.0, 310.5-

329.50 mOsmol/L 

315.5, 307.75-

328.50 

mOsmol/L 

320.0,  

312.0-331.0 

mOsmol/L 

Difference in osmolarity between eyes 

(median, IQR) 

10, 4.5-19 

mOsmol/L 
9, 4.5-11.5 13, 4-22 

Corneal staining > 5 spots (number of 

participants) 
12 2 10 

Corneal staining > 9 spots (number of 

participants) 
16 3 13 

Lid margin staining ≥ 2 mm of length and ≥ 25 

% of width (number of participants) 
31 5 26 

(Where IQR: Interquartile range, DED: Dry Eye Disease, DEQ: Dry Eye Questionnaire, 

mOsmol/L: Milliosmoles per liter, NIKBUT: Non-Invasive Keratograph Break-Up Time 

and OSDI: Ocular Surface Disease Index) 

Table 4.4 shows the univariate logistic regression and multivariate-adjusted 

logistic regression analysis, along with the odds ratios of DED for each factor. Given 

that the cohort does not fully represent the Spanish population, corrected odds ratios 

were calculated for each risk factor by multiplying the risk factor rate found for each 

age group by the age proportion in each group. The ratio between the corrected 

prevalence of that risk factor and the corrected odds ratio was obtained and multiplied 

for the odds ratio to obtain the corrected odds ratio. This procedure was repeated for 

each risk factor. In continuous variables, the median value was used to classify 

participants. 
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Univariate logistic regression identified the following as potential risk factors for 

DED (p < 0.15): Sex, sleep hours per day, menopause, anxiety, systemic rheumatologic 

disease, use of anxiolytics, daily medication, ocular surgery, poor diet quality, 

percentage of ultra-processed food in diet, caffeine intake and hours of exposure to air 

conditioning per day. The interaction between DED and risk factors was statistically 

significant for sex, sleep hours per day, menopause, anxiety, systemic rheumatologic 

disease, use of anxiolytics and caffeine intake (p < 0.05 for all). The multivariate logistic 

regression revealed that sleep hours per day, menopause and use of anxiolytics were 

independently associated with DED (p ≤ 0.026 for all). 

Table 4.4. Univariate and multivariate logistic regressions and odds ratios of dry eye 

disease for demographic and clinical characteristics. 

Characteristic 

Univariate logistic regression Multivariate logistic regression 

Odds 

ratio/Corrected 

odds ratio 

Lower 

CI/Corrected 

Upper 

CI/Corrected 
p-value 

Odds 

ratio/Corrected 

odds ratio 

Lower 

CI/Corrected  

Upper 

CI/Corrected 
p-value 

Age 1.012/1.522 0.995/1.516 1.029/1.568 0.164 - - - - 

Age (per 10 

years) 
1.125/1.714 0.945/1.440 1.338/2.039 0.185 - - - - 

Female sex 2.806/1.603 1.295/0.740 6.081/3.473 0.009* - - - - 

Lifestyle 

Hours of sleep 

per day 
0.654/0.792 0.469/0.568 0.911/1.103 0.012* 0.588/0.712 0.388/0.470 0.891/1.079 0.012* 

Smoking 1.298/2.200 0.546/0.926 3.086/5.231 0.555 - - - - 

Number of 

cigarettes 

smoked per day 

1.030/1.746 0.961/1.629 1.104/1.872 0.406 - - - - 

More than 5 

cigarettes 

smoked per day 

1.307/1.861 0.458/0.652 3.726/5.304 0.617 - - - - 

Contact lens 

wear 
0.788/0.770 0.355/0.348 1.747/1.712 0.557 - - - - 

Hours per week 

of contact lens 

wear 

1.001/0.981 0.988/0.968 1.015/0.995 0.825 - - - - 
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Characteristic 

Univariate logistic regression (continuation) Multivariate logistic regression (continuation) 

Odds 

ratio/Corrected 

odds ratio 

Lower 

CI/Corrected 

Upper 

CI/Corrected 
p-value 

Odds 

ratio/Corrected 

odds ratio 

Lower 

CI/Corrected  

Upper 

CI/Corrected 
p-value 

Lifestyle 

More than 56 

hours per 

week of 

contact lens 

wear 

0.897/0.879 0.301/0.295 2.676/2.622 0.846 - - - - 

Computer use 0.745/0.874 0.347/0.418 1.598/1.927 0.449 - - - - 

Daily hours of 

computer use 
0.961/1.159 0.852/1.027 1.084/1.307 0.522 - - - - 

More than 4 

hours of daily 

computer use 

0.567/0.766 0.257/0.347 1.254/1.694 0.161 - - - - 

Exercise 

Not walk 

(sedentary 

lifestyle) 

0.636/0.713 0.272/0.305 1.489/1.670 0.297 - - - - 

Hours walking 

per day 
1.081/1.146 0.771/0.817 1.514/1.605 0.652 - - - - 

Not practise 

exercise 
1.412/1.734 0.655/0.804 3.045/3.740 0.378 - - - - 

Hours 

practising 

exercise per 

week 

0.827/0.929 0.580/0.651 1.179/1.324 0.293 - - - - 

Medical conditions 

Menopause 7.000/3.458 1.546/0.794 31.705/15.662 0.012* 8.759/4.327 1.571/0.776 48.835/2.124 0.013* 

Allergic rhinitis 1.307/2.186 0.458/0.766 3.726/6.232 0.617 - - - - 

Asthma 1.479/1.039 0.275/0.193 7.964/5.593 0.649 - - - - 

Hypertension 2.080/1.502 0.705/0.509 6.138/4.432 0.185 - - - - 

Ovarian 

dysfunction 

1001139339/ 

624410605.7 
0.000 - 0.999 - - - - 

Anxiety 12.390/14.313 1.587/1.833 96.698/111.706 0.016* - - - - 

Systemic 

rheumatologic 

disease 

4.742/2.817 1.024/0.608 21.954/13.041 0.047* - - - - 

Diabetes 0.791/0.908 0.235/0.270 2.661/3.054 0.705 - - - - 

Hypercholester

olemia 
1.608/1.765 0.404/0.444 6.406/1.033 0.501 - - - - 

Glaucoma 3.028/1.329 0.342/0.150 26.793/11.755 0.319 - - - - 

Migraine 

headaches 
4.362/3.358 0.519/0.340 36.694/28.251 0.175 - - - - 

Depression 4.362/1.882 0.519/0.224 36.694/15.833 0.175 - - - - 

Heart disease 0.573/1.672 0.035/0.102 9.400/27.424 0.697 - - - - 

Thyroid 

disease 
0.863/0.346 0.139/0.056 5.375/2.153 0.875 - - - - 

Schizophrenia 0.573/0.378 0.035/0.023 9.400/6.204 0.697 - - - - 

Eczema 0.566/1.373 0.057/0.138 5.612/13.610 0.627 - - - - 

Stress 2.471/4.308 0.501/0.874 12.194/21.261 0.267 - - - - 
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Characteristic 

Univariate logistic regression (continuation) Multivariate logistic regression (continuation) 

Odds ratio/ 

Corrected 

odds ratio 

Lower CI/Corrected 
Upper 

CI/Corrected 
p-value 

Odds 

ratio/Corrected 

odds ratio 

Lower 

CI/Corrected  

Upper 

CI/Corrected 
p-value 

Medications 

Antihistamines 1.171/2.784 0.278/0.661 4.937/11.736 0.829 - - - - 

Antihypertensi-

ves 
1.918/1.404 0.646/0.473 5.699/4.171 0.241 - - - - 

Stomach 

protector 
1.767/1.150 0.178/0.116 17.526/11.404 0.627 - - - - 

Oral 

contraceptive 

therapy 

3.686/2.027 0.429/0.236 31.666/17.410 0.235 - - - - 

Anticoagulants 0.759/1.275 0.162/0.272 3.560/5.979 0.727 - - - - 

Anxiolytics 
15.357/ 

7.901 
1.982/1.020 118.972/61.211 0.009* 11.072/5.697 1.338/0.688 91.611/47.134 0.026* 

Blood glucose 

regulators 
2.130/2.806 0.423/0.557 10.740/14.150 0.359 - - - - 

Topical anti-

glaucoma 

medication 

3.028/1.607 0.342/0.182 26.793/14.222 0.319 - - - - 

Antidepressants 1.767/1.149 0.178/0.116 17.526/11.397 0.627 - - - - 

Hypercholesterol

emia medication 
3.686/4.791 0.429/0.558 31.666/41.163 0.235 - - - - 

Anti-

inflammatories 
0.280/0.169 0.025/0.015 3.180/1.921 0.305 - - - - 

Medication for 

thyroids 
0.280/0.117 0.025/0.010 3.180/1.328 0.305 - - - - 

Antipsychotics 0.573/0.378 0.035/0.023 9.400/6.204 0.697 - - - - 

Daily medication 1.861/2.037 0.873/0.956 3.963/4.338 0.108 - - - - 

Ocular surgery 

Ocular Surgery 2.111/1.941 0.772/0.710 5.770/5.304 0.145 - - - - 

Retinal surgery 

960552609.3

/ 

2802316182 

0.000 - 0.999 - - - - 

Refractive 

surgery 
2.389/2.070 0.259/0.224 22.075/19.128 0.443 - - - - 

Pterygium 

surgery 
0.000 0.000 - 1.000 - - - - 

Glaucoma 

surgery 

960552609.3

/ 

421442457.3 

0.000 - 0.999 - - - - 

Cataract surgery 1.875/1.524 0.566/0.460 6.216/5.054 0.304 - - - - 

Diet 

Poor diet quality 3.644/3.430 0.998/0.939 13.312/12.532 0.050 3.853/3.627 0.978/0.921 15.168/14.279 0.054 

Non-omnivorous 

diet 
1.608/1.338 0.404/0.336 6.406/5.329 0.501 - - - - 

Non-oily fish diet 1.166/1.558 0.535/0.715 2.539/3.393 0.700 - - - - 
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Characteristic 

Univariate logistic regression (continuation) Multivariate logistic regression (continuation) 

Odds 

ratio/Correc

ted odds 

ratio 

Lower CI/Corrected 
Upper 

CI/Corrected 
p-value 

Odds 

ratio/Corrected 

odds ratio 

Lower 

CI/Corrected  

Upper 

CI/Corrected 
p-value 

Diet 

Percentage of 

unprocessed 

food in diet 

0.985/0.615 0.966/0.603 1.006/0.628 0.154 - - - - 

Percentage of 

ultra-processed 

food in diet 

1.046/1.590 0.994/1.511 1.102/1.675 0.084 - - - - 

Drinking alcohol 1.055/1.328 0.481/0.605 2.315/2.914 0.893 - - - - 

Units of alcohol 

per week 
1.026/1.210 0.948/1.118 1.111/1.310 0.529 - - - - 

More than 4 

units of alcohol 

per week 

1.214/1.432 0.508/0.599 2.900/3.420 0.662 - - - - 

Not drinking 

caffeine 
3.385/1.703 1.182/0.595 9.690/4.876 0.023* - - - - 

Units of caffeine 

per day 
0.892/0.449 0.695/0.350 1.145/0.576 0.369 - - - - 

Litres of water 

per day 
0.985/1.116 0.921/1.043 1.053/1.193 0.663 - - - - 

Less than 2 litres 
of water per day 

1.122/1.271 0.526/0.596 2.396/2.714 0.766 - - - - 

Environment 

Working 0.739/0.653 0.351/0.310 1.556/1.375 0.426 - - - - 

Hours working 

per day 
0.968/0.855 0.885/0.782 1.059/0.936 0.483 - - - - 

Working ≥ than 8 

hours per day 
0.910/0.800 0.419/0.3685 1.977/1.739 0.812 - - - - 

Urban life 1.565/1.562 0.725/0.723 3.380/3.373 0.254 - - - - 

Air conditioning 1.455/1.682 0.626/0.724 3.381/3.908 0.383 - - - - 

Hours of 

exposure to air 

conditioning per 

day 

1.085/1.094 0.981/0.989 1.201/1.211 0.112 - - - - 

≥ 8 hours of 

exposure to air 

conditioning per 

day 

1.584/1.597 0.654/0.659 3.837/3.867 0.308 - - - - 

Central heating 1.074/1.189 0.453/0.502 2.547/2.820 0.871 - - - - 

Hours of 

exposure to 

central heating 

per day 

0.973/1.077 0.900/0.996 1.051/1.164 0.483 - - - - 

≥ 8 hours of 

exposure to 

central heating 

per day 

1.302/1.667 0.562/0.720 3.015/3.861 0.538 - - - - 
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 (Where CI: 95 % Confidence Interval. *: Statistically significant values. Bold: Variables 

included in the multivariate analysis (p < 0.15)) 

4.4 Discussion 

The TFOS DEWS II Epidemiology Report determined that ageing, feminine sex, 

Asian ethnicity, computer use, contact lens wear, inadequate environment, and use of 

antihistamines, antidepressants and anxiolytics were DED risk factors with consistent 

evidence (Stapleton et al., 2017). Nevertheless, these outcomes cannot be directly 

compared with the ones reported in the present study, as the TFOS DEWS II Report 

was constructed on the basis of previous cross-sectional investigations in which the 

disease diagnosis criterion and methodology differed considerably between studies.  

Consequently, the results of the present research can only be directly compared 

with the recent studies carried out by Wang et al. (2020) and Wang et al. (2021) on a 

New Zealand population. The present study adds the analysis of the interaction 

between systemic, environmental and lifestyle DED risk factors. The results of this 

study showed that DED was independently associated with the use of anxiolytics, 

menopause and sleep hours per day. 

Age and sex 

The association of DED with sex and ageing has been widely reported in previous 

studies. Several studies found an increase in DED prevalence with age (Schaumberg et 

al., 2003; Moss, Klein and Klein, 2008; Galor et al., 2012; Uchino et al., 2013; Ahn et al., 

2014; Paulsen et al., 2014; Roh et al., 2016; Farrand et al., 2017; Millán et al., 2018; 
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Rico-del-Viejo et al., 2018; Shehadeh-Mashor et al., 2019; Lin et al., 2020; Wang et al., 

2020; Wang et al., 2021), while some did not find a significant association (Tongg et al., 

2009; Han et al., 2011; Tan et al., 2015b; Asiedu et al., 2017). Moreover, some reports 

indentified that feminine sex was related to DED (Schaumberg et al., 2003; Uchino et 

al., 2008; Galor et al., 2012; Uchina et al., 2013; Ahn et al., 2014; Paulsen et al., 2014; 

Tan et al., 2015b; Roh et al., 2016; Farrand et al., 2017; Rico-del-Viejo et al., 2018; 

Shehadeh-Mashor et al., 2019; Lin et al., 2020), while others did not find a relationship 

(Tongg et al., 2009; Onwubiko et al., 2014; Tan et al., 2015b; Wang et al., 2020). 

In this study, no independent association was found between DED and age or sex. 

Even though chi-square analysis showed that the DED group had a statistically higher 

number of females and that the univariate analysis identified that females were 1.6 

times more likely to suffer from DED (p = 0.009), feminine sex was not found as 

statistically associated with DED in the multivariate analysis, which is in agreement 

with a previous study (Asiedu et al., 2017). Also in consonance with the outcomes of 

this study, no independent association between sex and DED was found by Wang et al. 

(2020). Nevertheless, contrary to the Mediterranean Caucasian cohort results reported 

here, the authors did find an independent association between DED and age in their 

New Zealand cohort (Wang et al., 2020; Wang et al., 2021). 

Medical conditions and medications 

Wang et al. (2020) also reported an independent association with migraine 

headaches, systemic rheumatologic disease, thyroid disease and antidepressant 

medication. In the present work, participants who suffered from systemic 
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rheumatologic disease had 2.8 times more risk to suffer from DED in the univariate 

regression (p = 0.047), but it was not statistically significant in the multivariate analysis. 

Other studies (Paulsen et al., 2014; Na et al., 2015; Van der Vaart et al., 2015; Roh et 

al., 2016) have also confirmed the relationship between DED and systemic 

rheumatologic disease since this condition causes an increased concentration of 

inflammatory cytokines within the tear fluid and conjunctival epithelium, which causes 

an inflammatory infiltration and structural damage in the lacrimal glands (Solomon et 

al., 2001; Roh et al., 2016; Bron et al., 2017; Stapleton et al., 2017). 

Additionally, while there is inconclusive evidence as to whether menopause is a 

risk factor for DED (Stapleton et al., 2017), the present study found an independent 

association with DED. This could be because ovaries produce very low levels of 

estrogens and progesterone during menopause. It is thought that estrogens are 

responsible for the regulation of the synthesis of lipids in the meibomian glands, and 

both estrogens and progesterone modulate the inflammatory response. Researchers 

have also reported that the decrease in androgens during menopause is also 

associated with DED (Sullivan et al., 2017; Vehof, Hysi and Hammond, 2017; Dang et 

al., 2020; García-Alfaro et al., 2020). Contrary to the outcomes of the present study, 

Wang et al. (2020) found that menopause was only statistically significant in the 

univariate analysis, but was not statistically significant when its interaction with other 

variables was analysed. 

Several studies have found an association between DED and psychological 

conditions such as anxiety, depression and stress (Schaumberg et al., 2003; Karaiskos 
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et al., 2008; Moss, Klein and Klein, 2008; Galor et al., 2012; Malet et al., 2013; Ahn et 

al., 2014; Na et al., 2015; Van der Vaart et al., 2015). However, there is no evidence 

whether these diseases are a cause or a consequence of DED. The TFOS DEWS II 

Epidemiology Report acknowledged the need for clarifying the role of anxiolytics and 

antidepressants in DED (Galor et al., 2012; Malet et al., 2013; Stapleton et al., 2017). 

Different authors (Moss, Klein and Klein, 2008; Galor et al., 2012; Malet et al., 2013; 

Paulsen et al., 2014 ; Ferrero et al., 2018 ; Millán et al., 2018) found that anxiolytic 

medication was a risk factor for the development of dry eye. In support of this, the 

present study confirmed that anxiolytic medication was independently associated with 

DED. More precisely, participants who used anxiolytic medication were 5.7 times more 

likely to suffer from DED. Anxiety was identified as a potential predictor of DED (p = 

0.016) in the univariate analysis, but was not independently associated with DED in the 

multivariate analysis. Therefore, the association between DED and anxiety could result 

as a consequence of the relationship between DED and anxiolytics. Besides, the use of 

daily medication was identified as a potential risk factor in the univariate analysis, but 

was not independently associated with DED in the multivariate analysis. Finally, no 

relationship was found with any other medical conditions. 

Lifestyle, exercise and environmental conditions 

Environmental factors such as air pollution, wind, low humidity, use of central 

heating or air conditioning have been suggested to impact the integrity of the ocular 

surface (Gupta et al., 2008; Novaes et al., 2010; Asiedu et al., 2017; Stapleton et al., 

2017; Azzam et al., 2020). In the present study, air conditioning was identified as a 
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potential risk factor for DED, but it did not show a statistically significant relationship 

with DED in the multivariate analysis. No other variable related to the environment 

showed a statistically significant association with DED. In contrast to the outcomes of 

this study, Roh et al. (2016) found that DED was more prevalent in those residing in 

urban areas and with indoor occupations. Practising regular exercise showed no 

association with DED either, in agreement with previous studies (Moss, Klein and Klein, 

2008; Na et al., 2015; Karaiskos et al., 2008; Wang et al., 2021); although Sano et al. 

(2018) found that physical exercise decreased dry eye symptoms in healthy office 

workers, which might suggest that exercise has an optimal impact on ocular surface 

health. 

Regarding sleep hours per day, Murube (2008) hypothesized that rapid eye 

movement during sleep serves to increase tear secretion and to humidify and lubricate 

the ocular surface. The present study confirms that participants sleeping less hours are 

more likely to suffer from DED. Specifically, each additional sleeping hour reduced the 

probability of suffering DED by 0.8 times. Conversely, Wang et al. (2021) and Na et al. 

(2015) did not find any association between DED and hours of sleep. 

It has been also reported that DED is more prevalent in contact lens wearers 

(Uchino et al., 2008; Uchino et al., 2011; Paulsen et al., 2014; Tan et al., 2015b; Yang et 

al., 2015; Stapleton et al.,2017; Wang and Craig, 2019); nevertheless, the present study 

did not reveal an association, in agreement with other generally more recent studies 

(Uchino et al., 2013; Shehadeh-Mashor et al., 2019; Wang et al., 2020). Wang et al. 

(2020) and Wang et al. (2021), who used the same diagnostic criterion as the present 
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study, did not find an independent association between contact lens wear and DED 

either, perhaps due to advances in contact lens materials and greater use of daily 

disposables (Morgan et al., 2021). Furthermore, some studies have shown that DED is 

more prevalent in workers using visual displays as a consequence of a reduced blink 

frequency and an increase in incomplete blinking during visual display visualization, 

which have both shown to increase tear evaporation (Uchino et al., 2008; Uchino et al., 

2011; Uchino et al., 2013; Yang et al., 2015). Wang et al. (2021) found that increased 

hours of digital screen exposure per day was independently associated with DED. 

Nevertheless, in agreement with other reports (Asiedu et al., 2017; Ferrero et al., 

2018; Millán et al., 2018), the present study did not reveal an association between DED 

and digital display use. 

It has also been suggested that cigarette smoking is a risk factor for DED 

(Matsumoto et al., 2008; Lee, Petznick and Tong, 2012; Na et al., 2015; Stapleton et al., 

2017; Makrynioti et al., 2020). Some studies state that not only is smoking a risk factor 

by itself, but environmental exposure to smoke can develop dry eye symptoms 

(Matsumoto et al., 2008; Makrynioti et al., 2020). Nevertheless, other authors did not 

find a significant association with DED and the TFOS DEWS II Epidemiology Report 

concluded that it is inconclusive whether smoking is a risk factor for DED (Moss, Klein 

and Klein, 2008; Uchino et al., 2008; Uchino et al., 2011; Uchino et al., 2013; Ahn et al., 

2014; Tan et al., 2015b; Stapleton et al., 2017; Ferrero et al., 2018; Millán et al., 2018). 

In this regard, in agreement with the study of Wang et al. (2021), the results of this 

study did not reveal an association between DED and smoking. 
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Diet 

Diet quality has also been reported as possibly associated with DED. Conditions 

such as vitamin A or D deficiency, eating disorders or a vegan diet might be related to 

DED (Yang et al., 2015; Stapleton et al., 2017; Liu, Dong and Wang, 2020; Machowicz et 

al., 2020). In the present study, poor diet quality approached the statistical significance 

cut-off in the multivariate analysis (p = 0.050). The percentage of ultra-processed food 

was included in the multivariate analysis since it was found to be a potential predictor 

of DED in the univariate analysis (p = 0.084). However, it did not reveal an independent 

association with DED. Essential fatty acids play a relevant role in the tear film and 

ocular surface healthiness since they enhance the tear film lipid layer and reduce the 

expression of some inflammatory markers (Bhargava et al., 2015; Yang et al., 2015; 

Wolffsohn et al., 2017). However, this role is still not fully understood (Stapleton et al., 

2017). The present study did not find an association between DED and non-oily fish or 

non-omnivorous diet. 

Regarding alcohol consumption, the TFOS DEWS II Epidemiology Report 

considered the evidence as inconclusive as to whether it was a risk factor for DED 

(Moss, Klein and Klein, 2008; Stapleton et al., 2017). In agreement with the study of 

Wang et al. (2021), the present study did not find an association between alcohol 

consumption and DED.  

Some studies (Ahn et al., 2014 ; Stapleton et al., 2017 ; Millán et al., 2018) have 

reported that drinking caffeine increases tear production; in the present study this 

factor did not reveal an independent association with DED, although the univariate 
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analysis showed that participants who did not drink caffeine had 1.7 times more 

probability to suffer from DED (p = 0.023). In the study of Wang et al. (2021) reduced 

caffeine intake per day was identified as a risk factor for DED. 

Ocular surgery 

Ocular surgery, such as refractive or cataract surgery, have been identified as 

potential risk factors for DED (Ahn et al., 2014; Stapleton et al., 2017; Ferrero et al., 

2018; Shehadeh-Mashor et al., 2019; Wang and Craig, 2019; Garg et al., 2020; Lin et 

al., 2020; Sambhi et al., 2020). Ocular surgery was included in the multivariate analysis 

since it was found to be a potential predictor of DED in the univariate analysis (p = 

0.145), but it did not reveal an independent association with DED. 

The present study has some limitations that must be taken into account. First, dry 

eye classification subtypes (aqueous deficient and evaporative) were not considered in 

the analysis. Thus, both types of DED were analysed altogether. Medical history, 

environmental and lifestyle factors were self-reported by participants, which might 

have induced recall bias, although this can be considered as an inherent limitation of 

any cross-sectional study. 

The magnitude of the prevalence of DED was higher than in previous studies of 

similar nature. Thus, the presented prevalence was corrected for the general 

population and was still notably higher than that reported in New Zealand using the 

same diagnostic criteria (Wang et al., 2020; Wang et al., 2021). The new DED 

diagnostic criterion, described in the TFOS DEWS II, is less restrictive and has been 
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reported to increase the prevalence of the disease (Wang et al., 2020). Heat and 

humidity of the region could also have increased the prevalence in a Mediterranean 

Caucasian population. Previous research (Tesón et al., 2015) found that dry eye was 

more prevalent in Spain than in another country with different levels of environmental 

humidity. Moreover, a recent study (Darbà and Ascanio, 2020) informed that the 

number of patients with DED has increased steadily throughout the years in Spain, 

which might be partially caused by modern-day workplace in Spanish society. In 

addition, the high prevalence found in the present study might be in agreement with 

the high incidence of clinical tests, sale of dry eye products and the number of dry eye 

specialist visits reported in Spain (Clegg et al., 2006; Viso, Rodríguez-Ares and Gude, 

2009; Viso, Gude and Rodríguez-Ares, 2011; McDonald et al., 2016; Millán et al., 2018). 

Although all these points might explain the high prevalence of DED in the results, the 

recruitment process through an open advertisement could also have induced a higher 

prevalence of DED than expected in the general population. Some of these limitations 

are also acknowledged to exist in previous studies with similar designs (Stapleton et 

al., 2017; Wang et al., 2020; Wang et al., 2021). 

Moreover, although participants were assessed in a single visit and in the same 

laboratory under controlled environmental conditions, seasonal variations may have 

induced some variability in the results. Nevertheless, such variations can be considered 

minimal since measurements were performed between November 2018 and January 

2019. As in a previous study (Wang et al., 2020), the wide confidence intervals found, 

might have decreased the study power, and the high number of variables included 

might have induced false-positive results. Nonetheless, this issue was partially 
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minimized by the fact that not all these variables were analysed together: although 76 

variables were assessed as risk factors in the univariate analysis, only 12 of them were 

finally analysed together and included in the multivariate logistic regression. 

In addition, the cohort of the present study is not completely representative of the 

Spanish population since there is a gap in the ’50s and ’60s. To amend this issue, a 

corrected prevalence for the Spanish population and a corrected risk factor odds ratio 

were calculated. Likewise, the chances of finding a significant value are low in the 

factors that are not common in the cohort. Therefore, factors that have a low 

percentage of people in the sample cannot be excluded as risk factor for DED. Finally, 

the main limitation of this work was the number of participants recruited, which could 

explain the lack of association with factors such as age or sex, although the sample 

analysis showed that such sample size was able to provide a good level of statistical 

power. In any case, the results of the present study allow a hypothesis to be built for 

testing in future studies. 

Overall, the present study found that DED following the diagnostic guidelines of 

the TFOS DEWS II Diagnostic Methodology Report had a prevalence of 57.7 % in a 

Mediterranean Caucasian population. DED is independently associated with anxiolytic 

medication, less sleep hours per day and menopause. This work identifies the key risk 

factors of DED to be used in the screening of the condition. Clinicians should 

acknowledge the importance of triaging questions, systemic comorbidities and risk 

factors when managing a patient with dry eye symptoms. Moreover, the present study 

identifies potentially modifiable risk factors, in addition to conventional treatments for 
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DED. Finally, clinicians should be aware that not only ocular surface assessment, but 

also systemic and environmental examination are relevant for DED participants. 
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5. REPEATABILITY OF NON-INVASIVE KERATOGRAPH BREAK-UP TIME 

MEASUREMENTS OBTAINED USING OCULUS KERATOGRAPH 5M 

As commented on Chapter 1 Introduction, the Keratograph 5M is one of the most 

common tools used to objectively assess the tear film (Wolffsohn et al., 2017). 

Moreover, the TFOS DEWS II Diagnostic Methodology Report recommended the use of 

NIKBUT together with other signs and symptoms to diagnose DED (Wolffsohn et al., 

2017). Due to the relevance of NIKBUT in the DED diagnosis, this chapter aims to 

measure the repeatability of NIKBUT using the Oculus Keratograph 5M. 

5.1 Introduction 

As commented on Chapter 1 Introduction, the Keratograph 5M is one of the most 

used tools to analyse tear film. Nevertheless, the repeatability of this device in NIKBUT 

measurement is still unclear (Best, Drury and Wolffsohn, 2012; Hong et al., 2013; Koh 

et al., 2016; Tian et al., 2016; Wang et al., 2016; Fernández et al., 2018; Vidal-Rohr et 

al., 2018) and it has not yet been assessed considering different patients’ 

classifications.  

In comparison to invasive BUT using fluorescein, the Keratograph 5M tends to 

obtain lower NIKBUT values, probably attributed to the fact that the software 

evaluates more data points and might even detect non-visually-apparent small tear 

film changes (Goto et al., 2004a; Hong et al., 2013; Jiang et al., 2014). Another reason 

for the discrepancy is that the Keratograph 5M may possibly measure a change of the 

curvature in the tear film layer, rather than the disruption of the tear film (Goto et al., 
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2004a). Nevertheless, another study found higher break-up time values with the 

Keratograph 5M than with fluorescein. This could be explained by the fact that BUT 

using fluorescein was measured with controlled volumes of fluorescein solution (Lan et 

al., 2014).  

The aim of this study is to assess the repeatability of NIKBUT measurements 

obtained using the Keratograph 5M, as well as to determine the influence of age, sex 

and DED on repeatability. To the authors’ knowledge, this is the first study to analyse 

the effect of different classifications on the repeatability of Keratograph 5M. Knowing 

the effect of age, sex and DED on repeatability might be useful to clarify the 

repeatability of NIKBUT in different samples. This topic is of high interest due to the 

relevance of NIKBUT as a biomarker for the diagnosis of DED (Wolffsohn et al., 2017). 

5.2 Methodology 

A total of eighty healthy volunteers aged between 30 and 89 years old (57.59 ± 

19.87 years) participated in this study. Only the right eye of subjects was assessed to 

avoid data duplication. Subjects had no prior history of ocular complications, injury or 

disease in the last three months. Contact lens users were instructed not to wear their 

contact lenses within a week before the examination. Written consent of each subject 

was obtained after the explanation of the protocol. The study was approved by the 

Ethics Committee of the University of Valencia and was performed in accordance with 

the tenets of the Declaration of Helsinki.  
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Measurement protocol 

DED evaluation was carried out according to the guidelines of the TFOS DEWS II 

Diagnostic Methodology Report (Wolffson et al., 2017). First, each subject was asked 

to complete the OSDI and DEQ-5 questionnaires. Then, an ophthalmic examination 

was performed in the following order: NIKBUT, osmolarity in both eyes using the 

TearLab Osmolarity device (TearLab Corporation, San Diego, CA, USA) and ocular 

surface staining. Measurements were performed as explained in Chapter 3 General 

Methodology. 

NIKBUT was measured three consecutive times using the Keratograph 5M (K5 M; 

Oculus GmbH, Wetzlar, Germany) for each subject by the same researcher. Any subject 

with values above 24.73 seconds was excluded from the analysis as this value 

corresponds to the upper cut-off of the instrument and thus it does not reflect a true 

value (Markoulli et al., 2017; Dutta et al., 2019).  

The sample was classified according to sex, age and DED diagnosis based on the 

indications of the TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 

2017). Age classification divided the sample into young (≤ 49 years) and elderly 

subjects (> 49 years). Classification of age was done following the TFOS DEWS II 

Epidemiology Report, which stipulates a gradual increase of DED after the age of 50 

(Stapleton et al., 2017). On the other hand, subjects were classified into two other 

groups: DED and non-DED. The TFOS DEWS II Diagnostic Methodology Report 

recommended the presence of symptoms and at least one positive result of 

homeostasis markers to diagnose DED. Therefore, subjects with symptoms (DEQ-5 ≥ 6 
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or OSDI ≥ 13) and at least one positive sign of dry eye (NIKBUT < 10 seconds; 

Osmolarity ≥ 308 mOsm/L; Interocular osmolarity difference > 8 mOsm/L; corneal 

fluorescein staining > 5 spots; conjunctival lissamine green staining > 9 spots; or lid 

margin staining ≥ 2 mm length and  ≥ 25% width) were included in the DED group  

(Wolffsohn et al., 2017). 

Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA), Microsoft Excel 2010 (Microsoft, Corp, Redmind, WA) and 

Matlab R2018a (MathWorks, Natick, MA). Results are shown as the mean ± SD. The 

normality distribution of each group was checked by means of the Shapiro-Wilk test.  

The repeatability of the three measurements was assessed by calculating the Sw, 

CoV and CoR, as explained in Chapter 3 General Methodology. The differences 

between the three consecutive measurements were evaluated by means of repeated 

ANOVA for the whole sample and within each gender, age and DED group (within-

subjects factor). Mixed ANOVA analysis was applied to evaluate the influence of the 

age, gender and DED diagnosis on the changes of the NIKBUT measurements over time 

(interaction within-between subjects factor). The main effect of the gender, age and 

DED diagnosis (between-subjects factor) in the NIKBUT measurements was also 

assessed in this analysis. The homoscedasticity and sphericity assumptions were 

checked by Levene’s and Mauchly’s tests, respectively. The Greenhouse-Geisser 

correction was applied in the case of nonsphericity. A p-value less than 0.05 was 

defined as statistically significant.  
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A Passing-Bablok graphical analysis, applied using Matlab R2018a (Passing and 

Bablok regression by Andrea Padoan, Jan 16, 2010) (Passing and Bablok, 1983), was 

also performed in order to compare the maximum and minimum break-up time 

measurement, as explained in Chapter 3 General Methodology. This graphical analysis 

was carried out to assess the repeatability of measurements as a function of NIKBUT 

magnitude. 

5.3 Results 

In this study, eighty right eyes were assessed from 80 subjects out of which 34 

were females (44.25 %) and 46 males (58.75 %). The mean age was 57.59 ± 19.87 years 

(ranging from 30 to 89 years). This sample size achieves an 11% of confidence in the 

estimates, which means that the sample size is large enough to prove the results 

(McAlinden, Khadka and Pesudovs, 2015). Table 5.1 shows the main results obtained 

for each group and for the whole sample, while Table 5.2 shows the comparison 

between groups. 

Age 

According to the results, there were no statistically significant differences between 

elderly and young subjects in the NIKBUT measurements (mixed ANOVA p = 0.084), 

although a tendency to longer NIKBUT values in young subjects could be seen. Sw, CoR 

and CoV were lower for elderly subjects than for the young (Table 5.1). There were no 

statistical differences between the three measurements in young and elderly subjects 

(r-ANOVA p > 0.05; Table 5.2). Age did not affect the change in the three repeated 
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NIKBUT measurements (mixed ANOVA p = 0.947; Figure 5.1). Passing-Bablok 

regression showed a slope of 0.212 and 0.244 for young and elderly subjects, 

respectively. The intercept was 1.949 and 1.439, respectively. The 95% confidence 

interval did not contain the identity line (Figure 5.2). 

 

Table 5.1. Repeatability of NIKBUT measurements in different groups. 

Group 
Number of 

subjects 

Age 

(years) 

NIKBUT 

(seconds) 

NIKBUT Range 

(seconds) 
Sw CoR CoV (%) 

Young subjects 35 37.51 ± 7.16 8.71 ± 4.15 2.51 - 17.59 5.70 15.80 65.49 

Elderly subjects 45 73.20 ± 9.95 7.08 ± 4.11 3.12 - 19.37 3.91 10.82 55.21 

Males 46 55.85 ± 18.56 8.21 ± 4.45 2.51 - 18.61 5.09 14.10 61.96 

Females 34 59.94 ± 21.57 7.22 ± 3.77 2.63 - 19.37 4.32 11.96 59.81 

Healthy subjects 28 52.25 ± 19.39 8.63 ± 4.68 2.51 - 18.61 5.36 14.85 62.10 

DED subjects 52 60.46 ± 19.70 7.34 ± 3.86 2.63 - 19.37 4.43 12.27 60.38 

All the sample 80 57.59 ± 19.87 7.79 ± 4.18 2.51 - 19.37 4.78 13.23 61.31 

(Where DED: Dry Eye Disease; NIKBUT: Non-Invasive Keratograph Break-Up Time; 

Sw: Within-subject standard deviation; CoR: Repeatability Coefficient; CoV: Coefficient 

of Variation; SD: Standard Deviation) 
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Table 5.2. Comparison between groups and association between NIKBUT 

measurements and groups. 

 Classification 

First 

NIKBUT 

(seconds) 

Second 

NIKBUT 

(seconds) 

Third 

NIKBUT 

(seconds) 

Within subjects 

effects 

(p-value) 

Within subjects 

effects 

(p-value) 

Between 

subjects effects 

(p-value) 

Age 
Young 7.80±5.78 9.32±6.55 9.00±6.40 0.504 

0.947 0.084 
Elderly 6.17±4.40 7.44±5.19 7.62±5.87 0.161 

Gender 
Males 7.57±5.70 8.59±6.12 8.49±6.47 0.579 

0.776 0.295 
Females 5.95±3.99 7.82±5.53 7.87±5.66 0.111 

DED 

diagnosis 

Healthy 7.07±5.51 9.05±6.37 9.77±7.09 0.209 
0.415 0.188 

DED 6.78±4.88 7.84±5.58 7.39±5.40 0.453 

(Where DED: Dry Eye Disease; NIKBUT: Non-Invasive Keratograph Break-Up Time) 

Fig. 5.1. NIKBUT values in the three repeated measurements for each classification. 

Error bars: 95 % confidence intervals. 
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Fig. 5.2. Passing–Bablok regression plots for age classification. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 

Gender 

Results revealed no statistically significant differences between males and females 

in the NIKBUT measurements (mixed ANOVA p = 0.295), although males tended to 

manifest longer NIKBUT than females. Sw, CoR and CoV were lower for females than 
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for males (Table 5.1). Repeated ANOVA did not show statistical differences between 

the three measurements for males and females (r-ANOVA p > 0.05; Table 5.2). Gender 

did not influence the change in the three repeated NIKBUT measurements (mixed 

ANOVA p = 0.776; Figure 5.1). Passing-Bablok regression showed a slope of 0.237 and 

0.247 for females and males, respectively. And the intercept was 1.809 and 0.976, 

respectively. The 95 % confidence interval did not contain the identity line (Figure 5.3). 

 

Fig. 5.3. Passing–Bablok regression plots for sex classification. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 
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Dry eye disease 

Fifty-two subjects (65 % of subjects) had DED according to the TFOS DEWS II 

Diagnostic Methodology Report (Wolffsohn et al., 2017). Osmolarity was 319.57 ± 

18.47 mOsm/L and 322.08 ± 19.88 mOsm/L; the osmolarity difference between eyes 

was 2.68 ± 2.03 mOsm/L and 5.38 ± 4.22 mOsm/L; total conjunctival and corneal 

staining score was 6.96 ± 4.35 and 9.30 ± 6.00; OSDI score was 2.98 ± 3.27 and 32.02 ± 

21.52; and DEQ-5 score was 2.43 ± 2.02 and 9.84 ± 5.37, for healthy and DED subjects, 

respectively.  

No statistically significant differences were found in NIKBUT measurements 

between healthy and DED subjects (mixed ANOVA p = 0.188), however a tendency to 

shorter NIKBUT values in DED was observed. Sw, CoR and CoV were lower for the DED 

group than for healthy subjects (Table 5.1). The three consecutive measurements did 

not differ significantly in healthy and DED subjects (r-ANOVA p > 0.05; Table 5.2). DED 

diagnosis did not have a significant influence on the change in the three repeated 

NIKBUT measurements (mixed ANOVA p = 0.776; Figure 5.1). Passing-Bablok 

regression showed a slope of 0.267 and 0.227 for healthy and DED groups, 

respectively. The intercept was 0.799 and 1.743, respectively. The 95 % confidence 

interval did not contain the identity line (Figure 5.4). 
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Fig. 5.4. Passing–Bablok regression plots for dry eye classification. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 

All measurements 

Sw, CoR and CoV values for the whole sample are also shown in Table 5.1. There 

were no significant differences between the repeated measurement (r-ANOVA p = 

0.115, Figure 5.1). Passing-Bablok regression showed a slope of 0.242 and an intercept 

of 1.453. The 95 % confidence interval did not contain the identity line (Figure 5.5). 
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Fig. 5.5. Passing–Bablok regression plots for the total sample. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 

Tendency of the repeated measurements 

Generally, 36.25 % of subjects had a linear tendency to increase the NIKBUT value 

through the three repeated measurements, while 18.75% had a tendency to decrease 

the NIKBUT value. The NIKBUT was quite stable in 28.75 % of subjects with the three 

measurements within ± 2 seconds. Meantime, the other 16.25 % had random NIKBUT 

values without a tendency. 

5.4 Discussion 

Comparison of NIKBUT between groups for each classification 

The present study evaluated the repeatability of NIKBUT obtained through the 

Keratograph 5M in a sample that was further classified into different groups. NIKBUT 
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measurements did not differ significantly between groups for each classification, even 

between healthy and DED subjects. This occurs because a subject is classified as having 

DED if he or she has symptoms and high osmolarity, a high osmolarity difference 

between eyes, a lower NIKBUT or ocular surface staining (Wolffsohn et al., 2017). 

Therefore, although the general tendency was that DED subjects had lower NIKBUT it 

ended up being not significant because not every subject classified as DED had to show 

low NIKBUT. 

Repeatability assessment  

Broadly, the three consecutive measurements did not manifest significant 

differences in the entire sample nor within each group. Contrary, Fernández et al. 

(2018) found significant differences between consecutive measurements for NIKBUT in 

a sample of both males and females. Despite no statistical differences between the 

three measurements, Sw, CoR and CoV scores were high for all groups.  

Considering all classifications, Sw achieved values between 3.91 and 5.70, CoR 

between 10.82 and 15.80, and CoV between 55.21 % and 65.49 %. Given the fact that 

Sw, CoR and CoV denote good repeatability when their values are near 0 (Bland and 

Altman, 2010; Cerviño et al., 2015; McAlinden, Khadka and Pesudovs, 2015; Martínez-

Albert, Esteve-Taboada and Montés-Micó, 2018; Martínez-Albert et al., 2018), the 

results obtained in this study denoted poor repeatability in all subgroups. The high 

variability could lead to classifying wrongly the subjects as having normal or low 

NIKBUT. Nonetheless, subjects with higher DED risk, such as females, elderly subjects 

and subjects with DED exhibited slightly better repeatability.  
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These results are in accordance with the outcomes found in another study (Tian et 

al., 2016). The authors found that NIKBUT was more reliable and repeatable in the DED 

group than in the healthy group (Sw = 5.24; CoV = 26.10 for the healthy group and Sw = 

3.76; CoV = 23.54 for the DED group). This might be in part due to the fact that DED 

subjects had probably less reflex tearing than healthy subjects (Koh et al., 2014a). In 

accordance with these results, it is hypothesized that the small difference between 

measurements at lower NIKBUT scores might suggest that these subjects are more 

likely to suffer from DED. On the other hand, subjects with a high difference between 

NIKBUT measurements might be classified as having a lower chance of DED. 

Markoulli et al. (2017) found similar results to those of the present study. The CoR 

of the first NIKBUT was 8.7 for both eyes, 12.4 for the right eye and 13.0 for the left 

eye. Cox, Nichols and Nichols (2015) also obtained a poor between-visit agreement, 

thus concluding that other dry eye measurements might be better indicators of DED. 

Conversely, another work (Tian et al., 2016) revealed moderate repeatability of NIKBUT 

measurements, where the CoV was 26.10 % and 23.54 % for healthy subjects and DED 

subjects, respectively. In addition, Dutta et al. (2019) reported moderate 

reproducibility of the device when the measurements were separated by two days 

(CoR = 11.9). 

Passing-Bablok figures also confirmed these results. The regression lines for all 

groups were further away from the equality lines pointing out the high differences 

between the maximum and minimum NIKBUT measurements. The regression plots 

showed that lower repeatability was achieved in high NIKBUT values than in low 
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NIKBUT scores. Accordingly, the confidence interval broadened as NIKBUT increased 

from 10 seconds onwards not even containing all values within its range. Likewise, Cox, 

Nichols and Nichols (2015) and Markoulli et al. (2017) determined more variability in 

repeated measures at high NIKBUT values with Oculus Keratograph 4 and Keratograph 

5M. Therefore, the repeatability was better at lower NIKBUT values.  

NIKBUT is measured under unreal conditions since subjects are forced not to blink. 

Although non-invasive measurements induce less reflex tearing, the delayed blinking 

might induce reflex tearing and alter the following NIKBUT measurements in repeated 

measurements. In this regard, an increase in the meniscus curvature has been 

observed after the measurement of NIKBUT when using this minimally invasive 

method (Best, Drury and Wolffsohn, 2012; Wolffsohn et al., 2017). On top of that, it is 

relevant not to forget that NIKBUT has also intrinsic variability (Best, Drury and 

Wolffsohn, 2012; Wolffsohn et al., 2017). 

In order to find out whether the low repeatability was achieved due to the device 

or due to the intrinsic variability of the tear film, subjects were classified into different 

categories depending on the tendency of the NIKBUT values. 36.25 % of the subjects 

had a linear tendency to increase the values, which might be related to reflex tearing 

because of the delayed blinking. 18.75 % had a linear tendency to decrease the scores, 

which could be related to the presence of debris or another artefact during the 

measurement. It has been reported that the presence of debris in the tear film, reflex 

tearing, and the tear break-up as streaks versus spots might be misinterpreted by the 

device as a tear film break-up and it might cause low repeatability (Arriola-Villalobos et 
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al., 2015; Cox, Nichols and Nichols, 2015). Meanwhile, 16.25 % had random values 

without a tendency. In this last case, the error could be caused by the device 

variability. 

This study had some limitations to consider. Subjects with no previous diagnosis of 

DED were included. However, more of them had DED according to the TFOS DEWS II 

Diagnostic Methodology Report. In this work, clinical dry eye grading was not 

considered in the analysis. Moreover, the inherent limitations of the measurement 

such as the reflex tearing might have influenced the results. Future research on graded 

dry eye subjects is needed to assess whether the repeatability changes with the 

severity of the disease. 

Overall, the present study has demonstrated low intraexaminer repeatability in 

NIKBUT measurement even when considering sex, age and DED diagnosis. 

Nevertheless, the low repeatability appears not to be only attributed to the device but 

also to the intrinsic variability of the tear film and inherent reflex tearing. The low 

NIKBUT repeatability can affect DED detection but it is important to note that this 

study did not evaluate the accuracy of the device in terms of DED diagnosis. 
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6. REPEATABILITY OF OCULAR REDNESS MEASUREMENTS OBTAINED USING OCULUS 

KERATOGRAPH 5M 

Chapter 1 Introduction highlighted that Oculus Keratograph 5M is the most used 

tool to assess the ocular surface and nowadays it is also the most important advance in 

the assessment of bulbar redness (Wolffsohn et al., 2017). Ocular redness is an 

important sign to take into account in some inflammatory diseases (Wolffsohn et al., 

2017), and therefore clinicians need reliable and repeatable metrics to diagnose, grade 

pathologies and evaluate the effectiveness of treatments for ocular inflammation 

(Wolffsohn and Purslow, 2003; Downie, Keller and Vingrys, 2015). Due to the 

relationship between ocular redness and DED, the present chapter aims to measure 

the repeatability of ocular redness measurements obtained using the Oculus 

Keratograph 5M. 

6.1 Introduction 

As explained in Chapter 1 Introduction, ocular surface inflammation was 

determined to be crucial for the inclusion of a patient in the DED definition (Craig et 

al., 2017). The most common clinical sign that is suggestive of ocular inflammation is 

conjunctival redness. This is a sign of conjunctival vascular dilatation due to a non-

specific response of the ocular surface to different pathogenic stimuli (Papas, 2000; 

Baudouin et al., 2015; Downie, Keller and Vingrys, 2015; Wu et al., 2015; Wolffsohn et 

al., 2017). Therefore, bulbar redness assessment is a metric of interest in the analysis 

of DED and inflammation of the ocular surface (Wolffsohn et al., 2017). Conjunctival 
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redness is not only a sign of DED, it can also occur in some inflammatory diseases such 

as infective or allergic conjunctivitis, uveitis, scleritis, pterygium, chemical injury or 

abrasions (Cronau, Kankanala and Mauger, 2010; Wu et al., 2015; Craig et al., 2017; 

Wolffsohn et al., 2017; Pérez-Bartolomé et al., 2018; Portela et al., 2018). 

Furthermore, bulbar redness is also a common side effect described for the use of 

topical anti-glaucoma medications (Higginbotham et al., 2002; Jiménez et al., 2004).  

Conjunctival redness can be detected through a slit-lamp or pen torch. It usually 

involves the image-based comparative scales for bulbar redness grading (Baudouin et 

al., 2015; Wu et al., 2015; Wolffsohn et al., 2017). Some standardised image-based 

grading scales have been developed to help clinicians quantify bulbar redness (Schulze, 

Hutchings and Simpson, 2011; Baudouin et al., 2015; Downie, Keller and Vingrys, 2015; 

Wolffsohn et al., 2017; Macchi et al., 2018). Despite these scales being quick and easy 

to use, subjective techniques depend on the examiner’s ability, and therefore, it may 

increase the variability of results. For that reason, objective and quantitative image 

analysis methods have been developed to quantify bulbar redness (Papas, 2000; 

Fieguth and Simpson, 2002; Wolffsohn and Purslow, 2003; Wolffsohn, 2004; Peterson 

and Wolffsohn, 2007; Peterson and Wolffsohn, 2009; Amparo et al., 2013; Baudouin et 

al., 2015; Downie, Keller and Vingrys, 2015; Wu et al., 2015). 

The Oculus Keratograph 5M is the most used tool to assess the ocular surface and 

nowadays it is also the most important advance in bulbar redness assessment (Wu et 

al., 2015; Sánchez-Brea et al., 2017; Wolffsohn et al., 2017). Nevertheless, the 

repeatability of this device in some measurements is still unclear (Best, Drury and 
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Wolffsohn, 2012; Hong et al., 2013; Tian et al., 2016; Pérez-Bartolomé et al., 2017; 

Fernández et al., 2018; Pérez-Bartolomé et al., 2018; Vidal-Rohr et al., 2018).  

This study aims to assess whether the bulbar redness metric measured through 

the Oculus Keratograph 5M is a repeatable metric to analyse the redness of the ocular 

surface. To the authors’ knowledge, this is the first study that analyses the 

repeatability of each metric of bulbar redness in a larger sample of healthy subjects. 

This topic is of high interest since ocular redness is an important sign to take into 

account in some inflammatory diseases (Wolffsohn et al., 2017), and therefore 

clinicians need reliable and repeatable metrics to diagnose, grade pathologies and 

evaluate the effectiveness of treatments for ocular inflammation (Wolffsohn and 

Purslow, 2003; Downie, Keller and Vingrys, 2015).  

6.2 Methodology 

A total of 78 healthy volunteers aged between 18 and 79 years were enrolled in 

this study. Subjects' written consent was obtained after the explanation of the 

protocol. The study was approved by the Ethics Committee of the University of 

Valencia and it was carried out following the tenets of the Declaration of Helsinki. Only 

the right eye was assessed due to the similar nature of both eyes. Subjects with any 

ocular or systemic disease were excluded from the study. 

Evaluation procedure 

Bulbar redness was measured three consecutive times for each subject through 

the Oculus Keratograph 5M (K5 M; Oculus GmbH, Wetzlar, Germany) by the same 
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masked observer in the same session (Figure 6.1). Measurements were taken as 

explained in Chapter 3 General Methodology. All images were taken in the same room 

and under the same conditions in terms of illumination, magnification and direction of 

fixation. Images without a proper detection of the eyelid and iris boundaries were not 

taken into account since they might alter the results.  

 

Fig. 6.1. Screenshot of the output window of bulbar redness measurement through 

Keratograph 5M. The device provided five bulbar redness metrics: Temporal Bulbar 

Redness, Nasal Bulbar Redness, Temporal Limbal Redness, Nasal Limbal Redness and 

Total Bulbar Redness. 

Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA), Microsoft Excel 2010 (Microsoft, Corp, Redmind, WA) and 
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Matlab R2019a (MathWorks, Natick, MA). Results were shown as the mean ± SD. The 

normality distribution of each metric was checked using the Kolmogorov-Smirnov test.  

Statistically significant differences between the three consecutive measurements 

and between the five metrics were evaluated using the Friedman test. Moreover, a 

post-hoc analysis was carried out with the Bonferroni test to evaluate the differences 

between all pair group combinations (Martínez-Albert, Esteve-Taboada and Montés-

Micó, 2018; Martínez-Albert et al., 2018). A p-value less than 0.05 was defined as 

statistically significant.  

Repeatability was assessed by calculating the Sw, CoV and CoR, for each metric, as 

explained in Chapter 3 General Methodology. A graphic analysis was also carried out to 

compare the maximum and minimum redness values obtained. The Passing-Bablok 

regression method was applied using Matlab (Passing and Bablok regression by Andrea 

Padoan, Jan 16, 2010), as explained in Chapter 3 General Methodology. 

6.3 Results 

Seventy-eight eyes were included from 78 subjects of which 55 were women (70.5 

%) and 23 were men (29.5 %). The mean age was 34.08 ± 21.94 years (ranging from 18 

to 79 years). Table 6.1 shows the main results obtained in each group. 
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Table 6.1. Repeatability of ocular redness measurements in each metric. 

Metric 
Redness score 

(Mean±SD) 
Sw 

(max-min) 
CoR 

(max-min) 
CoV 
(%) 

Comparative between 
the three measurements 

(p-value) 
Friedman 

Post-hoc 

Temporal bulbar 
redness 

0.73±0.43 0.10 0.28 13.62 0.066
1 

 

Nasal bulbar redness 0.83±0.49 0.14 0.37 16.30 0.101
1
  

Temporal limbal redness 0.41±0.36 0.07 0.18 16.20 0.005
1
* 

Measurement 1-2=0.561
2 

Measurement 1-3=0.013
2
* 

Measurement 2-3=0.07
2
 

Nasal limbal redness 0.48±0.41 0.11 0.29 22.18 <0.001
1
* 

Measurement 1-2=0.543
2
 

Measurement 1-3=0.001
2
* 

Measurement 2-3=0.002
2
* 

Total bulbar redness 0.77±0.43 0.09 0.25 11.59 0.016
1
* 

Measurement 1-2=0.623
2
 

Measurement 1-3=0.014
2
* 

Measurement 2-3=0.022
2
* 

(Where Sw: Within-subject standard deviation; CoV: Coefficient of variation; CoR: 

Repeatability coefficient; SD=Standard Deviation; 1 Friedman test; 2 Bonferroni test; * 

Statistically significant values) 

Sw, CoR and CoV manifested values near zero in all metrics. Friedman analysis did 

not show statistical differences between the three repeated measurements for 

temporal bulbar and nasal bulbar redness. However, statistical differences were found 

between the three measurements in the other measurements.  

In temporal limbal redness, post-hoc analysis showed statistical differences 

between the first (0.40 ± 0.36) and the third measurement (0.43 ± 0.38), and between 

the second (0.40 ± 0.36) and the third. In nasal bulbar redness, statistical differences 

were found between the first (0.45 ± 0.40) and the third measurement (0.51 ± 0.45), as 

well as between the second (0.46 ± 0.41) and the third. In total bulbar redness, post-

hoc analysis showed statistical differences between the first (0.75 ± 0.42) and the third 

measurement (0.79 ± 0.45), and between the second (0.76 ± 0.43) and the third. 
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Nevertheless, these differences were not clinically significant since the difference was 

lower than the precision of the device (0.1). 

The slope and intercept of Passing-Bablok regressions are shown in Table 6.2. The 

95% confidence interval contained the identity line in all metrics (Figures 6.2, 6.3, 6.4, 

6.5 and 6.6). 

 

Table 6.2. Slope and intercept of Passing-Bablok regression for each metric. 

Metric Slope Intercept 

Temporal Bulbar Redness 0.9310 0.0379 

Nasal Bulbar Redness 0.8889 0.0333 

Temporal Limbal Redness 0.9231 0.0231 

Nasal Limbal Redness 0.8462 0 

Total Bulbar Redness 1 -0.1 
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Fig. 6.2. Passing–Bablok regression plots for temporal bulbar redness. Observations 

(white dots), identity line (dotted line), regression line (solid line) and 95% confidence 

intervals for regression coefficients (dashed lines). 

 

Fig. 6.3. Passing–Bablok regression plots for nasal bulbar redness. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 
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Fig. 6.4. Passing–Bablok regression plots for temporal limbal redness. Observations 

(white dots), identity line (dotted line), regression line (solid line) and 95% confidence 

intervals for regression coefficients (dashed lines). 

 

Fig. 6.5. Passing–Bablok regression plots for nasal limbal redness. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 
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Fig. 6.6. Passing–Bablok regression plots for total bulbar redness. Observations (white 

dots), identity line (dotted line), regression line (solid line) and 95% confidence intervals 

for regression coefficients (dashed lines). 

Differences between metrics 

Table 6.3 shows the mean values of the three measurements for each metric. 

Friedman’s test revealed statistical differences between them (p < 0.001). Post-hoc 

analysis manifested differences between all the measurements except for the 

comparison between total bulbar redness and temporal bulbar redness (Table 6.4). 

These differences were clinically significant between bulbar and limbal; and between 

nasal and temporal measurements. 
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Table 6.3. Mean of the three bulbar redness measurements in each metric. 

Mean temporal 

bulbar redness 

(Mean±SD) 

Mean nasal 

bulbar redness 

(Mean±SD) 

Mean temporal 

limbal redness 

(Mean±SD) 

Mean nasal 

limbal redness 

(Mean±SD) 

Mean total 

bulbar redness 

(Mean±SD) 

0.73±0.43 0.83±0.50 0.42±0.36 0.48±0.42 0.77±0.43 

(Where SD: Standard Deviation) 

Table 6.4. Comparison between mean bulbar redness measurements. 

Comparison Significance level 

Nasal Limbal - Temporal Limbal 0.015
1
* 

Temporal Bulbar -Temporal Limbal <0.001
1
* 

Nasal Bulbar -Temporal Limbal <0.001
1
* 

Temporal Bulbar -Nasal Limbal <0.001
1
* 

Nasal Bulbar - Nasal Limbal <0.001
1
* 

Nasal Bulbar – Temporal Bulbar 0.022
1
* 

Total Redness – Temporal Limbal <0.001
1
* 

Total Redness – Nasal Limbal <0.001
1
* 

Total Redness – Temporal Bulbar 0.101
1
 

Total Redness – Nasal Bulbar 0.008
1
* 

(Where 1 Bonferroni test; * Statistically significant values) 

6.4 Discussion 

The present study was carried out to assess the repeatability of the different 

ocular redness metrics obtained using the Keratograph 5M. Results denoted 

acceptable repeatability in all metrics since Sw, CoR and CoV indicate good 

repeatability when their values are near zero (Bland and Altman, 2010; Cerviño et al., 

2015; McAlinden, Khadka and Pesudovs, 2015; Martínez-Albert et al., 2018; Martínez-

Albert, Esteve-Taboada and Montés-Micó, 2018). Therefore, the variability of ocular 

redness metrics is low, which might ensure the proper classification of ocular redness 

in an objective way.  
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Wu et al. (2015) also found acceptable repeatability with a CoR of 13.924, a result 

slightly higher than in this study. The bulbar redness score had the highest 

reproducibility in comparison with other grading scales (Institute for Eye Research, 

Efron and Validated Bulbar Redness). In comparison with the present study, the 

sample was smaller and the authors only assessed the total bulbar redness score. 

However, these results contrast sharply with the larger sample study of Pérez-

Bartolomé et al. (2018), who found poor agreement in Bland-Altman analysis between 

objective and subjective techniques. They concluded by saying that Keratograph 5M 

overestimates the scores in comparison with subjective grading scales. The best 

agreement between objective and subjective methods was found in limbal scores. 

Differences between both studies might be because subjects in the second one were in 

treatment with anti-glaucoma drops; therefore, both populations were not 

comparable. Further research is needed to clarify this lack of agreement between 

studies. 

Passing-Bablok plots also showed acceptable repeatability between the maximum 

and minimum values for all metrics since overall values were within the range of 95% 

confidence interval, which in turn contained the value 0 (Passing and Bablok, 1983; 

Martínez-Albert, Esteve-Taboada and Montés-Micó, 2018). Moreover, all regression 

lines were also near the equality lines and there were no high differences between the 

slope and value 1. The highest repeatability was achieved for total bulbar redness since 

the slope was 1; thus, only systematic errors caused by the intercept might alter the 

results. In the other metrics, the repeatability was poorer when the ocular redness was 

higher. Even in these cases, the repeatability was acceptable. 
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In temporal limbal, nasal limbal and total bulbar redness, Friedman’s analysis 

revealed statistical differences between the third measurement and the first two, the 

third being slightly higher. This fact could be caused by the time the subject was placed 

on the device with the light on. Although this time was relatively short, it might have 

caused a slight non-clinically significant eye redness. Moreover, the difference was 

lower than the precision of the device. Keratograph 5M uses white light to carry out 

bulbar redness measurement, but if infrared light were used it may avoid the 

alteration of ocular surface parameters or the disturbance of tear film. Consequently, 

the reliability of measurements would get better. 

When the different mean ocular redness values were compared, the Friedman test 

showed statistical differences between all the metrics except for total redness and 

temporal bulbar redness. Bulbar measurements had clinical higher values than limbal 

ones, and total redness was clinically higher than limbal measurements. Meanwhile, 

nasal measurements were clinically higher than temporal. The study of the different 

zones is relevant to certain pathologies. For instance, the analysis of the limbal zone 

helps in the classification of ciliary injection, which is important for follow-up in cases 

of uveitis (Pérez-Bartolomé et al., 2017; Wolffsohn et al., 2017). To the authors’ 

knowledge, this is the first study that compares the different zones in Keratograph 5M. 

Murphy et al. (2006) analysed the redness using a grading scale. They found that 

temporal and nasal quadrants were redder than superior and inferior, however, in this 

case, the results did not reveal differences between temporal and nasal zones. Pult et 

al. (2008a) found similar results with the same scale. Bulbar and limbal quadrants were 
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significantly correlated. In accordance with the results of this study, the bulbar region 

had higher scores than the limbal. 

Keratograph 5M provides objective and non-invasive metric that is more 

repeatable than previous grading scales since it does not depend on the examiner’s 

ability. Thus, it provides information about the degree of ocular redness which might 

help clinicians in the diagnosis and treatment of different pathologies related to 

inflammation. Moreover, images provide information that might help clinicians to 

compare visits, or communicate better with subjects (Best, Drury and Wolffsohn, 

2012). Another benefit of this device is that its scores are continuous variables. Thus, 

clinicians can accurately grade redness, instead of choosing between two categories of 

a grading scale when an intermediate score is needed (Pérez-Bartolomé et al., 2018). 

However, the analysis should be subject to interpretation by a clinician. Clinicians 

ought to judge which measurements have been taken properly since in some cases 

software might not detect properly the eyelid and iris boundaries. Furthermore, the 

major reported drawback of Keratograph 5M is that it is unable to differentiate among 

scleral, episcleral or conjunctival redness (Peterson and Wolffsohn, 2007; Pérez-

Bartolomé et al., 2018).  

The present study has some limitations that must be taken into account. Firstly, 

the repeatability might change depending on the level of ocular inflammation. The 

clinical influence of inflammation grading in the analysis was not assessed. Moreover, 

although subjects included in this study were healthy and did not have a previous DED 

diagnosis, tear film parameters were not evaluated and some subjects might be 
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included as DED subjects according to the criteria reported in the TFOS DEWS II 

Diagnostic Methodology Report (Wolffsohn et al., 2017). Furthermore, images in which 

eyelid boundaries were not properly detected were removed from the analysis. If it 

had not been carried out, the repeatability might be lower. Finally, the inherent 

limitations of the device such as the white light might have influenced the results, 

especially in the third measurement. Future research with a larger sample is needed to 

assess whether the repeatability changes depending on different factors such as sex, 

age, the severity of ocular surface inflammation or different DED grades. At the time of 

writing, the exact nature of the image processing software of this device has not been 

disclosed by the manufacturer. 

Overall, the Keratograph 5M is a useful and repeatable device to assess ocular 

surface redness in an objective and non-invasive way. All bulbar redness metrics 

provided objective values with acceptable repeatability, which might help clinicians in 

the diagnoses and treatment of different pathologies related to ocular surface 

inflammation, such as DED and uveitis. However, this device should not replace a 

clinical examination when an accurate evaluation is needed. Finally, it is important to 

take into account that this is a precision study and it does not analyse the accuracy of 

the device in terms of diagnosis. 
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7. EVALUATION OF THE MGDRX EYEBAG TREATMENT IN YOUNG AND AGED 

SUBJECTS WITH SYMPTOMS OF OCULAR DRYNESS 

MGDRx thermal EyeBag is one of the most used tools for the treatment of MGD-

related evaporative DED (Bilkhu, Naroo and Wolffsohn, 2014a; Bilkhu, Naroo and 

Wolffsohn, 2014b; Wang et al., 2015; Wang et al., 2019d). In the present chapter 

changes in the ocular surface will be assessed using the Keratograph 5M after MGDRx 

thermal EyeBag application. Since the Keratograph 5M is one of the most common 

tools used to objectively assess the ocular surface (Wolffsohn et al., 2017), knowing its 

usefulness in the follow-up of treatments is relevant. Therefore, this chapter aims to 

evaluate the association between the application of MGDRx thermal EyeBags and 

ocular surface signs and symptoms in young and aged subjects. 

7.1 Introduction 

In Chapter 1 Introduction, it was explained that obstructive MGD is the most 

commonly observed type of MGD (Arita et al., 2009b; Geerling et al., 2017) and its 

treatment has the goal of increasing the flow of meibomian glands and, therefore, 

improving tear film stability. Warming therapy is considered to be the mainstay 

treatment for MGD (Knop et al., 2011; Bilkhu, Naroo and Wolffsohn, 2014a; Bilkhu, 

Naroo and Wolffsohn, 2014b; Murakami, Blackie and Korb, 2015; Tan et al., 2018; Ngo, 

Srinivasan and Jones, 2019). Some authors have reported greater tear film stability and 

increased tear film lipid layer after thermal treatment (Bilkhu, Naroo and Wolffsohn, 

2014b; Sim et al., 2014; Wang et al., 2015; Tan et al., 2018). 
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Different devices have been developed in order to provide moist or dry heat to the 

eyelids (Friedland et al., 2011; Lane et al., 2012; Purslow, 2013; Qiao and Yan, 2013; 

Arita et al., 2015; Villani et al., 2015; Tan et al., 2018). However, the efficacy depends 

on some inherent issues such as insufficient heating, duration and frequency of use 

(Jones et al., 2017). MGDRx thermal EyeBag is one of the most used tools. Previous 

studies have found that MGDRx thermal EyeBag is a safe and effective tool for the 

treatment of MGD-related evaporative DED in young subjects (Bilkhu, Naroo and 

Wolffsohn, 2014a; Bilkhu, Naroo and Wolffsohn, 2014b; Wang et al., 2015; Wang et al., 

2019d). 

This study aims to evaluate the association between the application of MGDRx 

thermal EyeBags and ocular surface signs and symptoms in young and aged subjects, 

thus enabling the comparison between groups. This topic is of high interest since safe 

and effective treatments must be chosen by clinicians to treat pathologies related to 

the ocular surface, being age a possible relevant factor to take into account when 

treatments are chosen. Furthermore, as MGD and DED are more prevalent in aged 

subjects, thus knowing the effect of the device on this population is of great 

importance. 

7.2 Methodology 

A total of 60 volunteers participated in this study. Subjects between 18 and 31 

years old were included in the young group while those between 61 and 90 years were 

included in the aged group. Written consent was obtained from each subject after the 

explanation of the purpose and protocol of the study. The study protocol was 
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approved by the Ethics Committee of the University of Valencia and it was carried out 

in accordance with the tenets of the Declaration of Helsinki. Only the right eye was 

assessed to avoid subjects’ data duplication. Exclusion criteria included the presence of 

any systemic or ocular disease, previous DED diagnosis or medications with known eye 

effects. Recruitment was carried out by advertisement within University dissemination 

channels, campus personnel and students, as well as in local public entities in nearby 

towns. 

Measurements 

Measurements were carried out using the Oculus Keratograph 5M (Oculus 

Optikgeraete GmbH, Wetzlar, Germany) by the same researcher. Measurements were 

performed in accordance with the recommendations of the TFOS DEWS II Diagnostic 

Methodology Report (Wolffsohn et al., 2017). They were conducted in the following 

order: OSDI, DEQ-5, bulbar redness, TMH, lipid layer assessment, NIKBUT, meibomian 

gland secretion, meibum quality, number of obstructed glands, telangiectasia and 

meibography in the upper and lower eyelids. Topography was also measured in order 

to control for corneal shape changes after treatment with the thermal bags. Different 

measurements were recorded: K1, Axe1, K2 and Axe2, which are the curvature radius 

and axes of the principal meridians; Km, which is the mean curvature radius; and 

corneal astigmatism. 

Bulbar redness, NIKBUT, TMH, lipid layer thickness and meibomian gland drop-out 

were assessed as explained in Chapter 3 General Methodology. Telangiectasia was 

graded according to the following scale (Foulks and Bron, 2003): 0=none 
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telangiectasia; 1=one telangiectasia; 2=between 2 and 5 telangiectasias; and 3=more 

than 5 telangiectasias. Meibomian gland secretion and meibum quality from the 

central 8 meibomian glands on the lower and upper eyelid were also graded on a point 

scale (Foulks and Bron, 2003) as follows. Secretion: 0=easily expressed; 1=expressed 

with mild pressure; 2=expressed with more than moderate pressure; 3=not expressed. 

Meibum quality: 0=clear meibum; 1=cloudy; 2=cloudy particulate; and 3 toothpaste-

like. 

Intervention 

MGDRx EyeBag (The EyeBag Company Ltd, Halifax, UK) is a commercially available 

eyelid warming device with a simple design (Bilkhu, Naroo and Wolffsohn, 2014a; 

Bilkhu, Naroo and Wolffsohn, 2014b; Wang et al., 2015; Jones et al., 2017; Ngo, 

Srinivasan and Jones, 2019). The product consists of a cotton/silk pouch filled with flax 

and linseed and it is designed to retain heat aiding in meibum melting (Wang et al., 

2015; Jones et al., 2017; Ngo, Srinivasan and Jones, 2019). 

At the end of the baseline visit, subjects were provided with the thermal bag and 

detailed written instructions on how to use it at home. Despite no history of ocular 

pathology, only subjects with a positive score in at least one of these questionnaires 

(OSDI ≥ 13, DEQ-5 ≥ 6) and first NIKBUT lower than 10 seconds were finally included in 

the study, in accordance with the TFOS DEWS II Diagnostic Methodology Report 

(Wolffsohn et al., 2017). The thermal bag was self-applied every day for 2 weeks 

(heated previously 30 seconds in a microwave on full power) by subjects twice a day 

for 10 minutes in both eyes. Subjects were instructed to use the thermal bag at the 
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same times every day, letting 12 hours between applications. They were also 

instructed to conduct a manual massage immediately after the 10 minutes have 

elapsed, as recommended in the manufacturer’s instructions (Wang et al., 2019d). 

After 2 weeks, the same procedure was carried out again. The second visit was 

performed at the same hour as the first one, being all subjects assessed when the 

same amount of time from the last application of thermal bag had passed. 

Moreover, subjects were asked to grade the compliance of the treatment (1=no 

treatment; 2=rarely; 3=sometimes; 4=almost every time; and 5=every time) and the 

improvement after two weeks (1=worse; 2=no change; 3=slight improvement; 4=some 

improvement; and 5=significant improvement). Changes related to health or 

medication were also documented. 

Statistical analysis 

Statistical analysis was carried out using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results were displayed as mean ± SD. The normal 

distribution of the values for each group was assessed by means of the Shapiro-Wilk 

test.  

Differences between visits for each group were assessed with the paired t-test or 

Wilcoxon signed-rank test, depending on the sample distribution. Moreover, the 

differences in the thermal bag treatment as a function of age were assessed by means 

of a mixed ANOVA. The association between gender and age groups was determined 

using the chi-square test. Finally, the Mann-Whitney U test was used to evaluate the 
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differences in treatment compliance and subjective improvement scores between age 

groups. A p-value less than 0.05 was considered statistically significant. 

7.3 Results 

Sixty eyes from 60 volunteers were included, who were then grouped into the 

young group (18 females and 12 males) and the aged group (16 females and 14 males).  

The Chi-square test did not show a statistical association between gender and age 

groups (p = 0.602). Mean age was 23.95 ± 3.94 (ranging from 18 to 31 years old) and 

77.97 ± 8.11 (ranging from 61 to 90 years old) in young and aged subjects, respectively. 

Differences between visits for each age group 

Table 7.1 shows the main results obtained for each group at baseline and after 

MGDRx treatment. Statistical analysis showed significantly better values in meibum 

quality score, gland obstruction score, telangiectasia score, and both questionnaires 

after treatment for aged subjects. In comparison, the young group showed an 

improvement in first NIKBUT, mean NIKBUT, lipid layer score, upper lid drop-out 

percentage, OSDI and DEQ-5 scores over the two week treatment period. No adverse 

event was reported by any subject for the duration of the treatment. No significant 

differences were found in topographical measurements (curvature radius and axes of 

the principal meridians, the mean curvature radius, and corneal astigmatism) between 

visits (p > 0.05). 
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Table 7.1. Mean values for each metric before and after the treatment. 

Measurement Visit Elderly subjects 
Significance 

level 
Young subjects 

Significance 
level 

First NIKBUT (Mean ± SD) 
1 5.01±2.63 

0.322
1
 

6.39±2.06 
0.003

2
*

 

2 5.75±3.29 10.44±5.81 

Mean NIKBUT (Mean ± SD) 
1 9.42±5.48 

0.760
1
 

9.44±3.70 
0.001

2
* 

2 9.72±6.02 12.66±3.94 

Tear meniscus height (Mean ± SD) 
1 0.35±0.18 

0.672
2
 

0.20±0.08 
0.778

2 

2 0.38±0.18 0.19±0.05 

Bulbar temporal redness score (Mean ± SD) 
1 1.23±0.27 

0.235
1
 

0.61±0.32 
0.657

1 

2 1.35±0.41 0.56±0.28 

Bulbar nasal redness score (Mean ± SD) 
1 1.35±0.53 

0.291
2
 

0.69±0.40 
0.536

2 

2 1.49±0.50 0.79±0.57 

Limbal temporal redness score (Mean ± SD) 
1 0.82±0.31 

0.154
2
 

0.29±0.26 
0.685

2 

2 0.99±0.52 0.28±0.24 

Limbal nasal redness score (Mean ± SD) 
1 0.90±0.35 

0.413
1
 

0.31±0.24 
0.498

2 

2 0.98±0.44 0.26±0.18 

Total bulbar redness score (Mean ± SD) 
1 1.29±0.35 

0.499
2
 

0.66±0.32 
0.383

1 

2 1.37±0.38 0.59±0.25 

Upper eyelid gland drop-out (Mean ± SD) 
1 47.21±13.56 

0.096
1
 

22.28±7.14 
0.003

1
*

 

2 46.56±11.19 19.44±7.39 

Lower eyelid gland drop-out (Mean ± SD) 
1 37.85±11.13 

0.470
1
 

16.72±5.38 
0.709

2 

2 38.57±11.98 16.36±5.02 

Lipid layer thickness score  
(Median, Interquartile Range) 

1 3; 2-4 
0.134

2 1.5; 1-2 
0.004

2
*

 

2 3; 2-4 2; 1.75-3 

Meibomian gland secretion score  
(Median, Interquartile Range) 

1 0; 0-0 
-

 0; 0-1 
0.157

2 

2 0; 0-0 0; 0-0 

Meibum quality score (Median, Interquartile Range) 
1 0; 0-0.75 

0.008
2
* 

0; 0-0 
- 

2 0; 0-0 0; 0-0 

Meibomian gland obstruction score  
(Median, Interquartile Range) 

1 0; 0-1 
0.046

2
* 

0; 0-0 
0.317

2 

2 0; 0-1 0; 0-0 

Telangiectasia score (Median, Interquartile Range) 
1 2; 1-3 

0.037
2
* 

0; 0-1 
0.157

2 

2 1; 0-2 0; 0-1 

Ocular Surface Disease Index (Mean ± SD) 
1 33.52±21.96 

0.001
2
* 

23.81±16.75 
0.004

2
*

 

2 17.39±16.50 12.74±8.70 

Dry Eye Questionnaire-5 (Mean ± SD) 
1 10.11±5.40 

0.008
2
* 

11.83±3.50 
<0.001

1
* 

2 7.00±4.98 7.23±4.14 

K1 (Mean ± SD) 
1 7.63±0.08 

0.191
2
 

7.84±0.22 
0.390

1
 

2 7.66±0.22 7.84±0.21 

Axe1 (Mean ± SD) 
1 60.05±76.87 

0.147
2
 

75.36±80.32 
0.398

2
 

2 67.95±73.85 75.46±82.67 

K2 (Mean ± SD) 
1 7.77±0.10 

0.168
a
 

7.64±0.22 
0.403

1
 

2 7.73±0.22 7.64±0.21 

Axe2 (Mean ± SD) 
1 105.05±22.17 

0.147
1
 

94.92±13.91 
0.173

2
 

2 100.13±20.58 93.66±12.82 

KM (Mean ± SD) 
1 7.70±0.07 

0.152
1
 

7.74±0.21 
0.396

1
 

2 7.70±0.20 7.74±0.21 

Corneal astigmatism (Mean ± SD) 
1 0.95±0.47 

0.317
2
 

1.17±0.61 
0.198

1 

2 0.98±0.58 1.04±0.65 
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(Where D: Dioptrías; K1 and K2: curvature radius of the principal meridians; Km: mean 

curvature radius; mm: millimetres; NIKBUT: Non-invasive break-up time; SD: Standard 

deviation; 1: paired sample t-test; 2: Wilcoxon signed-rank test; *: Statistically 

significant) 

After treatment, 35.00 % of subjects had a first NIKBUT higher than 10 seconds 

(33.33 % of aged and 36.67 % of young subjects), and 36.67 % did not have dry eye 

symptoms in any questionnaire (36.67 % of the aged subjects and 36.67 % of young 

subjects).  

At baseline, there were no statistically significant differences between young and 

aged subjects in NIKBUT, meibomian gland secretion score, gland obstruction score, 

OSDI and DEQ-5 (p > 0.05). 

Differences in therapy outcomes depending on age group 

Mixed ANOVA analysis (Table 7.2) was performed to evidence which parameters 

improved after thermal bag application, without taking into account baseline 

differences. It showed statistically significant differences between age groups for 

several parameters: first NIKBUT, TMH, redness score (bulbar and limbal), gland drop-

out (upper and lower lid), lipid layer, meibum quality, gland obstruction score and 

telangiectasia. However, some of these parameters had baseline differences due to 

subjects’ age. The interaction between age groups and visits had a significant effect on 

first NIKBUT (p = 0.033), mean NIKBUT (p = 0.017), lipid layer thickness score (p = 

0.004) and meibum quality score (p = 0.004). This evidences that despite the 
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differences in this parameter between age groups at baseline, the treatment acted 

differently because of the subjects’ age. 

Table 7.2. Analysis of the interaction between age and visit for each dependent 

variable through a mixed ANOVA. 

Measurement 
Within-Subjects Effects 

INTERACTION BETWEEN VISIT AND AGE 
GROUP (Significance level) 

Between-Subjects Effects 
AGE GROUP 

(Significance level) 

First NIKBUT 0.033* 0.002* 
Mean NIKBUT 0.017* 0.351 

Tear meniscus height 0.399 <0.001* 
Bulbar temporal redness score 0.145 <0.001* 

Bulbar nasal redness score 0.946 <0.001* 
Limbal temporal redness score 0.194 <0.001* 

Limbal nasal redness score 0.262 <0.001* 
Total bulbar redness score 0.346 <0.001* 

Upper eyelid gland drop-out 0.819 <0.001* 
Lower eyelid gland drop-out 0.476 <0.001* 
Lipid layer thickness score 0.004* 0.002* 

Meibomian gland secretion score 0.604 0.404 
Meibum quality score 0.004* 0.004* 

Meibomian gland obstruction score 0.113 0.036* 
Telangiectasia score 0.068 <0.001* 

Ocular Surface Disease Index 0.431 0.120 
Dry Eye Questionnaire-5 0.235 0.362 

(Where NIKBUT: Non-invasive break-up time; *: Statistically significant) 

Treatment compliance and subjective improvement 

70.0 % of aged subjects reported using the thermal bag “every time”, 26.7 % 

“almost every time” and 3.3 % “sometimes”. Moreover, 53.3 % of them noticed “a 

significant improvement” after treatment, 20.0 % “some improvement”, 3.3 % “slight 

improvement” and 23.3 % did not notice any change. On the other hand, 30.0 % of 

young subjects said they used the device “every time”, 56.7 % “almost every time” and 

13.3 % “sometimes”. Furthermore, 66.7 % of them noticed “a significant 

improvement” after the treatment, 23.3 % “some improvement” and 10.0 % did not 
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notice any change. None of them reported worse comfort after treatment. Mann-

Whitney U test revealed higher treatment compliance in the aged group than in the 

younger one (p = 0.002). However, no statistical differences were found in subjective 

improvement (p = 0.097). 

7.4 Discussion 

The present study assessed the association between MGDRx EyeBag and tear film 

parameters according to age. Both aged and young subjects were assessed to find the 

possible differences in the treatment between groups.  Different studies have already 

confirmed the effectiveness of thermal treatment in young subjects (Friedland et al., 

2011; Lane et al., 2012; Purslow, 2013; Qiao and Yan, 2013; Bilkhu, Naroo and 

Wolffsohn, 2014a; Arita et al., 2015; Villani et al., 2015). Improvements in meibomian 

glands’ area (Bilkhu, Naroo and Wolffsohn, 2014b; Arita et al., 2015), tear film stability 

(Bilkhu, Naroo and Wolffsohn, 2014a; Bilkhu, Naroo and Wolffsohn, 2014b; Sim et al., 

2014; Arita et al., 2015; Wang et al., 2015; Tan et al., 2018; Wang et al., 2019d), ocular 

symptoms (Bilkhu, Naroo and Wolffsohn, 2014b; Ngo, Srinivasan and Jones, 2019) or 

lipid layer thickness (Bilkhu, Naroo and Wolffsohn, 2014a; Bilkhu, Naroo and 

Wolffsohn, 2014b; Sim et al., 2014; Wang et al., 2015; Tan et al., 2018; Wang et al., 

2019d) have been reported. 

Differences between visits for each age group 

Several authors have confirmed that thermal devices retain heat more effectively 

in comparison with a face towel or warm compresses, thus leading to greater 



Chapter 7. Evaluation of MGDRx EyeBag treatment in young and aged subjects with symptoms 

of ocular dryness 

  

 

317 
 

improvement after treatment (Friedland et al., 2011; Lane et al., 2012; Purslow, 2013; 

Qiao and Yan, 2013; Arita et al., 2015; Villani et al., 2015; Tan et al., 2018). The 

meibum in MGD subjects has an altered chemical structure, increasing its melting 

point compared to the 32ºC physiological value (Qiao and Yan, 2013). It has been 

suggested that reaching temperatures over 40ºC might be required to melt meibum 

properly, however, meibomian lipids start to spread at 35ºC (Friedland et al., 2011). 

Bitton, Lacroix and Léger (2016) demonstrated the effectiveness of MGDRx EyeBag in 

providing stable heat retention for 12 minutes. The peak temperature was 37.6ºC at 2 

minutes and 36.8ºC at minute 12. It has been reported that the MGDRx EyeBag surface 

temperature profile displayed higher uniformity, slower cooling, making it more 

effective in raising ocular temperature than other warming devices (Wang, Gokul and 

Craig, 2015). 

The present results are consistent with previous studies, demonstrating that 

regular heating melts the abnormal meibum. Warming therapy liquefies the thickened 

viscous meibum and increases tear film stability (Knop et al., 2011; Bilkhu, Naroo and 

Wolffsohn, 2014a; Wang et al., 2015). Thus, positive correlations between tear film 

stability and lipid layer thickness, and the meibum quantity and tear film stability have 

been reported (Nichols et al., 2002b; Bron and Tiffany, 2004). In the present study, a 

statistically and clinically significant improvement in symptoms, NIKBUT, lipid layer 

score and upper lid drop-out percentage was found in young subjects (Table 7.1). 

These results are in accordance with a previous study published about young patients 

(Bilkhu, Naroo and Wolffsohn, 2014b), where subjects noticed an improvement in 

ocular comfort, meibomian gland drop-out, osmolarity, lipid layer thickness, tear film 
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stability, TMH and conjunctival hyperaemia after two weeks. Differences in TMH were 

not found in the present study since the thermal bag affects the lipid layer, responsible 

for tear film quality, and therefore does not affect tear film quantity. Longer treatment 

time might cause a chain reaction improving meibum, which in turn might restore the 

lipid layer, increase TMH and reduce bulbar redness (Bilkhu, Naroo and Wolffsohn, 

2014b). 

Wang et al. (2019d) also found an increase in the lipid layer and tear film stability 

after the application of the same thermal bag as in the present study. In this case, they 

did not report any change in TMH, conjunctival hyperaemia or meibomian gland drop-

out. Bilkhu, Naroo and Wolffsohn (2014a) and Wang et al. (2015) also found an 

increase in tear film stability and lipid layer thickness in healthy subjects and in 

subjects with mild-to-moderate dry eye symptoms. Nevertheless, Ngo, Srinivasan and 

Jones (2019) only found a reduction in symptoms, while meibomian gland score and 

tear film stability showed no statistically significant changes after the use of the 

thermal bag for 4 weeks. In contrast, no changes in lipid layer or NIKBUT signs were 

found in aged subjects in the present study. They had clinically better values in 

questionnaire scores, meibum quality, gland obstruction, and telangiectasia (Table 

7.1). 

After treatment, approximately a third of the sample had a NIKBUT higher than 10 

seconds and negative symptomatology in all questionnaires. This improvement might 

affect DED and MGD diagnosis according to TFOS DEWS II Diagnostic Methodology 
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Report and the International Workshop on Meibomian Gland Dysfunction Diagnosis 

Report (Tomlinson et al., 2011; Wolffsohn et al., 2017). 

Differences in therapy outcomes depending on age group 

When young and aged groups were compared, the effect of age was found in first 

NIKBUT, TMH, redness score (bulbar and limbal), drop-out (upper and lower lid), lipid 

layer, meibum quality, gland obstruction score and telangiectasia (Table 7.2). 

Nevertheless, some of these parameters had baseline differences because of the 

subjects’ age. 

Mixed ANOVA revealed that the age of subjects affected the results of the 

treatment regarding NIKBUT and lipid layer thickness, where greater improvement was 

found in young subjects. Therefore, despite the differences in the lipid layer between 

age groups at baseline, the treatment acted differently because of the subjects’ age. 

This result was expected since aged subjects had higher levels of meibomian glands 

atrophy. 

 A possible explanation could be that aged subjects need a longer treatment time 

in order for an improvement in NIKBUT to be noticed. Moreover, DED is a pathology in 

which sometimes there is no correlation between signs and symptoms (Wolffsohn et 

al., 2017). On the other hand, meibomian glands quality, obstruction and 

telangiectasia might have only improved in the aged population since the young 

subjects had normal values at baseline. 
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Ngo, Srinivasan and Jones (2019) argued that it is currently unclear whether or not 

atrophied glands may benefit from the thermal bag treatment. The outcomes of this 

study suggest that not only atrophied meibomian glands with a higher drop-out are 

able to benefit from thermal treatment since the young population had a low degree 

of drop-out statistically significant from the aged group (p < 0.001).  

Changes in topography 

Warming therapy has been suggested to cause corneal deformation and visual 

acuity loss because of corneal temperature (McMonnies, Korb and Blackie, 2012). 

However, the present study confirmed dry eye signs and symptoms were improved 

after the application of thermal bags in a safe way since no differences were found in 

topographical measurements between visits in both populations. No case of corneal 

deformation was reported in two weeks follow-up. Bilkhu, Naroo and Wolffsohn 

(2014b) and Sim et al. (2014) confirmed these results since corneal topography and 

visual acuity were unaffected (p > 0.05). They suggested that corneal and visual 

changes may only occur during an unusually long and intense treatment therapy. 

Treatment compliance and subjective improvement 

Due to the importance of adherence to medical therapy, this study also attempted 

to quantify the level of treatment compliance. In spite of the treatment compliance 

being significantly higher in the aged group than in the younger one, there were no 

differences in the improvement score between groups. Thus, this fact also might 
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confirm the hypothesis that improvement in young subjects might be faster than in the 

aged ones. 

The promising outcomes found in this study, in young and aged subjects, together 

with the fact that the thermal bag is a portable device, make it suitable for use in a 

variety of settings (Wang et al., 2015). The thermal bag is simple to heat and handle in 

comparison with traditional moist warm compresses which are reported to require an 

intensive protocol in order to optimize the treatment (Bilkhu, Naroo and Wolffsohn, 

2014a). Thus, they are time-consuming and labour intensive and might lead to subject 

compliance problems in some cases (Geerling et al., 2017). 

It is interesting to justify the choice of a two-week follow-up period. It comes as 

the follow-up recommended by the MGDRx EyeBag manufacturer, but also because 

there is supporting evidence for it. TFOS DEWS II Management and Therapy Report 

(Jones et al., 2017) recommended a two-week treatment period as the application of 

MGDRx EyeBag twice a day for two weeks improved dry eye symptoms, and these 

benefits lasted 6 months. Different studies used 2 weeks, or even less, as sufficient to 

benefit from thermal bag application (Bilkhu, Naroo and Wolffsohn, 2014a; Bilkhu, 

Naroo and Wolffsohn, 2014b; Wang et al., 2015; Wang et al., 2019d). In addition, Ngo, 

Srinivasan and Jones (2019) did not find differences in signs and symptoms in follow-

ups longer than 2 weeks. More recently, Murphy et al. (2019) assessed the efficacy of 

MGDRx EyeBag at 2, 4 and 8 weeks, not finding significant improvement from the 

second week of treatment. Finally, since thermal bags were self-applied, shorter and 
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effective treatment times are preferable to increase adherence to the treatment 

protocol. 

This study had some limitations that should be considered. First, the reduction of 

symptoms in both groups might have been affected by the placebo effect since 

subjects were not masked (Bilkhu, Naroo and Wolffsohn, 2014b). Second, not all the 

metrics were comparable between young and aged subjects since there were 

significant differences between groups at baseline. This issue was partially solved by 

using mixed ANOVA. Finally, no control group was included in the study; results were 

only compared with the baseline and between young and aged subjects. Future 

research with a larger sample, with a longer follow-up and with different MGD severity 

grades would be required in aged subjects in order to confirm these findings. 

Overall, ocular surface integrity metrics were improved after thermal bags 

application in subjects with evaporative dry eye symptoms or with a lower NIKBUT. 

The application of thermal bags was associated with a reduction in dry eye-related 

symptoms in both young and aged subjects, while NIKBUT and lipid layer thickness 

were only improved in the young group. NIKBUT and lipid layer were affected by age, 

the performance being higher in young subjects after the treatment. These findings 

provide new insights about the effect of thermal bags on the ocular surface in young 

and elderly subjects, which might help in the management of MGD or DED depending 

on age. 

 



 

 

 

 

 

 

 

 

 

CHAPTER 8: Development of 

new methods to assess the 

tear film and the ocular 

surface 
 

 

 

 

 

 

 

 

 

 



 



Chapter 8. Development of new methods to assess the tear film and the ocular surface 

  

 

325 
 

8. DEVELOPMENT OF NEW METHODS TO ASSESS THE TEAR FILM AND THE OCULAR 

SURFACE 

As explained in Chapter 2 Justification, the TFOS DEWS II Diagnostic Methodology 

Report recognized the need of developing new non-invasive and as objective as 

possible metrics to assess the tear film and the ocular surface (Wolffsohn et al., 2017). 

In the present chapter different metrics will be developed to assess the tear film and 

the ocular surface in a non-invasive and objective way. The newly developed metrics 

consist of image processing of pictures and videos from the ocular surface. 
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8.1 DEVELOPMENT OF A METHOD TO ASSESS MEIBOMIAN GLAND VISIBILITY 

In this chapter, a method to assess meibomian gland visibility will be developed 

from the analysis com grey pixel intensity values of meibographies obtained through 

non-contact infrared meibography. 
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8.1.1 MEIBOMIAN GLANDS’ VISIBILITY ASSESSMENT THROUGH A NEW 

QUANTITATIVE METHOD: DEVELOPMENT AND REPEATABILITY OF NEW METRICS 

In this chapter, the development of the method will be explained and the 

repeatability of new gland visibility metrics will be assessed. 

8.1.1.1 Introduction 

Meibomian glands’ assessment is based on qualitative and subjective analysis. 

Different grading scales have been developed (Shimazaki, Sakata and Tsubota, 1995; 

Bron and Tiffany, 2004; Nichols et al., 2005; Arita et al., 2008; Arita et al., 2009b; 

Nelson et al., 2011; Tomlinson et al., 2011; Pult and Nichols, 2012; Pult and Riede-Pult, 

2013; Koprowski et al., 2016). Nevertheless, as explained in Chapter 1 Introduction, 

subjective meibomian gland grading depends on the ability of the examiner to detect 

alterations (Arita et al., 2009b; Tomlinson et al., 2011; McGinnigle, Eperjesi and Naroo, 

2012; Sullivan et al., 2012a; Arita et al., 2013; Pult and Riede-Pult, 2013; Wolffsohn et 

al., 2017), which may lead to a decrease in assessment repeatability and agreement 

between clinicians (Nichols et al., 2005). Meanwhile, the objective grading of 

meibomian glands has been reported to have better intra- and interrater 

measurement repeatability and agreement (Nichols et al., 2005; Koh et al., 2012; Pult 

and Nichols, 2012; Srinivasan et al., 2012; Arita et al., 2013; Celik et al., 2013; Pult and 

Riede-Pult, 2013; Wolffsohn et al., 2017; Llorens-Quintana et al., 2019a; Llorens-

Quintana et al., 2019b).  



Chapter 8.1.1. Meibomian glands’ visibility assessment through a new quantitative method. 

Development and repeatability of new metrics 

  

 

334 
 

Up to now, only a few objective algorithms have been developed to assess 

meibographies and there is not a universally accepted one (Shimazaki, Sakata and 

Tsubota, 1995; Nichols et al., 2005; Arita et al., 2008; Koh et al., 2012; Pult and Riede-

Pult, 2012b; Celik et al., 2013; Pult and Riede-Pult, 2013; Koprowski et al., 2016; 

Llorens-Quintana et al., 2019a). Moreover, the diagnosis of DED and MGD is still 

challenging; therefore, it has been reported that there is a need of developing new 

metrics and algorithms in order to assess the ocular surface in an objective and non-

invasive way (Wolffsohn et al., 2017). This might be obtained by means of image 

processing (Arita et al., 2013; Celik et al., 2013; Koprowski et al., 2016; Geerling et al., 

2017; Llorens-Quintana et al., 2019a).  

The aim of this study is to develop and validate new quantitative metrics to assess 

meibomian glands’ visibility objectively. To the authors’ knowledge, this is the first 

study to analyze meibomian glands’ visibility in an objective manner. 

8.1.1.2 Methodology 

A total of 112 healthy volunteers aged between 18 to 90 years old participated in 

this study. Participants had no prior history of ocular complications, injury or disease in 

the last three months. In order to evaluate various meibomian gland loss levels, no 

exclusion based on the state of the meibomian glands of subjects was made. Contact 

lens users were instructed not to wear their contact lenses within a week before the 

examination. Only the right eye was measured due to the similar nature of both eyes. 

Subjects having difficulties with lid eversion were excluded from the study. Written 

consent of each subject was obtained after the explanation of the study protocol. The 
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study was approved by the Ethics Committee of the University of Valencia and it was 

performed in accordance with the tenets of the Declaration of Helsinki.  

Measurements 

Non-contact infrared meibography of the upper right eyelid of each subject was 

obtained using Oculus Keratograph 5M (K5 M; Oculus GmbH, Wetzlar, Germany) by 

the same experienced researcher, as explained in Chapter 3 General Methodology. 

RGB (Red-Green-Blue) infrared meibographies were acquired with a resolution of 1360 

x 1024 pixels (Koprowski et al., 2016; Llorens-Quintana et al., 2019a). Images were 

then exported to external software in order to analyse the grey level intensity. All 

meibographies were obtained in the same room and under the same controlled 

illumination conditions. 

Percentage classification was carried out under previously published criteria (Arita 

et al., 2009b; Tomlinson et al., 2011). Thus, meibographies were classified into 3 

groups (Figure 8.1.1.1), by a masked researcher, as follows: Group 1 = Patients with 

good subjective glands visibility and an Image J drop-out percentage of less than one-

third of the total area of meibomian glands; Group 2 = Patients with low subjective 

glands visibility and an Image J drop-out percentage lower than one-third of the total 

area; and Group 3 = Patients with low subjective glands visibility and an Image J drop-

out percentage higher than one-third of the total area. Once meibographies were 

classified into these 3 groups, images were analysed through the proposed method. In 

order to prove that the method was able to objectively measure gland visibility, 

differences between groups were analysed for each new metric. The classification into 
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these three groups was not based on any previous criterion, but subjects were 

classified into groups in order to validate the method. 

 

Fig. 8.1.1.1. Examples of the 3 meibography groups. From left to right: Group1, Group 

2 and Group 3. 

Method development 

The analysis of meibographies has several features that make it challenging. In 

some cases, meibography images have low contrast, non-uniform illumination, 

defocused areas, specular reflections or other artefacts (Celik et al., 2013; Llorens-

Quintana et al., 2019a). 

Matlab R2018a (MathWorks, Natick, MA) was used to develop the method. First, 

RGB meibographies were transformed to grey levels images. Photoshop (V S5, Adobe 

Systems Inc., San Jose, CA, US) was then used to eliminate specular reflexes and 

reduced shadows in order to provide uniform illumination in the whole eyelid (Figure 

8.1.1.2). This reduction was carried out in the same way for all meibographies so that 

grey level values were comparable. 
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Region of Interest (ROI) was manually selected through Matlab in the same way 

for all meibographies by the same clinician. The upper boundary was delimited by the 

eyelid fold while the lower by the eyelid boundary, as in Figure 8.1.1.2 (right). 

 

Fig. 8.1.1.2. Original meibography (left) and meibography after the elimination of 

specular reflexes and shadows reduction in the region of interest (right). 

The background illumination was subtracted from the image in order to enhance 

uniform illumination across the eyelid. Thus, the background was calculated through 

opening by using a structural element disk of 20 pixels radius.  Each pixel value of the 

resulting image was then raised to the third power in order to enhance the contrast in 

the same way for all meibographies. Finally, images were smoothed by applying a 4-

pixel sigma Gaussian filter to remove the remaining noise from the background 

(Esmaeli et al., 2016). Once the meibographies were processed, histograms were 

obtained from the different images and metrics were measured taking into account 

the grey values on the final image (Figure 8.1.1.3) (Haralick, 1979; Conners, Trivedi and 

Harlow, 1984; Clausi, 2002; Alonso-Caneiro et al., 2013). Figure 8.1.1.4 shows a 

summary of the main steps in which the process of image analysis was carried out in 

the development of the method. 
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Meibomian glands show lighter than the background. Thus, glandular structures 

have relatively higher brightness in comparison with neighbouring non-glandular 

regions (Celik et al., 2013). Therefore, it was hypothesized that higher grey value 

scores might be related to higher meibomian glands’ visibility. Grey values range from 

0 (black) to 255 (white) (Haralick, 1979; Conners, Trivedi and Harlow, 1984; Clausi, 

2002; Alonso-Caneiro et al., 2013; Celik et al., 2013). Different parameters were 

obtained in order to analyse glands’ visibility: the mean, the SD, the median and the 

mode of the ROI pixels. Histogram shape parameters such as kurtosis and skewness 

were also measured (Haralick, 1979; Conners, Trivedi and Harlow, 1984; Clausi, 2002; 

Alonso-Caneiro et al., 2013). 
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Fig. 8.1.1.3. Images and histograms obtained through the method. From left to right: 

Background of the region of interest, Background subtracted from the region of 

interest, Contrast enhancement, and Gaussian filter (final image). In the histograms, 

axe “x” represents the grey level intensities (0-255), while axe “y” shows the number of 

pixels. 
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Fig. 8.1.1.4. The main steps of image processing. 

Moreover, energy, relative energy, entropy and SD irregularity were calculated 

(Haralick, 1979; Conners, Trivedi and Harlow, 1984; Clausi, 2002; Alonso-Caneiro et al., 

2013) as follows: 

energy as: 
    

 
 

relative energy as: 
  

 

    
   

 
  

entropy: 
           

 
 

SD irregularity as: 
  

   

    
   

 
 

Where: p=pixels; n=number of pixels; pmax=maximum intensity of the 

meibography; and x=mean pixel intensity values. These parameters were divided by 

the number of pixels (n) to make all meibographies comparable independently of the 

matrix size. 
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The image area was divided into three horizontal cuts at 25%, 50% and 75%, as 

shown in Figure 8.1.1.5. The area under the pixel intensity curve was calculated for 

each cut and divided by the number of pixels. A global area under the curve was 

obtained by adding the three cuts. Pixel intensity changes gradually between the 

background and the glands (Llorens-Quintana et al., 2019a).  

 

 

Fig. 8.1.1.5. Three cuts at the 25%, 50% and 75 % levels in the meibography (right) and 

an example of the pixel intensity in one cut (left). Where: Axe “x” is the pixel position 

across the cut in the image and “y” shows the grey level intensity (0-255). 
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Statistical analysis 

Statistical analysis was carried out using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Outcomes were displayed as the mean ± SD. Normality 

distribution for each group was checked by means of the Shapiro-Wilk or the 

Kolmogorov-Smirnov test, depending on the sample size. 

Differences between groups for each metric were assessed with ANOVA or 

Kruskal-Wallis. Levene’s test was used to assess if the variances between groups could 

be considered equal. Welch’s t-test was used when the variances were not equal. 

Furthermore, post-hoc analysis was carried out by means of Bonferroni, Tukey or 

Games-Howell tests in order to evaluate the differences between all pair group 

combinations. A p-value less than 0.05 was defined as statistically significant. 

Rho Spearman test was used to assess the correlation between each metric and 

Meibomian glands drop-out percentage; with the entire sample and after excluding 

group 2 in order to avoid the cases in which low visibility was not related to drop-out. 

The group 2, which had low gland drop-out and visibility, was excluded to further 

prove that not only was the method measuring gland drop-out, but it also measured 

the visibility of the glands. 

Finally, the repeatability of each new metric was assessed by calculating the Sw, 

CoV and CoR, as explained in Chapter 3 General Methodology. 

 

 



Chapter 8.1.1. Meibomian glands’ visibility assessment through a new quantitative method. 

Development and repeatability of new metrics 

  

 

343 
 

8.1.1.3 Results 

The discussed new method was applied to one hundred and twelve right eyes 

from 112 subjects out of whom 70 were female (62.5%) and 42 male (37.5%). The 

mean age was 48.3 ± 27.5 years (ranging from 18 to 90 years). From the total sample, 

56 subjects were classified in group 1 (24.5 ± 9.6 years), 19 in group 2 (69.2 ± 21.3 

years) and 37 in group 3 (73.6 ± 13.7 years). Kruskal-Wallis test showed statistically 

significant differences in age between groups (p < 0.001). Age of group 1 was lower 

than the age of group 2 (p < 0.001) and 3 (p < 0.001), while no differences were found 

between group 2 and 3 (p = 0.832). Table 8.1.1.1 shows the main results obtained for 

each metric per group and the statistical comparison between them. The method 

performed properly in all images when it was applied in each meibography.  

No statistically significant differences were found between groups 1 and 2 in drop-

out percentage. However, group 1 showed higher values than the other groups in 

relative energy, energy, SD irregularity, mean, SD, median, mode, kurtosis, skewness 

and total area. 

Table 8.1.1.2 shows the correlations between the different metrics and gland 

drop-out percentage with the entire sample and after excluding the group 2. Rho 

Spearman correlations were statistically significant for all metrics except for entropy. 

The correlation was higher after excluding the group 2. Mode did not show a 

monotone relation with gland drop-out percentage. 
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Table 8.1.1.1. Mean values for each group and comparison between them. 

 (Where ROI: Region of Interest; SD: Standard Deviation; Group 1: Patients with good 

intensity and drop-out less than one-third of the total meibomian gland area; Group 2: 

Patients with low intensity and drop-out less than one-third of the total meibomian 

gland area; Group 3: patients with low intensity and drop-out higher than one-third of 

Metric Group Mean±SD 
Significance level 

(p-value) 
Compatison between groups 

(p-value) 

Gland drop-out 
percentage (%) 

Group 1 22.71±5.38 
 

<0.001
1
* 

1-2= 0.110 
1-3= <0.001* 
2-3= <0.001* 

Group 2 27.42±5.30 

Group 3 51.04±1.68 

Relative energy 

Group 1 0.42±0.07 

<0.001
2
* 

1-2=<0.001* 
1-3=<0.001* 
2-3= 0.152 

Group 2 0.24±0.05 

Group 3 0.20±0.09 

Energy 

Group 1 246.56±4.59 

<0.001
1
* 

1-2= <0.001* 
1-3= <0.001* 

2-3= 0.858 
Group 2 240.16±4.02 

Group 3 237.50±8.86 

Entropy 

Group 1 4.1x10
-5

±1.0x10
-5 

0.003
1
* 

1-2= 0.001* 
1-3= 0.371 

2-3= 0.012* 
Group 2 4.8x10

-5
±7.2x10

-6 

Group 3 4.3x10
-5

±1.0x10
-5 

SD irregularity 

Group 1 0.34±0.09 

<0.001
3
* 

1-2= <0.001* 
1-3=< 0.001* 

2-3= 0.601 
Group 2 0.16±0.04 

Group 3 0.15±0.08 

Mean ROI 
pixels intensity 

Group 1 115.86±14.69 

<0.001
3
* 

1-2= <0.001* 
1-3= <0.001* 

2-3= 0.097 
Group 2 83.95±8.99 

Group 3 76.10±18.80 

SD ROI pixels 
intensity 

Group 1 79.07±3.66 

<0.001
3
* 

1-2=< 0.001* 
1-3= <0.001* 

2-3= 0.280 
Group 2 68.45±5.78 

Group 3 64.75±12.17 

Median ROI 
pixels intensity 

Group 1 100.89±22.57 

<0.001
1
* 

1-2= <0.001* 
1-3= <0.001* 

2-3= 0.131 
Group 2 61.00±9.79 

Group 3 52.65±17.16 

Mode ROI 
pixels intensity 

Group 1 178.52±112.01 

<0.001
1
* 

1-2= <0.001* 
1-3= <0.001* 

2-3= 0.187 
Group 2 16.89±5.26 

Group 3 62.19±94.54 

Kurtosis 

Group 1 0.0098±0.0015 

<0.001
1
* 

1-2= <0.001* 
1-3= <0.001* 

2-3= 0.142 
Group 2 0.0123±0.0010 

Group 3 0.0138±0.0022 

Skewness 

Group 1 0.102±0.005 

<0.001
3
* 

1-2= <0.001* 
1-3= <0.001* 
2-3= 0.005* 

Group 2 0.113±0.005 

Group 3 0.120±0.010 

Total area 

Group 1 366.70±45.29 

<0.001
3
* 

1-2= <0.001* 
1-3= <0.001* 

2-3= 0.647 
Group 2 259.13±30.87 

Group 3 247.89±63.30 
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the total meibomian gland area; 1 Kruskal-Wallis Test;  2 ANOVA test; 3 Welch Test; 

*Statistically significant values) 

Table 8.1.1.2. Correlation between the different metrics and drop-out percentage with 

the entire sample and excluding the group 2.  

Metric Groups 
Spearman’s 
correlation 

coefficient (r) 

Significance level 
(p-value) 

Relative energy 
All the sample -0.751 <0.001* 

Without group 2 -0.821 <0.001* 

Energy 
All the sample -0.509 <0.001* 

Without group 2 -0.527 <0.001* 

Entropy 
All the sample 0.079 0.405 

Without group 2 0.145 0.166 

Standard deviation irregularity 
All the sample -0.702 <0.001* 

Without group 2 -0.781 <0.001* 

Mean ROI pixels intensity 
All the sample -0.745 <0.001* 

Without group 2 -0.808 <0.001* 

Standard deviation ROI pixels 
intensity 

All the sample -0.581 <0.001* 

Without group 2 -0.649 <0.001* 

Median ROI pixels intensity 
All the sample -0.767 <0.001* 

Without group 2 -0.815 <0.001* 

Kurtosis 
All the sample 0.769 <0.001* 

Without group 2 0.814 <0.001* 

Skewness 
All the sample 0.775 <0.001* 

Without group 2 0.826 <0.001* 

Total area 
All the sample -0.656 <0.001* 

Without group 2 -0.747 <0.001* 

(Where ROI: Region of Interest; Group 2: Patients with low intensity and drop-out less 

than one-third of the total meibomian gland area) 

Table 8.1.1.3 shows the repeatability scores for each metric. All metrics with the 

exception of the mode of pixels intensity achieved acceptable repeatability since Sw 

and CoR values were low and the variability between the three measurements was not 

high, CoV achieving values between 0.04 and 4.65. The CoV shows the variability 

between measurements with respect to the average value as a percentage, being 
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useful to assess the repeatability as long as the average magnitude is not too small 

(Bland and Altman, 2010). 

Table 8.1.1.3. Repeatability of each metric. 

Metric Sw (max-min) CoR (max-min) CoV (%) 

Relative energy 0.012 0.032 3.86 

Energy 3.28 9.09 1.36 

Entropy 1.8x10
-6 

4.9 x10
-6

 0.04 

Standard deviation irregularity 0.009 0.026 4.16 

Mean ROI pixels intensity 2.68 7.42 2.85 

Standard deviation ROI pixels intensity 0.94 2.60 1.33 

Median ROI pixels intensity 3.49 9.68 4.65 

Mode ROI pixels intensity 35.18 97.46 38.84 

Kurtosis 0.0003 0.0007 2.16 

Skewness 0.0012 0.0033 1.08 

Total area 11.32 31.36 3.77 

(Where CoR: Repeatability coefficient; CoV: Coefficient of variation; ROI: Region of 

Interest; Sw: Within-subject standard deviation) 

8.1.1.4 Discussion 

This study describes an objective semiautomatic method for analysing meibomian 

glands’ visibility quantitatively. Meibography images were subjectively and objectively 

classified according to their visibility grade, which is different from meibomian gland 

loss (Llorens-Quintana et al., 2019a; Llorens-Quintana et al., 2019b). 

Different objective algorithms have been developed in order to assess 

morphological features of meibomian glands such as length or gaps between glands 

(Koh et al., 2012; Llorens-Quintana et al., 2019a; Llorens-Quintana et al., 2019b), gland 
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drop-out (Arita et al., 2013; Celik et al., 2013; Llorens-Quintana et al., 2019a; Llorens-

Quintana et al., 2019b), gland area (Celik et al., 2013; Koprowski et al., 2016; 

Koprowski, Tian and Olczyk, 2017), width (Llorens-Quintana et al., 2019a; Llorens-

Quintana et al., 2019b) or irregularity (Llorens-Quintana et al., 2019a; Llorens-

Quintana et al., 2019b). However, these studies were focused on morphological 

parameters related to meibomian glands while the present study analyses meibomian 

gland visibility. 

In this study, the new proposed method was found not only able to detect gland 

drop-out, but could also assess objectively meibomian glands visibility. The analysis 

showed lower pixel intensity values for group 2, which had lower glands visibility than 

group 1 but similar drop-out (p = 0.110). This suggests that both gland drop-out and 

gland visibility are measured. Furthermore, this fact was also evident when 

correlations were stronger after excluding group 2 from the analysis. Meibomian 

glands drop-out and glands visibility are usually linked. Nevertheless, the group 2 had 

low grand drop-out and low visibility. 

Relative energy, energy, SD irregularity, mean, SD, median, mode and total area 

under the curve displayed higher values for group 1 than for 2 and 3, suggesting higher 

gland intensity. Kurtosis was lower for group 1 since the histogram was wider than for 

the other groups. Skewness also showed lower values for group 1 due to the fact that 

higher intensity values were found in this group. Entropy was the only one not 

correlated to meibomian gland loss. This might be due to the fact that entropy 

measures randomness of grey level distribution (Haralick, 1979; Alonso-Caneiro et al., 
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2013), being therefore useful for the analysis of other parameters related to 

meibography arrangement such as tortuosity of glands. This hypothesis should be 

checked in future studies. 

Meibomian gland visibility assessment is important due to the fact that the link 

between gland drop-out and gland function is not clear (LLorens-Quintana et al., 

2019b). Changes in meibomian gland visibility might induce alterations in lipid 

secretion and composition, leading to alterations in tear film properties. The new 

method is capable of classifying different meibography grades, since not only extreme 

cases were considered, but also intermediate grades were properly classified. 

Sw, CoR and CoV indicate good repeatability when its values are near zero (Bland 

and Altman, 2010; Cerviño et al., 2015; McAlinden, Khadka and Pesudovs, 2015; 

Martínez-Albert, Esteve-Taboada and Montés-Micó, 2018; Martínez-Albert et al., 

2018). Generally, new metrics manifested moderate-acceptable repeatability, in spite 

of the fact that ROI was determined manually. 

It could be hypothesized that it might help clinicians to assess meibomian gland 

activity grade since higher gland drop-out is related to lower gland visibility. Likewise, 

higher gland visibility might be related to better gland activity and healthiness. These 

metrics might help to grade objectively the level of activity of meibomian glands and 

therefore facilitate clinicians the diagnosis of meibomian gland alterations such as 

MGD, or even monitor treatment effectiveness. Thereby, the method could add 

diagnostic value in MGD follow-up (Llorens-Quintana et al., 2019a). 
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This study had some limitations to consider. The procedure is semiautomatic and 

thus clinicians still have to manually eliminate reflexes and delineate the gland area. 

Nevertheless, the method is not instrument-specific, unlike previous ones (Llorens-

Quintana et al., 2019a). In spite of the method being semiautomatic, the repeatability 

was unaltered. Moreover, this study was focused on images of the upper eyelids only, 

since it was easier to capture a uniformly focused image of the tarsal plate (Koh et al., 

2012). Statistically significant differences in age were obtained between groups. 

Consequently, age might act as a possible confounding factor. As in previous studies, 

age could not be excluded from the analysis because of its strong association with 

MGD (Arita et al., 2018; Pult, Riede-Pult and Nichols, 2012; Rico-del-Viejo et al., 2019). 

And finally, lighting must be controlled to avoid changes in results (Srinivasan et al., 

2012). 

Overall, all metrics, with the exception of entropy, showed higher meibomian 

gland visibility for Group 1 than in the other two groups. The proposed method is able 

to assess meibomian gland visibility in an objective and repeatable way, which might 

help clinicians enhance MGD diagnosis and follow-up treatment. This new method 

might help clinicians to assess meibomian glands visibility grade since higher gland 

drop-out is related to lower glands visibility. Likewise, higher glands visibility might be 

related to better gland activity and healthiness. Further studies are needed to evaluate 

the diagnostic capability of the suggested parameters. Further analysis against other 

ocular surface parameters would be helpful to confirm whether the new metrics are 

helpful for meibomian gland assessment. 
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8.1.2 DIAGNOSTIC CAPABILITY OF A NEW OBJECTIVE METHOD TO ASSESS 

MEIBOMIAN GLAND VISIBILITY 

In this chapter, the diagnostic capability of new gland visibility metrics for MGD 

will be assessed, as well as their correlations with other clinical signs and symptoms of 

DED and MGD. 

8.1.2.1 Introduction 

As reported in Chapter 1 Introduction and Chapter 2 Justification, the diagnosis of 

MGD is challenging as no single metric can solely be used to diagnose it and there is no 

global consensus on what criterion (a combination of metrics) to follow to diagnose it. 

For instance, some authors recommend the combination of dry eye symptoms, lid 

margin abnormalities and meiboscore to diagnose MGD (Arita et al., 2009b); others 

suggest symptoms, meibum expressibility and tear film stability (Ngo, Gann and 

Nichols, 2020); while other studies recommend symptoms, gland expressibility and 

ocular surface staining (Tomlinson et al., 2011). Furthermore, it has been reported that 

clinical features used to diagnose MGD before and after the International Workshop 

on MGD report are similar, implying a low impact in MGD diagnosis in clinical trials 

(Ngo, Gann and Nichols, 2020). Moreover, DED diagnosis is also difficult due to the low 

correlation between signs and symptoms, the multifactorial characteristic of the 

disease and the lack of a gold standard tool to diagnose it (Nichols, Mitchell and 

Zadnik, 2004; Arita et al., 2009b; Tomlinson et al., 2011; Barlett et al., 2015; Geerling et 

al., 2017; Wolffsohn et al., 2017; Ngo, Gann and Nichols, 2020; Vehof et al., 2021).  
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Image processing techniques can now be usefully applied to the objective 

assessment of images to extract valuable information from them. As meibomian 

glands appear lighter than the background in a meibography, the visibility of the glands 

might be used as a feature to aid in MGD diagnosis. Visibility is defined as the grade in 

which meibomian glands are seen. Thus, in a subject with high gland drop-out, the 

glands have lost totally their visibility. With this premise, a new method was 

developed, based on image analysis, to objectively assess the visibility of meibomian 

glands. However, not only is the visibility useful to detect gland drop-out, but it is also 

useful to grade the level of visibility in subjects that have similar gland drop-out. This 

was demonstrated in Chapter 8.1.1 (García-Marqués et al., 2021a) by finding 

significantly lower pixel intensity scores in a group with low subjective gland intensity 

in comparison to another group with good subjective gland intensity. Both groups had 

a similar gland drop-out (p = .110). 

The present study goes one step further by analyzing the diagnostic ability of 

meibomian gland visibility metrics. Accordingly, the purpose of this study was to apply 

the proposed method to healthy and MGD subjects and evaluate its ability to better 

discriminate between both sets of subjects. It is hypothesized that these new metrics 

could be used as a complementary tool for supporting the diagnosis of MGD. 

8.1.2.2 Methodology 

One hundred and twelve healthy, Caucasian volunteers with ages ranging from 18 

to 90 years (48.3 ± 27.5 years) participated in this study. Participants had no prior 

history of ocular complications, injury or disease in the last three months. To evaluate 



Chapter 8.1.2. Diagnostic capability of a new objective method to assess meibomian gland 

visibility 

  

 

355 
 

various meibomian gland loss levels, no exclusion based on the state of the meibomian 

glands of subjects was made. The previous diagnosis of DED or MGD was not an 

exclusion criterion. Contact lens users were instructed not to wear their contact lenses 

within a week before the examination. Only the right eye was measured due to the 

similar nature of both eyes. Written consent was obtained from each subject after the 

explanation of the study protocol. Ethics Committee approval was obtained. The study 

was approved by the Ethics Committee of the University of Valencia and it was 

performed following the tenets of the Declaration of Helsinki.  

The sample was divided into two groups (healthy and MGD group) based on the 

criterion that follows (Arita et al., 2009b; Arita, Fukuoka and Morishige, 2017c): 

Participants were classified into the obstructive MGD group when any 2 of the 3 

following scores were abnormal: 1) OSDI ≥ 13; 2) Lid margin abnormality score > 1; and 

3) Meiboscore > 1. This criterion has been previously reported to have a sensitivity of 

84.9 % and a specificity of 96.7 % (Arita et al., 2009b; Arita, Fukuoka and Morishige, 

2017c).  

Measurements 

All measurements were obtained using the Oculus Keratograph 5M (K5 M; Oculus 

GmbH, Wetzlar, Germany) by the same experienced and masked researcher. The 

ocular surface assessment was performed in the same laboratory, under constant 

conditions of illumination (200 lux), temperature (24.1 ± 1.6 °C) and humidity (44.9 ± 

5.0 %). Measurements were carried out following the guidelines reported by the TFOS 

DEWS II, to avoid the destabilization of the tear film. They were performed in the 
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following order (Wolffsohn et al., 2017): OSDI, bulbar redness, TMH, NIKBUT, lid 

margin abnormalities, obstruction score, gland expressibility and upper eyelid 

meibography. Measurements were taken as explained in Chapter 3 General 

Methodology. 

Lid margin abnormalities were evaluated in the upper and lower eyelids using 

scores between 0 and 4, according to the number of these findings in the eye, 

encompassing irregular lid margin, vascular engorgement, plugged meibomian gland 

orifices, and anterior or posterior replacement of the mucocutaneous junction (Arita et 

al., 2009b). Obstruction score was obtained from the number of obstructed glands in 

both eyelids. Expressibility of the central 8 meibomian glands of the upper and lower 

eyelids was graded according to a point scale proposed by Arita et al. (2009a) as 

follows 0 = clear meibum and easily expressed; 1 = cloudy meibum and expressed with 

mild pressure; 2 = cloudy meibum and expressed with more than moderate pressure; 3 

= meibum not expressed. Meiboscore and gland drop-out percentage were assessed as 

explained in Chapter 3 General Methodology. 

Development of the method to measure meibomian gland visibility 

Meibomian glands have higher brightness in comparison with surrounding non-

glandular regions. Thus, higher gray values might be related to higher meibomian 

gland visibility. For instance, Figure 8.1.2.1 shows three meibography types. Figure 

8.1.2.1 A shows a meibography without gland drop-out and good visibility; Figure 

8.1.2.1 B shows a meibography without gland drop-out but with low gland visibility; 
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finally, Figure 8.1.2.1 C shows a meibography with both high gland drop-out and low 

visibility. 

 

Fig. 8.1.2.1. Different meibography types. A: low gland drop-out and high gland 

visibility; B: low gland drop-out and low gland visibility; and C: high gland drop-out and 

low gland visibility. 

The present method was developed using Matlab© R2018a software (MathWorks, 

Natick, MA) as follows. Meibographies without contrast enhancement provided by the 

Keratograph 5M were used in the present study. First, RGB meibographies were 

transformed to grayscale levels and specular reflexes and shadows were removed 

using Photoshop (V S5, Adobe Systems Inc., San Jose, CA, US). The region of interest 

was then manually selected and extracted with Matlab©. The upper boundary was 

delimited by the eyelid fold while the lower by the eyelid boundary. Furthermore, the 

background illumination was subtracted from the image to enhance uniform 

illumination across the eyelid. Thus, the background was calculated through opening 
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by using a structural element disk of 20 pixels radius. The intensity level of each pixel 

was then raised to the third power to increase image contrast. Finally, the noise was 

removed by applying a 4-pixel sigma Gaussian filter (Esmaeli et al., 2016).  

Histogram and visibility metrics were calculated from the gray level values (0-black 

to 255-white) of the modified meibography image (Alonso-Caneiro et al., 2013). As 

meibomian glands show lighter than the background; the lower their grey intensity 

value, the lower their visibility. Mean, SD, median, mode, kurtosis and skewness of the 

histogram were calculated. Besides, energy, relative energy and SD irregularity were 

calculated as follows (Alonso-Caneiro et al., 2013):  

Energy as:  
    

 
 

Relative energy as:  
  

 

    
   

 
  

SD irregularity as:  
  

   

    
   

 
. 

Where: p = pixel intensity value; n = number of pixels; pmax = maximum pixel 

intensity; and x = mean pixel intensity values.  

Parameters were divided by the number of pixels (n) so that all meibographies 

were comparable independently of the size of the region of interest.  A more detailed 

description of all this process can be found in Chapter 8.1.1 (García-Marqués et al. 

(2021a). In that study, it was found that gland visibility metrics had acceptable 

repeatability. 
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Examiner was masked to the study group allocation of meibographies during 

image processing analysis. 

Statistical analysis 

A priori, sample size calculation was performed using MedCalc for Windows 

version 19.5.1 (MedCalc Software, Ostend, Belgium). The area under the curve to 

detect (alternative hypothesis) was chosen to be 0.85 since it denotes high diagnostic 

power. The area value for the null hypothesis was 0.5 while α and β at 0.05 and 0.2, 

respectively. The sample required consisted of 68 negative subjects (healthy group) 

and 34 positive subjects (MGD group). This means that the sample size is large enough. 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Normality distribution for each group was checked through 

the Shapiro-Wilk or Kolmogorov-Smirnov test, depending on the sample size. 

Differences between healthy and MGD groups were evaluated for each metric using 

unpaired Student t-test or Mann-Whitney U test. Moreover, correlations between 

gland visibility metrics, age and ocular signs and symptoms were assessed using Rho 

Spearman correlation for the whole sample. A P-value of less than 0.05 was defined as 

statistically significant. 

The sensitivity, specificity area under the ROC curve, the cut-off value that 

optimizes the diagnosis, Youden index and discriminant power were calculated as 

explained in Chapter 3 General Methodology (Sokolova, Japkowicz and Szpakowicz, 

2006; Llorens-Quintana, Szczesna-Iskander and Iskander, 2019).  
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Moreover, logistic regression was applied to obtain different combinations of the 

current metrics. From these models, the best combination of the current metrics was 

selected based on the Akaike Information Criteria, the highest area under the ROC 

curve and the Younden index (Hosmer and Lemesbow, 1980; Friedman, Hastie and 

Tibshirani, 2000). Then, each new metric based on gland visibility was combined with 

the best model of the current techniques. The aforementioned calculations were also 

performed in these combined models. 

8.1.2.3 Results 

The described new method based on gland visibility was applied to one hundred 

and twelve right eyes from 112 subjects, 70 female (62.5 %) and 42 male (37.5 %). 

From the total sample, 76 subjects were classified into the healthy group (35.4 ± 23.0 

years) and 36 into the MGD group (75.5 ± 11.6 years). Mann-Whitney U test showed 

statistically significant differences in age between groups (U = 367.5, p < 0.001).  

Differences between groups 

The method was able to calculate objective gland visibility metrics in all 

meibographies. The main results obtained for each current and new gland visibility 

metric, and the statistical comparison between healthy and MGD groups are shown in 

Table 8.1.2.1. The MGD group had statistically lower values in relative energy, energy, 

SD irregularity, mean pixels intensity, SD, median pixels intensity and mode pixels 

intensity. Higher values were found in the MGD group for kurtosis, skewness, gland 

drop-out percentage, bulbar redness, TMH, OSDI, obstruction score, lid margin 
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abnormality score and meiboscore. However, no statistically significant differences 

were found between groups in median first NIKBUT and gland expressibility score. 

Table 8.1.2.1. Results for each metric and statistical comparison between groups. 

 (Where CI: 95% Confidence Interval; MGD: Meibomian Gland Dysfunction; mm: 

Milimeters; NIKBUT: Non-Invasive Keratograph Break-Up Time; OSDI: Ocular Surface 

Disease Index; ROI: Region Of Interest; SD: Standard Deviation; TMH: Tear Meniscus 

Height; 1T-test (t); 2Mann-Whitney U test (U); *Statistically significant values; ±Median 

(Interquartile range)) 

 

Metric 
Group 

Significance level 
Healthy (Mean ± SD; CI) MGD (Mean ± SD; CI) 

Relative Energy 0.4 ± 0.1; 0.4-0.4 0.2 ± 0.1; 0.2-0.2 U = 365;  p < .001
2
* 

Energy 245.2 ± 6.3; 245.0-247.2 236.8 ± 6.5; 235.9-241.2 t = 6.513;   p < .001
1
* 

SD Irregularity 0.3 ± 0.1; 0.3-0.3 0.1 ± 0.1; 0.1-0.2 t = 6.546;   p < .001
1
* 

Mean ROI Pixels Intensity 106.9 ± 22.1; 105.5-114.7 77.0 ± 14.0; 73.7-83.9 U = 339;   p < .001
2
* 

SD ROI Pixels Intensity 75.2 ± 9.1; 75.2-78.4 66.8 ± 10.3; 63.6-71.2 U = 606;   p < .001
2
* 

Median ROI Pixels Intensity 90.6 ± 27.7; 87.7-100.1 51.9 ± 11.6; 49.1-58.3 t = 8.025;   p < .001
1
* 

Mode ROI Pixels Intensity 148.7 ± 118.9; 128.8-184.9 36.6 ± 66.9; 4.2-54.2 U = 680;   p < .001
2
* 

Kurtosis 0.010 ± 0.002; 0.010-0.011 0.013 ± 0.001; 0.012-0.014 U = 354;   p < .001
2
* 

Skewness 0.10 ± 0.01; 0.10-0.11 0.11 ± 0.01; 0.11-0.12 U = 362;   p < .001
2
* 

Meibomian gland drop-out percentage (%) 23.2 ± 5.8; 23.6-29.1 41.2 ± 11.9;33.7-44.9 t = -4.282;  p < .001
1
* 

Bulbar Redness 0.8 ± 0.5; 0.6-0.8 1.3 ± 0.5; 1.0-1.5 U = 543;   p < .001
2
* 

TMH (mm) 0.2 ± 0.1; 0.2-0.2 0.4 ± 0.2; 0.3-0.5 U = 554.5;  p < .001
2
* 

Median First NIKBUT (seconds) 10.2 ± 5.8; 9.1-12.1 9.1 ± 4.5; 7.4-11.0 U = 1060;   p = .083
2
 

Meibomian Gland Expressibility Score 0.0 (0.0 to 0.0)± 1.0 (0.0 to 1.0)± U = 657.5;   p = .055
2
 

Obstruction Score 0.0 (0.0 to 0.0)± 0.0 (0.0 to 1.0)± U = 978;   p < .001
2
* 

Lid Margin Abnormality Score 0.0 (0.0 to 1.0)± 1.0 (0.0 to 1.0)± U = 678;   p < .001
2
* 

OSDI 15.4 ± 14.1; 4.9-19.7 33.0 ± 24.9; 21.0-41.8 U = 754.5;  p < .001
2
* 

Meiboscore 1.0 (1.0 to 1.0)± 2.0 (2.0 to 2.0)± U = 788;   p < .001
2
* 
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Correlations between gland visibility metrics, age and ocular surface parameters 

Statistically significant correlations between objective meibomian gland visibility 

metrics, age and ocular DED signs are shown in Table 8.1.2.2. Statistically significant 

correlations were found between meibomian gland visibility metrics and bulbar 

redness, TMH, meibomian glands expressibility and median first NIKBUT. 

Table 8.1.2.2. Statistically significant Rho Spearman correlations between objective 

meibomian glands visibility metrics, age and ocular signs and symptoms. 

Meibomian gland 
visibility metrics 

Metric 2 
Correlation 
coefficient 

Significance 
level 

Relative energy 

Age -0.66 <0.001 

Bulbar redness -0.56 <0.001 

Meibomian gland expressibility 
score 

-0.25 0.005 

Median First NIKBUT 0.38 0.003 

TMH -0.40 <0.001 

Energy 

Age -0.52 <0.001 

Bulbar redness -0.47 <0.001 

Meibomian gland expressibility 
score 

-0.24 0.004 

Median First NIKBUT 0.37 0.004 

TMH -0.37 <0.001 

Standard 
Deviation 

Irregularity 

Age -0.66 <0.001 

Bulbar redness -0.55 <0.001 

Meibomian gland expressibility 
score 

-0.23 0.012 

Median First NIKBUT 0.35 0.010 

TMH -0.37 <0.001 

Mean ROI Pixels 
Intensity 

Age -0.66 <0.001 

Bulbar redness -0.56 <0.001 

Meibomian gland expressibility 
score 

-0.24 0.004 

Median First NIKBUT 0.38 0.003 

TMH -0.40 <0.001 

Standard 
Deviation ROI 

Pixels Intensity 

Age -0.60 <0.001 

Bulbar redness -0.50 <0.001 

TMH -0.31 0.001 
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(continuation) 

Meibomian gland 
visibility metrics 

Metric 2 
Correlation 
coefficient 

Significance 
level 

Median ROI Pixels 
Intensity 

Age -0.65 <0.001 

Bulbar redness -0.58 <0.001 

Meibomian gland expressibility 
score 

-0.24 0.004 

Median First NIKBUT 0.39 0.002 

TMH -0.44 <0.001 

Mode ROI Pixels 
Intensity 

Age -0.45 <0.001 

Bulbar redness -0.43 <0.001 

Meibomian gland expressibility 
score 

-0.22 0.043 

Median First NIKBUT 0.31 0.029 

TMH -0.23 0.017 

Kurtosis 

Age 0.62 <0.001 

Bulbar redness 0.56 <0.001 

Meibomian gland expressibility 
score 

0.26 0.003 

Median First NIKBUT -0.38 0.003 

TMH 0.41 <0.001 

Skewness 

Age 0.66 <0.001 

Bulbar redness 0.57 <0.001 

Meibomian gland expressibility 
score 

0.25 0.004 

Median First NIKBUT -0.27 0.004 

TMH 0.42 <0.001 

 (Where NIKBUT: Non-Invasive Break-Up Time; ROI: Region Of Interest; TMH: Tear 

Meniscus Height) 

Diagnostic capability of ocular surface parameters and gland visibility metrics 

Table 8.1.2.3 summarizes the diagnostic power and the cut-off values for each 

metric. New gland visibility metrics were powerful indicators for differentiating 

between MGD and healthy subjects since the area under the curve, sensitivity and 

specificity obtained were high. Median pixel intensity was the metric with the highest 

sensitivity, area under the curve, Youden index and discriminant power. On the other 

hand, the mode of pixel intensity values was the metric with the lowest diagnostic 

power, with a specificity of 0.61. 
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Table 8.1.2.3. ROC curve parameters of gland visibility metrics and ocular surface 

parameters. 

Metric Sensitivity Specificity Area under the curve (CI) Cut-off value Youden index 
Discriminant 

power 

Relative Energy 0.97 0.71 
0.87 

 (0.80–0.93) 
0.3 0.68 2.46 

Energy 0.89 0.79 
0.86 

(0.79-0.93) 
242.4 0.68 1.88 

Standard Deviation 
Irregularity 

0.92 0.72 
0.84 

(0.77-0.91) 
0.2 0.64 1.85 

Mean ROI Pixels 
Intensity 

0.83 0.84 
0.88 

(0.82-0.94) 
86.3 0.68 1.81 

Standard Deviation ROI 
Pixels Intensity 

0.81 0.72 
0.78 

(0.69-0.87) 
74.3 0.53 1.31 

Median ROI Pixels 
Intensity 

1.00 0.74 
0.89 

(0.83-0.95) 
75.5 0.74 4.37 

Mode ROI Pixels 
Intensity 

0.89 0.61 
0.75 

(0.66-0.84) 
24.5 0.49 1.38 

Kurtosis 0.97 0.75 
0.87 

(0.80-0.94) 
0.011 0.72 2.57 

Skewness 0.97 0.74 
0.87 

(0.80-0.94) 
0.107 0.71 2.53 

Meibomian Gland 
Drop-Out Percentage 

0.92 0.65 
0.80 

(0.75-0.90) 
27.5 0.56 1.65 

Bulbar Redness 0.81 0.74 
0.80 

(0.68-0.91) 
1.0 0.54 1.35 

TMH 0.78 0.72 
0.80 

(0.70-0.91) 
0.2 0.50 1.22 

First Median NIKBUT 0.69 0.50 
0.60 

(0.49-0.71) 
8.9 0.19 0.45 

Obstruction Score 0.33 0.95 
0.64 

(0.50-0.80) 
0.5 0.28 1.21 

Meibomian Gland 
Expressibility Score 

0.1 0.99 
0.54 

(0.40-0.70) 
0.5 0.08 1.14 

Lid Margin 
Abnormality Score 

0.72 0.75 
0.75 

(0.60-0.86) 
0.5 0.47 1.13 

OSDI 0.78 0.66 
0.72 

(0.52-0.82) 
14.8 0.44 1.05 

Meiboscore 0.67 0.79 
0.71 

(0.60-0.82) 
1.5 0.456 1.11 

(Where CI: 95 % Confidence Interval; NIKBUT: Non-Invasive Keratograph Break-Up 

Time; OSDI: Ocular Surface Disease Index; ROC: Receiver Operating Characteristics; 

ROI: Region Of Interest; and TMH: Tear Meniscus Height) 
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The ROC curves for each metric are shown in Figure 8.1.2.2 (metrics inversely 

proportional to MGD) and Figure 8.1.2.3 (metrics directly proportional to MGD). 

Generally, both tables showed that new gland visibility metrics performed better than 

current single metrics. 

 

Fig. 8.1.2.2. ROC curves for metrics inversely proportional to meibomian gland 

dysfunction. (Where: ROC=Receiver Operating Characteristics) 
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Fig. 8.1.2.3. ROC curves for metrics directly proportional to meibomian gland 

dysfunction. (Where OSDI=Ocular Surface Disease Index; ROC=Receiver Operating 

Characteristics; TMH=Tear Meniscus Height) 

The cut-off value that optimizes the diagnosis determines the best score to 

diagnose the disease. Thus, a subject with a higher score than the cut-off value in 

kurtosis and skewness is classified as having MGD, since these metrics are directly 

proportional to MGD, while a user with a lower score than the cut-off value in the rest 

of the new gland visibility metrics is classified as having MGD.  
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Bulbar redness and TMH were the current metrics with the highest area under the 

curve and the best relationship between sensitivity and specificity. Meibomian gland 

drop-out percentage had good sensitivity (0.92), but a limited specificity (0.65); while 

meiboscore had good specificity (0.79) and limited sensitivity (0.67). Lid margin 

abnormality score and OSDI had moderate sensitivity (0.72 and 0.78, respectively) and 

specificity (0.75 and 0.66, respectively). Nevertheless, the first median NIKBUT, 

obstruction score and gland expressibility score showed low diagnostic ability, as 

revealed by a low area under the curve, sensitivity, specificity, Youden index and 

discriminant power. 

Diagnostic capability of combined metrics 

The diagnostic ability of the combination of gland visibility metrics with current 

ones was assessed using logistic regression analysis. Each one of the gland visibility 

metrics was included in a model with the current metrics (gland drop-out, TMH, lid 

margin abnormality and OSDI). The model with the highest area under the curve and 

the highest Youden index was chosen to perform the analysis. Table 8.1.2.4 shows the 

ROC curve parameters and the cut-off values for each combination. 

The area under the curve, sensitivity, specificity and Youden index improved 

notably when gland visibility metrics were added to the combination, achieving values 

near 1.0 for all combinations. The discriminant power also increased. Furthermore, the 

diagnostic power was higher when gland visibility metrics were included than when 

only current metrics were combined. The combination of current metrics with median 

pixel intensity was the criterion with the best sensitivity, area under the curve and 
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Youden index. The coefficients of this model (R2 = 0.893) were -0.95 for gland drop-out 

percentage, 8.01 for TMH, 4.33 for lid margin abnormality, 0.98 for OSDI and -2.02 for 

median pixel intensity. All variables were statistically significant to be included in the 

model (p < 0.005). Figure 8.1.2.4 shows the ROC curves for each combination. 

Table 8.1.2.4. ROC curve parameters and cut-off values for each combination of 

metrics. 

Ocular surface 
parameters 

New metrics Sensitivity Specificity 
Area under the 

curve (CI) 
Cut-off 
value 

Youden 
index 

Discriminant 
power 

 
Meibomian 
Gland Drop-

Out 
Percentage 

+ 
TMH 

+ 
Lid Margin 

Abnormality 
Score 

+ 
OSDI 

- 0.93 0.83 
0.94 

(0.89-0.96) 
0.22 0.76 2.30 

+ Relative Energy 0.97 0.93 
0.99 

(0.97-1.00) 
0.25 0.91 3.42 

+ Energy 1.00 0.84 
0.97 

(0.94-1.00) 
0.16 0.84 - 

+ Standard Deviation 
Irregularity 

0.94 0.96 
0.99 

(0.97-1.00) 
0.46 0.91 3.32 

+ Mean ROI Pixels 
Intensity 

0.94 0.92 
0.97 

(0.94-1.00) 
0.39 0.87 2.91 

+ Standard Deviation 
ROI Pixels Intensity 

0.97 0.95 
0.99 

(0.97-1.00) 
0.35 0.92 3.54 

+ Median ROI Pixels 
Intensity 

1.00 0.93 
0.99 

(0.97-1.00) 
0.25 0.93 - 

+ Mode ROI Pixels 
Intensity 

0.94 0.91 
0.97 

(0.94-1.00) 
0.31 0.85 2.82 

+ Kurtosis 0.97 0.88 
0.97 

(0.95-1.00) 
0.17 0.85 3.06 

+ Skewness 0.97 0.88 
0.97 

(0.95-1.00) 
0.18 0.85 3.06 

(Where CI: 95 % Confidence Interval; OSDI: Ocular Surface Disease Index; ROC: Receiver 

Operating Characteristics; ROI: Region Of Interest; and TMH: Tear Meniscus Height) 
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Fig. 8.1.2.4. ROC curves for each combination between metrics. (Where: OSDI=Ocular 

Surface Disease Index; ROC=Receiver Operating Characteristics; SD: Standard 

Deviation; STD: Standard Deviation of the Mean Pixels Intensity Value; TMH=Tear 

Meniscus Height) 

8.1.2.4 Discussion 

In the present study, the diagnostic ability of new metrics based on the gray level 

values of meibographies was assessed. The visibility of the glands has been assessed, 

which is different from gland drop-out because a subject can have low gland drop-out 
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and low gland visibility, as demonstrated in Chapter 8.1.1 (García-Marqués et al., 

2021a). 

Differences between groups 

Differences between MGD and control subjects were evaluated. Gland drop-out, 

bulbar redness, TMH, obstruction score, lid margin abnormality score, OSDI and 

meiboscore were statistically different between both groups. Nonetheless, median 

first-NIKTBUT and gland expressibility were not. MGD causes atrophy in meibomian 

glands and, subsequently, gland loss due to the keratinisation increase of the 

epidermal epithelium (Bron et al., 2017). This fact induces alterations in lipid 

composition, causing an increase in meibum viscosity, potentially leading to a decrease 

in NIKBUT (Bron et al., 2017). MGD is related to ocular surface inflammation and 

damage; therefore, explaining the higher scores of bulbar redness found in MGD 

subjects (Bron et al., 2017). Besides, in agreement with the outcomes of the present 

study, previous studies reported an increase in TMH in MGD subjects as a result of a 

compensatory reflex tearing due to a higher tear film evaporation (Chhadva, Goldhardt 

and Galor, 2017; Llorens-Quintana et al., 2019b).  

Different studies have also found lower tear film stability (Arita et al., 2009b; Qi et 

al., 2017; Giannaccare et al., 2018; Adil et al., 2019; Yin and Gong, 2019), and higher 

meibomian gland drop-out (Giannaccare et al., 2018; Xiao et al., 2020), bulbar redness 

(Llorens-Quintana et al., 2019b; Rico-del-Viejo et al., 2019), TMH (Chhadva, Goldhardt 

and Galor, 2017; Llorens-Quintana et al., 2019b), meiboscore (Arita et al., 2009b; Yin 

and Gong, 2019; Xiao et al., 2020), OSDI (Arita et al., 2009b; Qi et al., 2017; 
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Giannaccare et al., 2018 ; Yin and Gong, 2019), and lid abnormality score (Arita et al., 

2009b; Yin and Gong, 2019) in MGD subjects. Aligned with the outcomes reported in 

the present study, Xiao et al. (2020) did not find differences in meibum expressibility. 

However, Adil et al. (2019), Yin and Gong (2019) and Arita et al. (2009b) reported 

lower meibum expression in MGD subjects than in normal.  These differences between 

studies might be due to the low objectivity and reproducibility of the meibum score 

assessment since the pressure applied on the eyelid is likely to vary between 

examiners (Arita et al., 2009b). Furthermore, differences might also be due to the 

different criteria used to define MGD.  

Correlations between gland visibility metrics and ocular surface parameters 

Low but significant correlations were found between meibomian gland visibility 

metrics and bulbar redness, TMH, gland expressibility score and first NIKBUT, 

respectively. In general, the more visible the meibomian glands, the better the first 

NIKBUT, gland expressibility and bulbar redness values. Although the correlations 

obtained were low, this is considered an acceptable correlation in dry eye studies, 

since the multifactorial character of the disease makes strong correlations very rare to 

achieve (Craig et al., 2017; Wolffsohn et al., 2017). Moreover, in Chapter 8.1.1 (García-

Marqués et al., 2021a), it was also found that gland visibility was correlated with 

meibomian gland drop-out. 

MGD and abnormal gland expressibility are associated with ocular surface 

inflammation and damage. This might explain the higher bulbar redness scores found 

in subjects with low visibility of meibomian glands (Shimazaki, Sakata and Tsubota, 
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1995; Bron et al., 2017). In accordance with the results of the present study, Llorens-

Quintana et al. (2019b) reported a positive significant correlation between gland drop-

out and bulbar hyperemia, and Rico-del-Viejo et al. (2019) found differences in bulbar 

redness amongst groups with different levels of meibomian gland loss. 

Regarding TMH, previous studies have reported a positive correlation between 

gland drop-out and tear volume (Chhadva, Goldhardt and Galor, 2017; Llorens-

Quintana et al., 2019b). Similarly, TMH has been found to be lower in healthy than in 

subjects with MGD (Robin et al., 2019). These findings can be as a result of a 

compensatory reflex tearing due to the higher tear film evaporation and consequently 

ocular surface stimulation present in these subjects (Chhadva, Goldhardt and Galor, 

2017).  

Diagnostic capability of ocular surface parameters and gland visibility metrics 

Furthermore, the diagnostic capability of a new method developed to measure 

meibomian gland visibility was assessed. All new gland visibility metrics showed 

statistical differences between healthy and MGD groups. This fact might suggest that 

gland visibility metrics could have higher discrimination between healthy and MGD 

subjects than some current measurements, for which no statistical differences were 

found. 

To test this hypothesis, ROC curves analysis was applied. It has been previously 

reported that a 70 % level of sensitivity and specificity is accepted as appropriate for 

the diagnosis of a disease (Tomlinson et al., 2011). Sensitivity and specificity were 

higher than 0.7 for all metrics except for mode pixel gray values, where the specificity 
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was 0.61. This implies that mode pixel intensity was found as powerful enough to 

detect pathological subjects (sensitivity = 0.89), but there is a 39 % probability that a 

healthy subject is misclassified as having MGD.  

Based on a previous report (Hosmer, Lemeshow and Sturdivant, 2013), an area 

under the curve of 0.5 or lower indicates no discrimination, between 0.7 and 0.8 

acceptable discrimination, between 0.8 and 0.9 excellent discrimination and higher 

than 0.9 indicates outstanding discrimination. According to this classification, the new 

gland visibility metrics showed areas under the curve between acceptable (0.75; mode 

pixels intensity) and outstanding (0.89; median pixels intensity) discrimination. Thus, 

gland visibility metrics can be considered powerful aides to discriminate between MGD 

and healthy subjects.  

Furthermore, the new metrics based on gland visibility showed higher sensitivity, 

specificity, area under the curve and Youden index than other current metrics. As 

reported in previous studies (Arita et al., 2009b; Pult and Riede-Pult, 2012b; Finis et al., 

2014; Wolffsohn et al., 2017), meibomian gland loss alone does not appear to be 

sufficient for MGD diagnosis and it should be interpreted together with other clinical 

parameters. Meibomian gland drop-out percentage, bulbar redness and TMH were the 

current metrics with the highest diagnostic ability. In comparison with previous studies 

(Table 8.1.2.5), the gland visibility metrics showed similar or higher diagnostic ability 

than current metrics (Tomlinson et al., 2006; Arita et al., 2009b; Pult, Riede-Pult and 

Nichols, 2012; Finis et al., 2013; Finis et al., 2014; Koprowski et al., 2016; Su et al., 

2017; Giannaccare et al., 2018; Adil et al., 2019; Yin and Gong, 2019; Xiao et al., 2020).  
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Table 8.1.2.5. Diagnostic ability of current metrics to diagnose MGD. 

Study Metric Sensitivity Specificity 
Area under the 

curve 
Cut-off value Youden index 

Arita et al. 

(2009b)
 

Dry eye symptoms   0.95   

Lid abnormality 0.81 0.83 0.93 2 0.64 

Meiboscore   0.92   

Meibum   0.80   

BUT   0.86   

Yin and Gong 

(2019)
 

Meiboscore 0.94 0.96 0.95 1 0.89 

Gland vagueness 0.64 0.83 0.77 21 0.47 

BUT 0.89 0.81 0.93 5 seconds 0.70 

Adil et al. (2019) Meiboscore 0.97 0.85  0.5 0.82 

Tomlinson et al. 

(2006) 
Osmolarity 0.59 0.94  316 mOsm/L 0.53 

Finis et al. 

(2014)
 Meiboscore 0.28 0.80  4 0.08 

Finis et al. 

(2013) 
Lipid layer thickness 0.66 0.63  75 nm 0.29 

Giannaccare et 

al. (2018) 

Non-invasive break-up 

time using Tearscope 
0.66 0.63 0.69 9.6 seconds 0.29 

Gland loss 0.60 0.61 0.60 20 % 0.21 

Lipid layer thickness 0.58 0.33 0.54 2 -0.09 

Osmolarity 0.49 0.54 0.55 303 mOsm/L 0.03 

Su et al. (2017) 
Eyelid margin 

temperature 
0.90 0.88 0.92  0.78 

 

Koprowski et al. 

(2016) 

 

Area occupied by the 

glandS in a automatic 

algorithm 

0.99 0.97   0.97 

Xiao et al. 

(2020) 

Meiboscore 0.93 0.97 0.98 1.5 0.90 

Number of distorted 

glands 
0.93 0.90 0.96 6 0.83 

Meibum expressibility   0.62   

Gland loss   0.98   

(Where BUT: fluorescein Break-Up Time; mOsm/L: miliosmoles per liter; and nm: 

nanometers) 
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Diagnostic capability of combined metrics 

Sensitivity and specificity were increased by performing a sequential analysis 

combining other parameters. When each gland visibility metric was combined with 

currently available metrics the area under the curve, sensitivity, specificity, Youden 

index and discriminant power increased. The inclusion of gland visibility metrics in the 

combination provided higher diagnostic ability. The combination with median pixel 

intensity was the best to distinguish between MGD and healthy subjects since it 

achieved the highest area under the curve (0.99) and excellent sensitivity (1.00) and 

specificity (0.93). 

This study had some limitations to consider. As previously reported, no clear 

diagnostic criterion has been established to define MGD and thus, it significantly varies 

between studies (Tomlinson et al., 2011; Wolffsohn et al., 2017; Chan et al., 2019; Ngo, 

Gann and Nichols, 2020). Therefore, it is difficult to assess the diagnostic ability of 

metrics and to establish cut-off values since it is not completely clear when a subject is 

pathological or not. Moreover, statistically significant age differences were obtained 

between groups and gland visibility was correlated with age. Consequently, age might 

act as a possible confounding factor. As in previous studies, age could not be excluded 

from the analysis because of its strong association with MGD (Arita et al., 2008; Pult, 

Riede-Pult and Nichols, 2012; Rico-del-Viejo et al., 2019). In addition, the procedure is 

semiautomatic as the clinician still has to delineate manually the region of interest and 

eliminate reflexes, which can increase diagnostic time and variability. The surrounding 

illumination and the focusing of the eyelid are relevant factors to take into account so 
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that the results are not altered. Finally, only the upper eyelid was evaluated because it 

was easier to capture a uniformly focused area (Koh et al., 2012). Finally, the sample 

appeared to represent mild MGD subjects since relatively small differences were found 

in clinical signs between groups. The diagnostic ability of the gland visibility metrics on 

moderate and severe cases might be assessed in future studies. Nevertheless, the 

present study demonstrated that the new gland visibility metrics had good diagnostic 

power even in mild MGD cases, which have been reported to be more challenging to 

diagnose (Arita, Fukuoka and Morishige, 2017c; Craig et al., 2017; Wolffsohn et al., 

2017). Further research is also needed to include both eyelids in the analysis and to 

establish cut-off values depending on the age of the subjects.  

Overall, the present study proves the utility and validity of new self-developed 

metrics based on meibomian gland visibility to better diagnose MGD. Meibomian gland 

visibility can be objectively measured and it can provide new insights about meibomian 

gland features. Meibomian gland visibility metrics have higher diagnostic power than 

current single metrics and can serve as a complementary objective tool for the 

diagnosis of MGD. These results suggest that gland visibility metrics are suitable to be 

incorporated into MGD diagnosis assessment, particularly the combination of median 

pixels intensity with gland drop-out percentage, TMH, OSDI and lid margin abnormality 

score. 
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8.2 AN EMERGING METHOD TO ASSESS TEAR FILM SPREAD AND DYNAMICS AS 

POSSIBLE TEAR FILM HOMEOSTASIS MARKERS 

In this chapter, a method to assess tear film spread and dynamics will be 

developed by tracking the tear film particles post-blink. Moreover, the repeatability of 

these new metrics and their relationship with DED signs and symptoms will be 

assessed. 

8.2.1. Introduction 

Currently, the dynamic stability of the tear film is measured through NIKBUT or 

Interferometry, as explained in Chapter 1 Introduction; nonetheless, NIKBUT procedure 

does not allow the assessment of the tear film under completely natural conditions, 

since subjects must keep the eyes opened forcefully and this might produce reflex 

tearing (King-Smith, Begley and Braun, 2018; Lai et al., 2019). Furthermore, some 

patients, such as elderly subjects or children, are not able to complete the procedure. 

For these reasons, a method to measure tear film-dynamic in natural conditions has 

been proposed in this work. This metric might be used as an alternative parameter to 

assess the quality of the tear film. Indeed, as discussed in Chapter 2 Justification, the 

TFOS DEWS II Diagnostic Methodology Report recognized the need of developing new 

non-invasive and as automatic as possible metrics to assess the tear film. They also 

acknowledged the potential of using the tear film particle dynamics as an emerging 

measure of tear film quality (Wolffsohn et al., 2017). 
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Tear film-dynamic has been previously measured (Owens and Phillips, 2001; 

Varikooty, Keir and Simpson, 2012; Lai et al., 2019). Studies have reported that tear 

film-dynamic is related to the viscosity and homeostasis of the tear film (Owens and 

Phillips, 2001; Varikooty, Keir and Simpson, 2012; Li et al., 2015a; Pult et al., 2015; Lai 

et al., 2019). The method was proposed by Owens and Phillips (2001), who assessed 

tear film homeostasis by observing the movement of reflective light particles after 

blink. Light particles are a combination of eroded epithelial corneal cells, tarsal 

conjunctival cells, mucin-contaminated lipid particles and small air bubbles (Owens 

and Phillips, 2001; Khanal and Millar, 2010; Varikooty, Keir and Simpson, 2012; Lai et 

al., 2019). They are visible because they protrude outward from the superficial surface 

of the tear film (Owens and Phillips, 2001; López-García, García-Lozano and Martínez-

Garchitorena, 2003). 

Owens and Philips (2001) found that the initial particle speed and the time for tear 

film stabilization are independent descriptors of tear spreading, which could provide 

new insights into the non-invasive assessment of the tear film. Nevertheless, this 

method was rudimentary since particle position was calculated manually by measuring 

the particle position across the screen. Varikooty, Keir and Simpson (2012) also 

implemented a manual approach. In this case, they used a slit-lamp and the Image J 

tool to track particles’ position in subjects fitted with contact lenses. Recently, Lai et al. 

(2019) measured the momentary moving speed of particles using the Image J tool and 

standardized a tear film particle-tracking procedure, which minimizes the effect of 

involuntary eye movements.  
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All of these studies stated that this was a promising method for analyzing the 

homeostasis of the tear film. Nevertheless, tear film metrics from these studies have 

been manually calculated so that, up to now, there is not any algorithm especially 

developed to assess tear film-dynamic. They only argued that new metrics could be 

used to assess the spreading of the tear film, but they did not evaluate which ocular 

surface parameters they were analyzing. The primary aim of this study is to develop 

and assess the performance of an analysis method to measure in vivo the spreading 

speed of tear film particles post-blink. The hypothesis is that a high particle speed 

might be related to adequate homeostasis in tear film, while a low speed could be 

related to an irregular or viscous tear film. Thus, the second objective is to assess the 

repeatability of new metrics and evaluate the relationship of this new metric with 

ocular surface signs and DED symptoms in order to extract new insights about the 

assessment of tear film-dynamic and its homeostasis. 

8.2.2. Methodology 

Eighty-one healthy volunteers ranging in age from 18 to 90 years (43.7 ± 27.0 

years) participated in this study. Participants had no prior history of ocular disease or 

injury in the last three months. In order to evaluate the different status of the tear 

film, no exclusion based on tear film or meibomian gland parameters was made. 

Contact lens users were instructed not to wear their contact lenses within a week 

before the examination. Only the right eye of subjects was assessed to avoid 

volunteers’ data duplication. The study was carried out in accordance with the tenets 

of the Declaration of Helsinki and was approved by the Ethics Committee of the 
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University of Valencia. Written consent of each participant was obtained after a verbal 

explanation of the study protocol. 

Measurements 

Subjects’ ocular surface was assessed using Oculus Keratograph 5M (K5 M; Oculus 

GmbH, Wetzlar, Germany). The illuminance, temperature and humidity of the room 

were maintained at 200 lux, 24.1 ± 1.6 °C and 44.9 ± 5.0 %, respectively. 

Measurements were taken by the same masked and experienced researcher following 

the guidelines of the TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 

2017). Measurements were taken in the following order to avoid tear film 

destabilization: OSDI, DEQ-5, total bulbar redness, TMH, tear film-dynamic, lipid layer 

thickness, NIKBUT, meibomian glands expressibility and upper eyelid meibography.  

Bulbar redness, TMH, lipid layer thickness, NIKBUT and meibomian gland drop-out 

percentage were assessed as explained in Chapter 3 General Methodology. Meibomian 

glands expressibility was evaluated in the central 8 meibomian glands of the upper 

eyelid using the following grading scale (Bron, Benjamin and Snibson, 1991; Shimazaki, 

Sakata and Tsubota, 1995; Shimazaki et al., 1998; Foulks and Bron, 2003; Nelson et al., 

2011; Tomlinson et al., 2011): 0 = easily expressed; 1 = expressed with mild pressure; 2 

= expressed with more than moderate pressure; 3 = not expressed. 

Tear film-dynamic and data analysis using the proposed method 

Keratograph 5M provides a tool called tear film-dynamic to record the movement 

of tear film particles after blinking. The device was used to record a video at 32 frames 
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per second with a resolution of 1360 x 1024 pixels, while two white LED spots 

illuminated the eye. The examiner focused on the white spots, reflected on the 

anterior corneal surface, to ensure that the tear film remained in focus. Three different 

natural and spontaneous blinks were recorded. The post-blink distribution of light 

particles spreading over the cornea was observed using high magnifications. Figure 

8.2.1 shows one video frame with the light particles spreading after blink. 

 

Fig. 8.2.1. Measurement of tear film-dynamic. Light particles spreading over the cornea 

(red circles) and the reflection of the two white LEDs (blue circles). 

Once the video was recorded, it was analyzed through the proposed method. The 

method was developed using Matlab R2018a® (MathWorks, Natick, MA). The software 

automatically decomposed the video into image frames with a time interval of 0.031 

seconds between frames. Thus, the rate in which particle position was sampled was 
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32.3 hertz. The frames after a spontaneous, complete and natural blink were selected 

by the examiner as the frames of interest. 

The sequence of frames selected showed the particles clearly in focus. 

Furthermore, the reflection of the two white LEDs on the cornea was used to control 

the quality and stabilization of the image. In order to control involuntary eye 

movements the reflection should not be distorted. If reflections were distorted in any 

frame, that frame was excluded from the analysis. Moreover, the reflection of the two 

white LEDs was used as a reference for particle position. Thus, the examiner selected 

the position of the two LED references and if they moved in any direction, the software 

added or subtracted the amount of this movement to the particle position. 

A time period of 1.75 seconds after blink was measured since this period is enough 

for the tear film to stabilize after blink (Owens and Phillips, 2001; Varikooty, Keir and 

Simpson, 2012; Willcox et al., 2017; Lai et al., 2019). Each measure consisted of 53 

frames. The program showed each frame in chronological order and the examiner had 

to manually select the particle position in each frame. The software automatically 

recorded the values and calculated the speed of the particle between two successive 

video frames using the following equation: 

Momentary speed: 
                              

 
 

Where: Xpost and Ypost are the X and Y position of the particle at the frame of the 

calculation of momentary speed; Xprev and Yprev are the X and Y position of the 

particle at the previous frame; and t is the time period between both frames. 
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The examiner measured at least 8 particles and the momentary speed presented 

at the same moment was then averaged. Thus, a global measure of the particles’ 

speed at each frame was calculated and different metrics were obtained from that 

measure. For each subject, twelve different metrics were obtained: Mean, median, 

maximum and minimum particle speed, particle speed at 0.25 seconds, 0.50, 0.75, 

1.00, 1.25, 1.50 and 1.75 seconds after blink and the number of seconds for particle 

speed to decrease to < 1.20 mm/second. 1.20 mm/second was chosen as the cut-off 

value since the particle’ speed had a transition between more and less than 1.20 

mm/second in all participants. The speed was interpolated considering the previous 

and posterior frames when the particle’ speed was not available for a specific moment. 

Mean and median speed was calculated as the average and median, respectively, of 

particle speed of each moment from 0 to 1.75 seconds. 

A calibration scale of known distances was captured in order to find the 

correspondence between pixels and millimeters. Thus, metrics were converted from 

pixels/second to mm/second. 

It is important to note that the particles’ speed represents the speed of the 

particles after blinking, but not that of the tear fluid. The tear film-dynamic analysis 

process is summarized in Figure 8.2.2. Three videos were acquired and were analyzed 

so as to calculate the repeatability of the software to obtain tear film-dynamic metrics. 
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Fig. 8.2.2. The main steps of tear film-dynamic analysis. 

Statistical analysis 

Statistical analysis was carried out using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results were shown as the mean ± SD. Particle speed was 

expressed as mm/second.  

Repeatability of each tear film-dynamic metric was assessed by analyzing three 

different blinks from three different videos of the same subject and by calculating the 

Sw, CoV and CoR, as explained in Chapter 3 General Methodology. Friedman test was 

used to assess the differences between the particle speeds at each moment. 

Bonferroni was used to evaluate the post-hoc differences between paired moments 

and p-values were shown according to the Bonferroni correction. 

The sample was divided into different groups according to the cut-off values 

reported by the Diagnostic Methodology Report of TFOS DEWS II (Wolffsohn et al., 
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2017): OSDI < 13 or OSDI ≥ 13; DEQ-5 < 6 or DEQ-5 ≥ 6; total bulbar redness ≤ 1 or total 

bulbar redness > 1; TMH < 0.20mm or TMH ≥ 0.20mm; lipid layer pattern ≤ grade 2 or 

> grade 2; NIKBUT < 10 seconds or NIKBUT ≥ 10 seconds; glands expressibility score ≤ 1 

or glands expressibility score > 1; and meibomian glands drop-out percentage ≤ 1/3 or 

> 1/3.  

Normality distribution for each group and the total sample was assessed through 

Shapiro-Wilk or Kolmogorov-Smirnov test, depending on the sample size. Differences 

in tear film-dynamic results between groups were evaluated by means of unpaired T-

Student or Mann-Whitney U test. Levene’s test was used to assess the assumption of 

homogeneity of variances. Correlations between ocular surface signs and symptoms 

and tear film-dynamic metrics were analyzed using Rho Spearman correlation for the 

whole sample. Finally, binomial logistic regression was performed to assess the 

predictability of tear film-dynamic metrics to ocular signs that had statistically 

significant correlations. A p-value less than 0.05 was defined as statistically significant. 

8.2.3. Results 

The described method was applied to eighty one right eyes from 81 volunteers, 46 

female (56.79 %) and 35 male (43.21 %). The mean age was 43.7 ± 27.0 years, ranging 

from 18 to 90 years. No subject used dry eye drops. The program performed properly 

in all subjects, except in four of them for which particles were not visible enough. 
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Tear film-dynamic metrics and movement 

Mean particle speed was 1.48 ± 0.49 mm/second, median particle speed was 1.17 

± 0.47 mm/second, maximum particle speed was 3.37 ± 1.26 mm/second, minimum 

particle speed was 0.66 ± 0.34 mm/second and time for particle speed to decrease to < 

1.20 mm/second was 0.97 ± 0.48 seconds. Figure 8.2.3 shows the mean values and SD 

for the mean speed of particles as a function of time. The particles moved faster 

immediately after blink and slowed down thereafter. In all subjects, particles moved 

upwards and, in some cases, they were slightly nasal or temporally deviated. This can 

be seen in Figure 8.2.3, where the particle speed decreased from 0.25 to 1.75 seconds 

after blinking. Friedman test revealed statistically significant differences between the 

speed at each moment (p < 0.001). Figure 8.2.3 also shows the post-hoc comparison of 

speed depending on the moment after blinking. From 1.00 second onwards the speed 

did not show statistical differences between groups. Therefore, particle speed started 

to stabilize 1.00 second after blinking. 
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Fig. 8.2.3. Comparison of mean particle’ speed and error bars depending on the 

moment after blinking. 

Repeatability of each tear film-dynamic metric 

Table 8.2.1 shows the repeatability scores for each metric. Particle speed at 0.25 

seconds after blinking and the maximum particle speed showed moderate 

repeatability since CoV was of 12.24 % and 14.37 %, respectively. The CoV shows the 

variability between measurements with respect to the average value as a percentage, 

being useful to assess the repeatability as long as the average magnitude is not too 

small (Bland and Altman, 2010; Martínez-Albert et al., 2018). 
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Table 8.2.1. Repeatability of each tear film-dynamic metric. 

Metric Sw CoR CoV (%) 

Particle speed at 0.25 seconds 0.35 0.97 12.24 

Particle speed at 0.50 seconds 0.19 0.54 9.88 

Particle speed at 0.75 seconds 0.13 0.37 10.19 

Particle speed at 1.00 second 0.08 0.23 7.39 

Particle speed at 1.25 seconds 0.06 0.17 6.70 

Particle speed at 1.50 seconds 0.05 0.15 6.05 

Particle speed at 1.75 seconds 0.04 0.12 5.64 

Mean particle speed 0.08 0.22 5.32 

Median particle speed 0.07 0.20 6.24 

Maximum particle speed 0.52 1.43 14.37 

Minimum particle speed 0.07 0.20 6.73 

Time for particle speed to decrease to < 1.20 mm/second 0.06 0.16 5.49 

(Where Sw: Within-subject standard deviation; CoV: Coefficient of variation; CoR: 

Repeatability coefficient) 

Repeatability in the rest of metrics was acceptable since Sw and CoR values were 

low and the variability between the three measurements was not high, CoV achieving 

values between 5.32 and 10.19 %. 

As seen, metrics that were measured just after blinking tended to have lower 

repeatability than those measured 1.00 second after blink since more positional 

variation of particles causes less repeatability. This might also be due to the fact that 

particles move faster just after blink, and in some cases, this causes particles to look 

like a stain instead of a point. Therefore, determining accurately the centre of 

particles’ position by the examiner was more challenging. 
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Correlations between tear film-dynamic metrics and DED signs and symptoms 

Spearman’s significant correlations between tear film-dynamic metrics and ocular 

DED parameters are shown in Table 8.2.2. There were moderate positive correlations 

between tear film-dynamic metrics and NIKBUT, while tear film-dynamic was 

negatively correlated with meibomian gland drop-out percentage in some cases. No 

statistically significant correlation was obtained with other DED signs and symptoms. 

Table 8.2.2. Statistically significant Rho Spearman correlations between tear film-

dynamic metrics and ocular signs. 

Tear film-dynamic metrics Metric 2 
Correlation 
coefficient 

Significance level 

Particle speed at 0.25 seconds Mean mean NIKBUT 0.23 0.044 

Particle speed at 0.50 seconds 
First mean NIKBUT 0.38 0.015 

Mean mean NIKBUT 0.35 0.031 

Particle speed at 1.00 second 
First mean NIKBUT 0.36 0.020 

Meibomian glands drop-out percentage -0.22 0.048 

Particle speed at 1.25 seconds Meibomian glands drop-out percentage -0.22 0.049 

Particle speed at 1.50 seconds First mean NIKBUT 0.38 0.026 

Particle speed at 1.75 seconds First mean NIKBUT 0.30 0.030 

Median particle speed First mean NIKBUT 0.27 0.018 

Minimum particle speed 
First mean NIKBUT 0.37 0.015 

Meibomian glands drop-out percentage -0.37 0.014 

Time for particle speed to 
decrease to < 1.20 

mm/second 

First mean NIKBUT 0.42 0.004 

Mean mean NIKBUT 0.34 0.034 

Meibomian glands drop-out percentage -0.35 0.024 

(Where NIKBUT: Non-Invasive Break-Up Time) 

Differences between groups 

Participants were divided into two groups depending on each ocular surface 

parameter. Mann-Whitney U test did not show statistically significant differences in 

age between groups, with the exception of meibomian gland drop-out percentage 

where the group with higher gland drop-out percentage was more elderly (p < 0.001). 
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Table 8.2.3 shows the statistically significant differences in tear film-dynamic 

metrics for each ocular surface parameter. There were significant differences between 

high and low NIKBUT groups, and high and low meibomian gland drop-out percentage 

(p < 0.05). No significant differences were obtained for the other ocular surface 

parameters measured in the study (p > 0.05). 

Table 8.2.3. Statistically significant differences in tear film-dynamic metric for each 

ocular surface parameter. 

Tear film-dynamic metrics 
Group 

(Mean ± SD) 
Significance level 

 First mean NIKBUT < 10s First mean NIKBUT > 10s  

Mean particle speed (mm/second) 1.40 ± 0.51 1.60 ± 0.42 0.040
1
 

Median particle speed (mm/second) 1.08 ± 0.48 1.32 ± 0.41 0.006
2 

Minimum particle speed (mm/second) 0.57 ±  0.31 0.80 ± 0.32 0.004
2 

Particle speed at 0.50 seconds (mm/second) 1.75 ± 0.94 2.19 ± 0.88 0.011
2
 

Particle speed at 1.00 second (mm/second) 0.98 ± 0.50 1.24 ± 0.42 0.005
2
 

Particle speed at 1.25 seconds (mm/second) 0.77 ± 0.29 1.10 ± 0.28 0.047
2
 

Particle speed at 1.50 seconds (mm/second) 0.69 ± 0.30 1.00 ± 0.34 0.045
2
 

Particle speed at 1.75 seconds (mm/second) 0.67 ± 0.31 0.86 ± 0.33 0.030
2
 

Time for particle speed to decrease to < 1.20 
mm/second (seconds) 

0.84 ± 0.47 1.16 ± 0.44 0.002
2
 

 Mean mean NIKBUT < 10s Mean mean NIKBUT > 10s  

Mean particle speed (mm/second) 1.34 ± 0.51 1.58 ± 0.45 0.042
1
 

Maximum particle speed (mm/second) 2.99 ± 1.34 3.68 ± 1.11 0.019
1 

Particle speed at 0.25 seconds (mm/second) 2.59 ± 2.30 3.24 ± 1.41 0.009
2 

Particle speed at 0.50 seconds (mm/second) 1.52 ± 0.77 2.18 ± 0.96 0.003
1
 

Time for particle speed to decrease to < 1.20 
mm/second (seconds) 

0.82 ± 0.48 1.08 ± 0.44 0.040
2
 

 Meibomian gland drop-out ≤ 1/3 Meibomian gland drop-out  > 1/3  

Minimum particle speed (mm/second) 0.72 ± 0.34 0.54 ± 0.30 0.039
2 

Particle speed at 1.00 second (mm/second) 1.16 ± 0.50 0.87 ± 0.34 0.024
2
 

Particle speed at 1.25 seconds (mm/second) 1.00 ± 0.36 0.80 ± 0.33 0.037
2
 

Time for particle speed to decrease to < 1.20 
mm/second (seconds) 

1.09 ± 0.44 0.82 ± 0.42 0.042
1
 

(Where SD: Standard Deviation; NIKBUT: Non-Invasive Break-Up Time; 1T-Student; 

2Mann-Whitney U test) 
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Binomial logistic regression 

Binomial logistic regression analysis (Table 8.2.4) revealed that tear film-dynamic 

metrics were able to predict NIKBUT. Nevertheless, no statistically significant 

association was found between new metrics and gland drop-out. 

Table 8.2.4. Binomial logistic regression’ odds ratio of NIKBUT and meibomian 

gland drop-out by tear film-dynamic metrics. 

 (Where CI: Confidence Interval; NIKBUT: Non-Invasive Break-Up Time; *Statistically 

significant values) 

 
First mean NIKBUT Mean mean NIKBUT Meibomian gland drop-out 

Tear film-
dynamic 
metrics 

Odd 
ratio 

Lower 
CI 

Upper CI p-valor 
Odd 
ratio 

Lower 
CI 

Upper CI p-valor 
Odd 
ratio 

Lower 
CI 

Upper CI p-valor 

Particle speed 
at 0.25 seconds 

1.08 0.83 1.40 0.572 1.30 0.91 1.87 0.148 0.96 0.72 1.28 0.797 

Particle speed 
at 0.50 seconds 

1.77 1.02 4.00 0.034* 2.84 1.37 5.88 0.005* 0.75 0.42 1.32 0.313 

Particle speed 
at 0.75 seconds 

1.54 0.73 3.23 0.255 1.56 0.68 3.57 0.297 0.93 0.42 2.06 0.866 

Particle speed 
at 1.00 second 

3.24 1.16 9.07 0.015* 1.37 0.49 3.82 0.548 0.41 0.13 1.25 0.118 

Particle speed 
at 1.25 seconds 

3.42 0.91 12.40 0.045* 1.25 0.32 4.92 0.750 0.25 0.06 1.13 0.072 

Particle speed 
at 1.50 seconds 

3.84 0.99 14.94 0.042* 2.08 0.50 8.58 0.311 0.34 0.08 1.62 0.186 

Particle speed 
at 1.75 seconds 

7.02 1.059 46.568 0.033* 3.00 0.45 19.99 0.255 0.49 0.07 3.34 0.465 

Mean particle 
speed 

2.79 1.025 7.593 0.035* 3.01 1.02 8.93 0.027* 0.58 0.21 1.59 0.288 

Median particle 
speed 

3.31 1.15 9.54 0.017* 1.33 0.47 3.77 0.595 0.63 0.21 1.86 0.402 

Maximum 
particle speed 

1.27 0.88 1.83 0.208 1.62 1.07 2.44 0.012* 0.99 0.67 1.45 0.937 

Minimum 
particle speed 

7.75 1.67 35.92 0.004* 1.76 0.40 7.67 0.451 0.24 0.05 1.22 0.085 

Time for 
particle speed < 

1.20 
mm/second 

4.64 1.62 13.34 0.001* 2.23 0.98 6.35 0.033* 0.48 0.17 1.36 0.167 
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8.2.4. Discussion 

In the present study, the movement of tear film particles was used to indirectly 

measure the quality of the tear film after blinking. Conversely to NIKBUT, tear film-

dynamic has the advantage of being measured under more natural conditions. The 

present study developed and assessed the outcomes of a method that could be used 

by clinicians to assess tear film stability objectively and in a more non-invasively way 

than NIKBUT since it only requires to analyze particle’ speed in a blink. It could be 

easier to apply in children in comparison with NIKBUT since it does not require subjects 

to keep their eyes opened forcefully. Moreover, the need of developing new objective 

and non-invasive methods to assess the tear film stability has been recognized by the 

TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 2017), acknowledging 

particles’ movement assessment as a potential tool to describe the spread of the tear 

film.  

 The spreading of the tear film is influenced by its quality, stability and viscosity as 

well as by gravity, and airflow (McDonald, 1969; Nikolov et al., 2002). Additionally, tear 

film viscosity is approximately three times higher in dry eye patients (Li et al., 2015a; 

Pult et al., 2015). The spreading speed of the tear film over the ocular surface depends 

on the velocity of the upper eyelid during blinking. It has been reported that the speed 

of a spontaneous blink is 120 mm/second (Nakamura et al., 2008; Kwon et al., 

2013)37,38. Berger and Corrsin (1974) reported that the peak velocity of tear spreading 

after blink was approximately 10 mm/second. 
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Tear film-dynamic metrics and movement 

As in previous studies (Owens and Phillips, 2001; Varikooty, Keir and Simpson, 

2012; Lai et al., 2019), tear spreading can be observed as a rapid upward movement of 

particles after blink, followed by a slowdown. Owens and Phillips (2001) also found 

that particle speed decreased with time, and the least-squares fitted line regressed 

from 20 normal subjects was: Particle Speed (time) = -2.21 X Ln (time) + 0.025. They 

reported that mean velocity was 7.34 ± 2.73 mm/second, 40 milliseconds after blink. 

Moreover, as found by other authors (Owens and Phillips, 2001; Varikooty, Keir 

and Simpson, 2012; Lai et al., 2019), particle speed started to stabilize 1.00 second 

after blinking since no statistically significant differences were found in particle speed 

from 1 second. Nevertheless, particle speed was not fully stabilized since it still tends 

toward zero. Nonetheless, studies are not directly comparable due to differences in 

methodology. 

The particle movement can be explained by the spreading of the tear film post-

blinking. When the eyelid stops moving, the tear film diminishes its speed and starts to 

stabilize. After blink, tear film spreading occurs because of the negative hydrostatic 

pressure within the nascent menisci (Johnson and Murphy, 2006). Between blinks, tear 

film thins and breaks-up, which causes the beginning of another blink cycle (Braun et 

al., 2015; Willcox et al., 2017). 
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Repeatability of each tear film-dynamic metric 

Two causes could cause low repeatability. The first one is that the method is not 

accurate in the measurements and its repeatability in the measurement is poor, while 

the second cause could be attributable to the behaviour of the tear film or the blinking 

pattern. Only complete and spontaneous blinks were assessed in this study, which 

minimizes the effect of blinking pattern on particles speed. Metrics achieve good 

repeatability when the repeatability scores (Sw, CoR and CoV) are near zero (Bland and 

Altman, 2010; Cerviño et al., 2015; McAlinden, Khadka and Pesudovs, 2015; Martínez-

Albert et al., 2018). Generally, new metrics manifested moderate-acceptable 

repeatability, even though the particle position was determined manually. This 

suggests that the repeatability of the method was acceptable and the tear film did not 

change between the analyzed blinks. Repeatability tended to be lower just after 

blinking since particles moved quicker and hence tracking particle position in each 

moment was more challenging for the examiner. 

Correlations between tear film-dynamic metrics and DED signs and symptoms 

Moderate positive significant correlations were found between tear film-dynamic 

metrics and NIKBUT, while some tear film-dynamic metrics were negatively correlated 

with meibomian gland drop-out percentage. This means that for longer NIKBUT or 

lower meibomian gland drop-out, particles will move faster. These correlations could 

be explained by the fact that NIKBUT is directly related to the spreading and 

stabilization of the tear film. Additionally, meibomian glands secrete meibum, which 

contributes to the tear film lipid layer, reducing the evaporation and enhancing their 
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stability and spread (Willcox et al., 2017; Wolffsohn et al., 2017). Despite correlations 

being low, this is not unusual in studies related to tear film, due to the multifactorial 

nature of DED which precludes strong associations between variables (Willcox et al., 

2017; Wolffsohn et al., 2017). Strikingly, no statistically significant correlation was 

found between the tear film-dynamic metrics and the lipid layer pattern. It has been 

previously reported (Owens and Phillips, 2001) that the particles are much larger than 

the thickness of the lipid layer, and therefore, they might protrude into the aqueous-

lipid interface. This fact could suggest that that particle speed might reflect the 

movement of the lipid and aqueous layer (Owens and Phillips, 2001). Thus, the 

stabilization of tear film might depend on the spreading of both layers, and not on the 

spreading of the lipid layer alone (Yokoi et al., 2008). 

Differences between groups  

When participants were classified into different groups according to the cut-off 

values reported by the TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 

2017), statistical differences in tear film-dynamic metrics were found between high 

and low NIKBUT groups, and high and low meibomian gland drop-out percentage 

groups. These results are aligned with the correlations. 

Binomial logistic regression 

Binomial logistic regression was performed in order to assess whether new 

metrics were predictable of NIKBUT and meibomian gland drop-out. Results confirmed 

new metrics are able to predict NIKBUT. Nevertheless, new metrics were not 
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predictive of meibomian gland drop-out, which could suggest that the association with 

gland drop-out in Tables 8.2.2 and 8.2.3 is a consequence of the association with 

NIKBUT. 

The present study had some limitations to consider. There was a significant 

difference in age distribution between high and low meibomian glands drop-out 

groups and this might have acted as a possible confounding factor. Regarding the 

developed method, the examiner still has to manually select the particle position. 

Although the tracking of particles was the only manual part of the analysis, it can 

increase variability and diagnostic time. However, the present study showed that 

repeatability of metrics was acceptable. Furthermore, only the gland drop-out of the 

upper eyelid was evaluated because it was easier to capture a uniformly focused area. 

Finally, if there are particles with a thickness higher than the whole tear film thickness, 

their motion could be influenced by the interaction with the epithelial surface. 

Overall, new tear film-dynamic metrics are emerging homeostasis parameters for 

indirectly assessing the quality of the tear film after blinking. These metrics provide 

non-invasive and quantitative insights about the in-vivo dynamics of the tear film with 

an acceptable repeatability. They present the additional advantage of being less 

invasive and measuring the stability of the tear film in more natural conditions than 

NIKBUT 

The metric called “time for particle speed to decrease to < 1.20 mm/second” can 

be considered the best metric to describe the spreading of tear film since it was more 

strongly correlated with NIKBUT, it was more strongly associated in the binomial 
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logistic regression analysis with NIKBUT and showed acceptable repeatability. Thus, 

the higher the time for particle speed to decrease to < 1.20 mm/second, the larger 

NIKBUT and the better stability of the tear film. The combination of tear film-dynamic 

metrics with commonly used clinical tests for ocular surface assessment could aid in 

the diagnosis of DED and in the follow-up of treatments. Further investigation is 

required in order to evaluate the potential utility of these new metrics in DED 

assessment and their diagnostic capability. 
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8.3 VALIDATION OF A NEW OBJECTIVE METHOD TO ASSESS LIPID LAYER THICKNESS 

WITHOUT THE NEED OF AN INTERFEROMETER 

In this chapter, a method to objectively assess the lipid layer thickness will be 

developed through the analysis of grey intensity values obtained from the Placido disk 

pattern reflected onto the tear film. The repeatability of these new metrics and their 

relationship with DED signs and symptoms will be assessed. Moreover, the diagnostic 

capability and the accuracy of these new metrics to objectively grade the lipid layer 

will be evaluated. 

8.3.1. Introduction 

Given the key role of the lipid layer in maintaining the properties of the tear film 

(as explained in Chapter 1 Introduction), the assessment of the lipid layer thickness is 

essential in DED and MGD (Guillon, 1998a; Wolffsohn et al., 2017). One of the most 

common methods for assessing the lipid layer is the evaluation of the colour and 

brightness of its interference patterns using an interferometer.  

It has been reported that subjective diagnostic tests, such as grading scales, rely 

on the examiner’s ability, which might decrease inter and intra-observer repeatability 

(Nichols et al., 2005; Arita et al., 2009b; Tomlinson et al., 2011; Wolffsohn et al., 2017). 

Likewise, in some cases, the grading of the interference patterns is difficult to perform, 

especially when dealing with thinner lipid layers (Remeseiro et al., 2013; Wolffsohn et 

al., 2017). Currently, only the LipiView® system can provide quantitative values of the 

lipid layer thickness. However, it has a small area of measurement and it only 
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measures the lipid layer thickness in blinking conditions (Remeseiro et al., 2014b; 

Markoulli et al., 2017).  

Lately, several studies have tried to solve the aforementioned problems by 

developing algorithms, based on the analysis of the texture, structure or colour of the 

interference patterns, which objectively assess the lipid layer thickness (Wu et al., 

2008; García-Resúa et al., 2013; Remeseiro et al., 2013; Lu et al., 2014; Remeseiro et 

al., 2014c; Peteiro-Barral et al., 2016; Hwang et al., 2017; Bai and Nichols, 2019; da 

Cruz et al., 2020). Likewise, other authors have used high-resolution microscopy 

systems to characterize the lipid layer thickness (Bai, Ngo and Nichols, 2019) or have 

combined optical coherence tomography with interferometry to develop novel 

imaging systems (Lu et al., 2014; Bai and Nichols, 2017). Nonetheless, none of these 

methods has been globally accepted and most of them are considerably time-

consuming. Moreover, they require interferometers to be performed, which are too 

costly and sophisticated to be implemented in the clinic, being more suitable for 

research purposes.  

During corneal topography measurement, the tear film acts as a mirror and 

reflects the projected Placido disk ring pattern. Placido disk rings show lighter than the 

background. The healthy tear film surface forms a well-structured and reflected 

pattern with good intensity of reflection, while an altered tear film produces an 

irregular pattern with low reflectivity (Alonso-Caneiro et al., 2013). Accordingly, the 

primary aim of the present study was to develop and validate a novel method to 

objectively assess the lipid layer through the analysis of grey intensity values obtained 
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from the Placido disk pattern reflected onto the tear film, without the need of an 

interferometer, thus making the method widely accessible.  

The base of the method is that a thicker lipid layer has more lipids (Willcox et al., 

2017), which will reflect the light of the Placido disk ring pattern with higher intensity. 

It could be hypothesized that high grey intensity values might be related to a thicker 

lipid layer, while low grey intensity values might be related to a thinner lipid layer. This 

method was developed following previous research (Alonso-Caneiro et al., 2013), 

which shows that the analysis of grey level intensity values of videokeratoscopy images 

may significantly improve the diagnosis of DED in comparison to other image analysis 

approaches. 

8.3.2. Methodology 

Ninety-four healthy volunteers ranging in age from 18 to 90 years (43.8 ± 26.8 

years) were enrolled in this study. Only the right eye of participants was assessed to 

avoid subjects’ data duplication. Subjects had no prior history of ocular disease or 

injury in the last three months. No exclusion based on ocular surface parameters was 

made to evaluate different tear film status. Contact lens users were instructed not to 

wear their contact lenses within a week before the examination. The work was 

performed in accordance with the tenets of the Declaration of Helsinki and was 

approved by the Ethics Committee of the University of Valencia. Written consent of 

each subject was obtained after a verbal explanation of the study protocol. 

 



Chapter 8.3. Validation of a new objective method to assess lipid layer thickness without the 

need of an interferometer 

  

 

406 
 

Measurements 

Participants’ ocular surface was evaluated using Oculus Keratograph 5M (K5 M; 

Oculus GmbH, Wetzlar, Germany). Measurements were taken by the same 

experienced researcher following the guidelines of the TFOS DEWS II Diagnostic 

Methodology Report (Wolffsohn et al., 2017), and were performed in the following 

order to avoid tear film destabilization: OSDI, DEQ-5, total bulbar redness, TMH, lipid 

layer thickness, NIKBUT, meibomian glands expressibility and upper eyelid 

meibography. The illuminance, temperature and humidity of the room were 

maintained constant at 200 lux, 24.1 ± 1.6 °C and 44.9 ± 5.0 %, respectively. 

OSDI, DEQ-5, bulbar redness, TMH, lipid layer thickness, NIKBUT and meibomian 

gland drop-out were assessed as explained in Chapter 3 General Methodology. The 

expressibility of the central 8 meibomian glands of the upper eyelid was assessed using 

a subjective grading scale (Bron, Benjamin and Snibson, 1991; Shimazaki, Sakata and 

Tsubota, 1995; Tomlinson et al., 2011). 

Data analysis using the proposed method 

Oculus Keratograph 5M was used to record a video of the NIKBUT measurement 

at 32 frames per second with a spatial resolution of 680 x 512 pixels. This video was 

recorded and saved to be later analysed. The proposed software was developed using 

Matlab R2019a® (MathWorks, Natick, MA). The software automatically decomposed 

the video into frames with a time interval of 0.031 seconds between them. The 

examiner manually selected the frames at 0.33, 5.33, 10.33, 15.33 and 20.33 seconds 
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after blinking. The frame of 0.33 was selected since the eye was completely open after 

this time in all videos. Likewise, intervals of 5.00 seconds from this moment on were 

chosen to analyse whether the grey intensity values changed over time. 

Once the frames of interest were selected, the software automatically processed 

the images. First, RGB images were transformed into grey-level images. Given that 

input images contained irrelevant information of external areas, the centre of the 

Placido disk ring pattern was isolated by the examiner through Matlab. After clicking 

the centre of the image, the software automatically selected a square of 241 x 241 

pixels surrounding the centre of the rings, as the area to perform the image 

processing.  

Next, a band-pass filter was used to eliminate the background illumination and 

highlight the rings. Furthermore, the images were then smoothed by applying a 4-pixel 

sigma Gaussian filter to remove the remaining noise from the background (Esmaeili et 

al., 2016). After that, the final ROI was selected by the examiner, who manually 

selected the region of the image comprising solely the pupil, to avoid the influence of 

the iris on the results. 

Finally, to increase the differences between normal and altered tear films, each 

pixel value of the resulting image was multiplied by 255 and divided by 85, thus 

enhancing the contrast between rings and non-ring spaces. These values were selected 

since they produced the highest possible contrast enhancement.  
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Once the images were processed, histograms were obtained from their pixel 

intensity values and metrics were calculated (Figure 8.3.1). Figure 8.3.2 shows a 

summary of the main steps of image processing. 

 

Fig. 8.3.1. Images and histograms of the main steps of the image processing in a 

random frame. From left to right: Selection of the centre of the image; Pass-band filter 

implementation; Gaussian filter implementation; Selection of the final ROI and contrast 

enhancement (final image). In the histograms, axe “x” represents the grey level 

intensities (0-255), while axe “y” shows the number of pixels. 
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Fig. 8.3.2. The main steps of the image processing. 

The base of this method is that a thicker lipid layer has more lipids (Willcox et al., 

2017), which will reflect the Placido disk rings with higher intensity. Thus, higher grey 

intensity values might be related to a thicker lipid layer thickness, while lower grey 

intensity values could be related to a thinner lipid layer thickness.  

Mean, SD, median, mode, kurtosis and skewness of the histogram of the grey 

level intensity values were calculated. The minimum grey level in the image was also 

calculated. Besides, energy, relative energy, entropy and SD irregularity were 

calculated as follows (Alonso-Caneiro et al., 2013): 

Energy as: 
    

 
 

Relative energy as: 
  

 

    
   

 
  

Entropy: 
           

 
 

SD irregularity as: 
  

   

    
   

 
. 
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Where: p = pixel grey value; n = number of pixels of the ROI; pmax = maximum 

pixel intensity; and x = mean pixel intensity values.  

Metrics were divided by the number of pixels of the ROI (n) so that all images 

were comparable independently of the size of the ROI. Finally, the total area under the 

pixel intensity three-dimensional curve of the image was calculated and divided by the 

number of pixels in the ROI (Figure 8.3.3). 

 

Fig. 8.3.3. Three-dimensional graphic of the grey intensity values in the image. The “x” 

and “y” axis represent the size of the image, and “z” the grey intensity value for each 

pixel. 
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Statistical analysis 

Statistical analysis was carried out using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Outcomes were shown as the mean ± SD. 

Repeated mixed model ANOVA was used to evaluate the differences in pixel 

intensity values depending on the moment after blinking. Bonferroni was used to 

assess the post-hoc differences between paired moments. 

As three NIKBUT videos were recorded, the three videos were analyzed so as to 

calculate the repeatability of the software in the calculation Placido disk’ reflectivity 

metrics. Repeatability of each Placido disk’ reflectivity metric was assessed by 

calculating the Sw, CoV and CoR, as explained in Chapter 3 General Methodology (Bland 

and Altman, 2010; McAlinden, Khadka and Pesudovs, 2015; Martínez-Albert et al., 

2018). 

Rho Spearman correlations were used to analyse the correlations between ocular 

surface signs and symptoms and new metrics, for the whole sample. Moreover, the 

sample was divided into different groups according to the cut-off values reported by 

the Diagnostic Methodology Report of TFOS DEWS II (Wolffsohn et al., 2017). 

Differences in Placido disk’ reflectivity metrics between groups was assessed by 

means of Mann-Whitney U test or Kuskal-Wallis test. A p-value less than 0.05 was 

defined as statistically significant. 

Multiple linear regressions were performed to assess the predictability of tear 

film-dynamic metrics to ocular signs that had statistically significant correlations. 
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Multiple linear models were constructed with new metrics as dependent variables and 

current metrics as independent variables to assess the relative importance of each 

independent variable and their contribution to the change of dependent variables. The 

following assumptions were checked: the linear relationship between the independent 

and dependent variables, normal distribution of residuals, homoscedasticity of 

residuals and predicted values and absence of multicollinearity between independent 

variables. 

Each new metric was validated by means ROC curves. The probability density 

functions for an altered (lipid layer thickness = 1) or normal (lipid layer thickness ≥ 2) 

lipid layer thickness were calculated (Wolffsohn et al., 2017) and different parameters 

were obtained for each ROC curve, as explained in Chapter 3 General Methodology: 

Sensitivity, specificity, area under the ROC curve, the cut-off value that optimizes the 

diagnosis, Youden index and discriminant power (Sokolova, Japkowicz and Szpakowicz, 

2006).  

Finally, each Placido disk image was objectively classified into lipid layer thickness 

groups depending on the cut-off values obtained in the ROC curves. The level of 

agreement between this objective classification and the subjective ones was analysed 

by calculating the accuracy, Kappa index, weighted Kappa index with quadratic weights 

and F-measure for each metric, as explained in Chapter 3 General Methodology 

(Cohen, 1968; Landis and Koch, 1977; Rosenfield and Fitzpatrick-Lins, 1986; Viera and 

Garret, 2005). 
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8.3.3. Results 

The described method was applied to ninety-four eyes from 94 volunteers, 54 

females (57.4 %) and 40 males (42.6 %). The mean age was 43.8 ± 26.8 years, ranging 

from 18 to 90 years. The method was able to obtain objective metrics in all subjects. 

Placido disk reflectivity metrics over time 

Table 8.3.1 shows the mean values and SD for each Placido disk reflectivity metric 

at 0.33, 5.33, 10.33, 15.33 and 20.33 seconds after blinking. Repeated mixed model 

ANOVA showed statistical higher pixel intensity values at 10.33, 15.33 and 20.33 

seconds than at 0.33 seconds. Nevertheless, CoV revealed a low variability of metrics 

over time. Thus, pixel intensity of the Placido disk was stable in the same subject 

throughout the measuring period. CoV between seconds after blinking achieved values 

between 4.42 % and 16.92 %. Total area under pixel intensity curve, mean pixels 

intensity, SD of pixels intensity, median pixels intensity and skewness had a CoV < 10 

%, which evidenced that metrics did not change after blinking. 
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Table 8.3.1. Mean values for each Placido disk reflectivity metric. 

Metric  
Number 

of 
subjects 

Mean ± SD Significance level 

Statistically 
significant post-hoc 

differences  
(p-value)  

CoV between 
seconds after 
blinking (%) 

Total area 

0.33 s 94 113.63 ± 9.57 

< 0.001
1
* 

1-4 < 0.001 

4.42 

5.33 s 90 116.79 ± 8.48 1-5 < 0.001 

10.33 s 66 117.15 ± 9.18  

15.33 s 49 119.22 ± 8.30  

20.33 s 37 120.30 ± 7.87  

Minimum pixel 
intensity 

0.33 s 94 67.12 ± 17.37 

0.082
1
 

 

13.58 

5.33 s 90 69.10 ± 16.20  

10.33 s 66 70.00 ± 18.84  

15.33 s 49 75.12 ± 18.98  

20.33 s 37 70.58 ± 18.16  

Energy 

0.33 s 94 240.78 ± 8.89 

<0.001
1
* 

1-3 < 0.001 

14.84 

5.33 s 90 244.72 ± 7.06 1-4 < 0.001 

10.33 s 66 249.45 ± 5.02 1-5 < 0.001 

15.33 s 49 251.82 ± 3.32  

20.33 s 37 253.82 ± 2.02  

Relative energy 

0.33 s 94 0.46 ± 0.26 

<0.001
1
* 

1-3 < 0.001 

15.78 
5.33 s 90 0.54 ± 0.26 1-4 < 0.001 

10.33 s 66 0.57 ± 0.28 1-5 < 0.001 

15.33 s 49 0.63 ± 0.27  

20.33 s 37 0.68 ± 0.27  

Entropy 

0.33 s 94 2.0x10
-4

 ± 1.2 x10
-4

 

0.906
1
 

 

16.92 
5.33 s 90 2.0x10

-4
 ± 1.2 x10

-4
  

10.33 s 66 2.0x10
-4

 ± 1.2 x10
-4

  

15.33 s 49 2.0x10
-4

 ± 1.2 x10
-4

  

20.33 s 37 2.0x10
-4

 ± 1.2 x10
-4

  

SD irregularity 

0.33 s 94 0.08 ± 0.12 

0.002
1
* 

1-4 = 0.005 

15.26 

5.33 s 90 0.10 ± 0.12 1-5 = 0.001 

10.33 s 66 0.12 ± 0.14  

15.33 s 49 0.13 ± 0.12  

20.33 s 37 0.17 ± 0.17  

Mean pixels 
intensity 

0.33 s 94 130.38 ± 26.74 

<0.001
1
* 

1-3 < 0.001 

9.31 

5.33 s 90 137.24 ± 26.96 1-4 < 0.001 

10.33 s 66 140.58 ± 29.76 1-5 < 0.001 

15.33 s 49 146.55 ± 29.27  

20.33 s 37 153.06 ± 31.80  

SD of  pixels 
intensity 

0.33 s 94 26.89 ± 4.63 

<0.001
1
* 

1-3 < 0.001 

8.73 

5.33 s 90 29.62 ± 4.84 1-4 < 0.001 

10.33 s 66 30.43 ± 4.50 1-5 < 0.001 

15.33 s 49 31.19 ± 4.92  

20.33 s 37 32.62 ± 4.83  
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(continuation) 

Metric  
Number 

of 
subjects 

Mean ± SD Significance level 

Statistically 
significant post-hoc 

differences  
(p-value)  

CoV between 
seconds after 
blinking (%) 

Median pixels 
intensity 

0.33 s 94 127.12 ± 27.47 

<0.001
1
* 

1-4 < 0.001 

9.73 
5.33 s 90 136.27 ± 27.97 1-5 < 0.001 

10.33 s 66 139.68 ± 31.12  

15.33 s 49 145.59 ± 30.56  

20.33 s 37 152.52 ± 33.03  

Mode pixels 
intensity 

0.33 s 94 142.40 ± 40.12 

<0.001
1
* 

1-3 = 0.004 

16.79 

5.33 s 90 150.03 ± 47.08 1-4 = 0.001 

10.33 s 66 152.90 ± 50.89 1-5 < 0.001 

15.33 s 49 164.27 ± 55.38  

20.33 s 37 175.22 ± 60.98  

Kurtosis 

0.33 s 94 0.017 ± 0.001 

<0.001
1
* 

1-4 < 0.001 

11.37 

5.33 s 90 0.015 ± 0.003 1-5 < 0.001 

10.33 s 66 0.015 ± 0.003  

15.33 s 49 0.014 ± 0.003  

20.33 s 37 0.014 ± 0.003  

Skewness 

0.33 s 94 0.14 ± 0.02 

<0.001
1
* 

1-4 < 0.001 

6.90 

5.33 s 90 0.13 ± 0.01 1-5 < 0.001 

10.33 s 66 0.13 ± 0.02  

15.33 s 49 0.13 ± 0.02  

20.33 s 37 0.12 ± 0.02  

 (Where CoV: Coefficient of Variation; s: Seconds; SD: Standard Deviation; 1Repeated mixed 

model ANOVA; *Statistically significant values) 

Repeatability of Placido disk reflectivity metrics 

Table 8.3.2 shows the repeatability scores for each metric. All metrics showed 

acceptable repeatability since Sw, CoR and CoV values were low and the variability 

between the three measurements was not high. Sw achieved values between 2x10-6 

and 7.07, CoR between 6x10-6 and 19.59, and CoV between 0.09 and 5.15. 
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Table 8.3.2. Repeatability of each Placido disk reflectivity metric. 

Metric Sw CoR CoV (%) 

At 0.33 s 

Total area 0.63 1.74 0.54 

Minimum pixel intensity 2.95 8.16 4.42 
Energy 0.23 0.64 0.09 

Relative energy 0.01 0.04 2.85 
Entropy 2x10

-6 
6x10

-6 
1.95 

SD irregularity 0.003 0.01 3.66 
Mean pixels intensity 1.28 3.55 0.97 

SD pixels intensity 0.34 0.96 1.25 
Median pixels intensity 1.30 3.59 0.99 
Mode pixels intensity 7.02 19.44 5.11 

Kurtosis 3x10
-4 

9x10
-4 

2.39 
Skewness 0.002 0.006 1.56 

At 5.33 s 

Total area  0.54 1.49 0.47 
Minimum pixel intensity  2.82 7.82 4.23 

Energy  0.23 0.64 0.09 
Relative energy  0.01 0.04 2.84 

Entropy  2x10
-6 

6x10
-6 

1.94 

SD irregularity  0.003 0.01 3.64 

Mean pixels intensity  1.06 2.93 0.80 
SD pixels intensity  0.34 0.93 1.21 

Median pixels intensity  1.29 3.56 0.98 
Mode pixels intensity  7.01 19.40 5.10 

Kurtosis  3x10
-4 

8x10
-4 

2.01 
Skewness  0.001 0.004 1.11 

At 10.33 s 

Total area  0.59 1.64 0.51 
Minimum pixel intensity  2.76 7.64 4.15 

Energy  0.23 0.64 0.09 
Relative energy  0.01 0.04 2.89 

Entropy  2x10
-6 

8x10
-6 

2.49 
SD irregularity  0.003 0.01 3.97 

Mean pixels intensity  1.33 3.67 1.00 
SD pixels intensity  0.35 0.97 1.26 

Median pixels intensity  1.30 3.61 0.99 
Mode pixels intensity  7.03 19.48 5.12 

Kurtosis  3x10
-4 

9x10
-4 

2.09 
Skewness  0.002 0.004 1.21 
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(continuation) 

Metric Sw CoR CoV (%) 

At 15.33 s 

Total area  0.60 1.67 0.52 
Minimum pixel intensity  2.81 7.78 4.19 

Energy  0.23 0.64 0.09 
Relative energy  0.01 0.04 2.90 

Entropy  3x10
-6 

8x10
-6 

2.56 
SD irregularity  0.003 0.01 4.05 

Mean pixels intensity  1.35 3.75 1.02 
SD pixels intensity  0.42 1.16 1.50 

Median pixels intensity  1.32 3.66 1.01 
Mode pixels intensity  7.06 19.57 5.14 

Kurtosis  3x10
-4 

9x10
-4 

2.07 
Skewness  0.002 0.005 1.42 

At 20.33 s 

Total area  0.68 1.87 0.58 
Minimum pixel intensity  3.14 8.69 4.69 

Energy  0.23 0.64 0.09 
Relative energy  0.01 0.04 2.93 

Entropy  3x10
-6 

8x10
-6 

2.62 
SD irregularity  0.003 0.01 4.21 

Mean pixels intensity  1.44 4.00 1.09 
SD pixels intensity  0.42 1.16 1.51 

Median pixels intensity  1.34 3.71 1.02 
Mode pixels intensity  7.07 19.59 5.15 

Kurtosis  3x10
-4 

9x10
-4 

2.37 
Skewness  0.004 0.01 2.73 

 (Where CoR: Repeatability coefficient; CoV: Coefficient of variation; s: Seconds; SD: 

Standard Deviation; Sw: Within-subject standard deviation) 

Correlations between new metrics and DED signs and symptoms 

Following the results of the previous sections, showing no variation of the metrics 

over time, only the metrics at 0.33, 5.33 and 10.33 seconds after blinking were further 

assessed. Metrics at 15.33 and 20.33 seconds were excluded from further analysis as 

most patients need to suppress blinking forcefully and thus they don’t represent in 

most cases a real scenario. 
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Spearman’s significant correlations between each Placido disk reflectivity metric 

and DED signs and symptoms are shown in Table 8.3.3. Generally, there were 

moderate negative correlations between new metrics based on the grey intensity of 

pixels of Placido disk images and age, meibomian glands drop-out percentage, bulbar 

redness, TMH and OSDI. Meanwhile, Placido disk reflectivity metrics were positively 

correlated with lipid layer thickness and NIKBUT. The correlation with lipid layer 

thickness was the strongest. Given that lipid layer thickness was statistically correlated 

with age (r = -0.298, p = 0.002), gland drop-out (r = -0.271, p = 0.004), mean first 

NIKBUT (r = -0.209, p = 0.008), median first NIKBUT, mean mean NIKBUT and median 

mean NIKBUT, it might be possible that the correlation of new metrics with the other 

ocular surface metrics was as consequence of the correlation with lipid layer thickness. 

Nevertheless, lipid layer thickness was not statistically correlated with bulbar redness, 

TMH and OSDI.  

Entropy was the only metric which was not correlated with lipid layer thickness. 

Likewise, new metrics were not correlated with meibomian gland expressibility or 

DEQ-5 score. The metrics measured at 5.33 and 10.33 can be considered the best to 

describe the lipid layer thickness since they revealed the strongest correlations. 
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Table 8.3.3. Statistically significant Rho Spearman correlations between Placido disk 

reflectivity metrics and DED signs and symptoms. 

New metrics  Current metrics Correlation coefficient (r) Significance level 

At 0.33 s 

Total area  

Age -0.372 < 0.001 
Drop-out percentage -0.277 0.007 
Lipid layer thickness 0.413 < 0.001 
Mean mean NIKBUT 0.209 0.048 

Minimum pixel intensity 
Age -0.387 < 0.001 

Drop-out percentage -0.236 0.022 
Lipid layer thickness 0.345 0.001 

Energy  
Age -0.346 < 0.001 

Drop-out percentage -0.236 < 0.001 
Lipid layer thickness 0.408 < 0.001 

Relative energy  

Age -0.356 < 0.001 
Drop-out percentage -0.266 0.010 
Lipid layer thickness 0.407 < 0.001 

TMH -0.205 0.048 

Entropy  

Age -0.670 < 0.001 
Drop-out percentage -0.517 < 0.001 

Bulbar redness -0.615 < 0.001 
TMH -0.395 < 0.001 

Mean first NIKBUT 0.223 0.033 
Median first NIKBUT 0.226 0.030 

OSDI -0.316 0.002 

SD irregularity  

Age -0.448 < 0.001 
Drop-out percentage -0.322 0.002 

Bulbar redness -0.306 0.003 
Lipid layer thickness 0.454 < 0.001 

Mean pixels intensity  

Age -0.388 < 0.001 
Drop-out percentage -0.285 0.005 

Bulbar redness -0.210 0.043 
Lipid layer thickness 0.426 < 0.001 
Mean mean NIKBUT 0.210 0.046 

SD pixels intensity  

Age -0.507 < 0.001 
Drop-out percentage -0.331 0.001 

Bulbar redness -0.400 < 0.001 
Lipid layer thickness 0.446 < 0.001 

Median pixels intensity  
Age -0.383 < 0.001 

Drop-out percentage -0.294 0.004 
Lipid layer thickness 0.426 < 0.001 

Mode pixels intensity  
Age -0.305 0.003 

Drop-out percentage -0.234 0.023 
Lipid layer thickness 0.418 < 0.001 

Kurtosis  
Lipid layer thickness -0.515 < 0.001 
Mean mean NIKBUT -0.252 0.016 

Median mean NIKBUT -0.251 0.017 

Skewness  
Lipid layer thickness -0.510 < 0.001 
Mean mean NIKBUT -0.237 0.024 

Median mean NIKBUT -0.230 0.029 
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(continuation) 

New metrics  Current metrics Correlation coefficient (r) Significance level 

At 5.33 s 

Total area 
Lipid layer thickness 0.647 < 0.001 
Mean first NIKBUT 0.265 0.011 

Mean mean NIKBUT 0.233 0.029 

Minimum pixel intensity 
Lipid layer thickness 0.589 < 0.001 
Mean first NIKBUT 0.229 0.030 

Energy 
Lipid layer thickness 0.548 < 0.001 
Mean first NIKBUT 0.223 0.019 

Relative energy 
Lipid layer thickness 0.655 < 0.001 
Mean first NIKBUT 0.237 0.024 

Entropy 

Age -0.642 < 0.001 
Drop-out percentage -0.572 < 0.001 

Bulbar redness -0.564 < 0.001 
TMH -0.403 < 0.001 

Mean first NIKBUT 0.221 0.036 
Median first NIKBUT 0.219 0.038 

OSDI -0.260 0.013 

SD irregularity 
Age -0.327 0.002 

Drop-out percentage -0.249 0.018 
Lipid layer thickness 0.662 < 0.001 

Mean pixels intensity 
Lipid layer thickness 0.665 < 0.001 
Mean first NIKBUT 0.235 0.026 

SD of  pixels intensity 

Age -0.408 < 0.001 
Drop-out percentage -0.272 0.009 

Bulbar redness -0.247 0.019 
Lipid layer thickness 0.572 < 0.001 

Median pixels intensity Lipid layer thickness 0.674 < 0.001 
 Mean first NIKBUT 0.246 0.020 
 Mean mean NIKBUT 0.220 0.040 

Mode pixels intensity Lipid layer thickness 0.657 < 0.001 
 Mean first NIKBUT 0.233 0.027 

Kurtosis Lipid layer thickness -0.672 < 0.001 

Skewness Lipid layer thickness -0.673 < 0.001 

At 10.33 s 

Total area Lipid layer thickness 0.645 < 0.001 

Minimum pixel intensity Lipid layer thickness 0.523 < 0.001 

Energy Lipid layer thickness 0.660 <0.001 

Relative energy Lipid layer thickness 0.654 < 0.001 

Entropy 

Age -0.668 < 0.001 

Drop-out percentage -0.596 < 0.001 

Bulbar redness -0.542 < 0.001 

TMH -0.536 < 0.001 

Mean first NIKBUT 0.260 0.034 

Median first NIKBUT 0.282 0.021 

OSDI -0.300 0.014 

SD irregularity 
Age -0.282 0.021 

Lipid layer thickness 0.689 < 0.001 

Mean pixels intensity Lipid layer thickness 0.684 < 0.001 

SD of  pixels intensity 
Age -0.371 0.002 

Lipid layer thickness 0.644 < 0.001 

Median pixels intensity Lipid layer thickness 0.687 < 0.001 

Mode pixels intensity Lipid layer thickness 0.654 < 0.001 
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(continuation) 

New metrics  Current metrics Correlation coefficient (r) Significance level 

At 10.33 s 

Kurtosis Lipid layer thickness -0.659 < 0.001 

Skewness Lipid layer thickness -0.665 < 0.001 

 (Where NIKBUT: Non-Invasive Keratograph Break-Up Time; OSDI: Ocular Surface 

Disease Index; s: Seconds; TMH: Tear Meniscus Height) 

Differences between groups 

The new metrics were analysed according to age and the different ocular surface 

parameters. Table 8.3.4 shows the statistically significant differences in Placido disk 

reflectivity metrics between classification groups. These outcomes were in accordance 

with correlations. Statistically higher pixel intensity values were found in young 

subjects, lower gland drop-out, high NIKBUT, low TMH and thick lipid layer thickness. 

However, no statistical differences were found between grade 3 (wave) and 4 (colour 

fringe) interference patterns in the assessment of the lipid layer thickness (p > 0.005). 
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Table 8.3.4. Statistically significant differences in Placido disk reflectivity metrics for 

each ocular surface parameter. 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Age 

At 0.33 s 

Total area  
60 < 49 years 117.43 ± 11.62 

< 0.001
1  

34 > 49 years 111.47 ± 7.46  

Minimum pixel 
intensity 

60 < 49 years 75.44 ± 20.64 
< 0.001

1
 

 
34 > 49 years 62.40 ± 13.20  

Energy  
60 < 49 years 254.18 ± 4.38   

< 0.001
1
 

 

34 > 49 years 245.28 ± 4.38  

Relative energy  
60 < 49 years 0.59 ± 0.30 

< 0.001
1
 

 
34 > 49 years 0.38 ± 0.19  

Entropy  
60 < 49 years 3.0x

-4
 ± 1.5x10

-4 

< 0.001
1
 

 
34 > 49 years 1.0x

-4
 ± 4x10

-5
  

SD irregularity  
60 < 49 years 0.13 ± 0.16 

< 0.001
1
 

 
34 > 49 years 0.04 ± 0.03  

Mean pixels intensity  
60 < 49 years 143.32 ± 33.52 

< 0.001
1
 

 

34 > 49 years 119.92 ± 17.24  

SD of pixels intensity  
60 < 49 years 30.05 ± 5.21 

< 0.001
1
 

 
34 > 49 years 25.10 ± 3.09  

Median pixels 
intensity  

60 < 49 years 142.32 ± 34.97 
< 0.001

1
 

 
34 > 49 years 118.50 ± 17.22  

Mode pixels intensity  
60 < 49 years 155.03 ± 53.85 

0.006
1
 

 
34 > 49 years 125.85 ± 24.52  

At 5.33 s 

Entropy  
59 < 49 years 3.0x

-4
 ± 2.1x10

-4 

< 0.001
1
 

 
31 > 49 years 1.0x

-4
 ± 5x10

-5
  

SD irregularity  
59 < 49 years 0.15 ± 0.15 

0.002
1
 

 
31 > 49 years 0.07 ± 0.08  

Mean pixels intensity  
59 < 49 years 147.34 ± 32.78 

0.044
1
 

 
31 > 49 years 131.92 ± 21.83  

SD of pixels intensity  
59 < 49 years 32.53 ± 5.47 

< 0.001
1
 

 
31 > 49 years 28.09 ± 3.68  

Mode  
59 < 49 years 169.26 ± 58.13 

0.043
1
 

 
31 > 49 years 139.93 ± 36.77  

At 10.33 s 

Entropy 
43 < 49 years 3.0x

-4
 ± 1.7x10

-4 

< 0.001
1
 

 
23 > 49 years 1.0x

-4
 ± 4x10

-5
  

SD irregularity 
43 < 49 years 0.17 ± 0.19 

0.011
1
 

 
23 > 49 years 0.08 ± 0.09  

SD of pixels intensity  
43 < 49 years 32.62 ± 4.10 

0.002
1
 

 
23 > 49 years 29.10 ± 4.37  
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(continuation) 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Bulbar redness 

At 0.33 s 

Total area 
60 < 1 116.59 ± 11.70 

0.008
1
 

 

34 > 1 111.18 ± 7.73  

Minimum pixel 
intensity 

60 < 1 73.32 ± 20.77 0.004
1
  

34 > 1 63.60 ± 14.12   

Energy 
60 < 1 254.08 ± 4.40  

< 0.001
1
 

 

34 > 1 245.44 ± 21.94  

Relative energy 
60 < 1 0.57 ± 0.29 

0.002
1
 

 

34 > 1 0.39 ± 0.21  

Entropy 
60 < 1 3.0x10

-4
 ± 1.5x10

-4
 

< 0.001
1
 

 

34 > 1 1.0x10
-4

 ± 4x10
-5

  

SD irregularity 
60 < 1 0.13 ± 0.16 

< 0.001
1
 

 

34 > 1 0.05 ± 0.04  

Mean pixels intensity 
60 < 1 140.99 ± 33.54 

0.001
1
 

 

34 > 1 121.23 ± 18.82  

SD of pixels intensity 
60 < 1 29.98 ± 5.08 

< 0.001
1
 

 

34 > 1 25.14 ± 3.27  

Median pixels 
intensity 

60 < 1 139.94 ± 34.98 
0.001

1
 

 

34 > 1 119.85 ± 18.87  

Mode pixels intensity 
60 < 1 152.92 ± 54.38 

0.011
1
 

 

34 > 1 127.05 ± 25.23  

Skewness 
60 < 1 0.14 ± 0.03 

0.044
1
 

 

34 > 1 0.15 ± 0.01  

At 5.33 s 

Entropy 
58 < 1 3.0x

-4
 ± 2.1x10

-4
 

< 0.001
1
 

 

32 > 1 1.0x
-4

 ± 5x10
-5

  

SD irregularity 
58 < 1 0.14 ± 0.15 

0.028
1
 

 

32 > 1 0.07 ± 0.08  

SD of pixels intensity 
58 < 1 31.99 ± 5.58 

0.002
1
 

 

32 > 1 28.30 ± 3.84  

Entropy 
40 < 1 3.0x

-4
 ± 1.7x10

-4
 

< 0.001
1
 

 

25 > 1 1.0x
-4

 ± 4x10
-5

  

SD of pixels intensity 
40 < 1 131.72 ± 4.24 

0.024
1
 

 

25 > 1 129.42 ± 5.59  

Meibomian gland drop-out 

At 0.33 s 

Total area 
50 < 1/3 115.94 ± 10.62 

0.008
1
 

 

44 > 1/3 111.59 ± 8.12  

Minimum pixel 
intensity 

50 < 1/3 71.80 ± 19.69 
0.008

1
 

 

44 > 1/3 63.00 ± 13.97  

Energy 
50 < 1/3 254.12 ± 4.20   

0.002
1
 

 

44 > 1/3 245.94 ± 4.18  

Relative energy 
50 < 1/3 0.54 ± 0.28 

0.007
1
 

 

44 > 1/3 0.39 ± 0.22  

Entropy 
50 < 1/3 2.0x10

-4
 ± 1.4x10

-4
 

<0.001
1
 

 

44 > 1/3 2.0x10
-4

 ± 7.0x10
-5
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(continuation) 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Meibomian gland drop-out 

At 0.33 s 

SD irregularity 
50 < 1/3 0.12 ± 0.15 

0.001
1
 

 

44 > 1/3 0.05 ± 0.04 

Mean pixels intensity 
50 < 1/3 136.92 ± 31.60 

0.005
1
 

 

44 > 1/3 120.87 ± 18.90  

SD of pixels intensity 
50 < 1/3 28.65 ± 5.29 

0.002
1
 

 

44 > 1/3 25.35 ± 3.30  

Median pixels 
intensity 

50 < 1/3 135.95 ± 32.77 
0.005

1
 

 

44 > 1/3 119.34 ± 18.90  

Mode pixels intensity 
50 < 1/3 148.50 ± 48.31 

0.020
1
 

 

44 > 1/3 125.76 ± 27.54  

At 5.33 s 

Entropy 
48 < 1/3 3.0x10

-4
 ± 2.0x10

-4
 

< 0.001
1
 

 

42 > 1/3 1.0x10
-4

 ± 8.0x10
-5

  

SD irregularity 
48 < 1/3 0.13 ± 0.14 

0.031
1
 

 

42 > 1/3 0.07 ± 0.09  

SD of pixels intensity 
48 < 1/3 31.08 ± 5.39 

0.013
1
 

 

42 > 1/3 28.34 ± 3.93  

At 10.33 s 

Entropy 
33 < 1/3 3.0x10

-4
 ± 1.6x10

-4
 

< 0.001
1
 

 

33 > 1/3 1.0x10
-4

 ± 4.0x10
-5

  

SD irregularity 
33 < 1/3 0.14 ± 0.16 

0.046
1
 

 

33  > 1/3 0.09 ± 0.10  

SD of pixels intensity 
33 < 1/3 31.48 ± 4.06 

0.021
1
 

 

33 > 1/3 29.17 ± 4.80  

TMH 

At 0.33 s 

Entropy 
60 > 0.20 mm 3.0x10

-4
 ± 1.6x10

-4
 

< 0.001
1
 

 

34 < 0.20 mm 2.0x10
-4

 ± 5.0x10
-5

  

At 5.33 s 

Entropy 
55 > 0.20 mm 3.0x10

-4
 ± 2.2x10

-4
 

< 0.001
1
 

 

35 < 0.20 mm 1.0x10
-4

 ± 5.0x10
-5

  

At 10.33 s 

Entropy 
38  > 0.20 mm 3.0x10

-4
 ± 1.7x10

-4
 

< 0.001
1
 

 

28 < 0.20 mm 1.0x10
-4

 ± 4.0x10
-5

  

Mean first NIKBUT 

At 0.33 s 

Entropy 
41 > 10 s 2.0x10

-4
 ± 1.3x10

-4
 

0.034
1
 

 

53 < 10 s 2.0x10
-4

 ± 9.0x10
-5

  

At 5.33 s 

Entropy 
41 > 10 s 2.0x10

-4
 ± 1.8x10

-4
 

0.042
1
 

 

49 < 10 s 2.0x10
-4

 ± 1.2x10
-4
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(continuation) 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Mean first NIKBUT 

At 10.33 s 

Entropy 
36 > 10 s 2.0x10

-4
 ± 1.6x10

-4
 

0.026
1
 

 

30 < 10 s 2.0x10
-4

 ± 1.0x10
-4

 

Lipid layer thickness 

At 0.33 s 

Total area 

28 Grade 1 109.67 ± 8.76 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 111.96 ± 8.70 1-4 = 0.002 

15 Grade 3 120.70 ± 10.16 2-3 = 0.001 

13 Grade 4 119.26 ± 7.30 2-4 = 0.008 

Minimum pixel 
intensity 

28 Grade 1 60.75 ± 11.06 

0.001
2
 

1-3 = 0.001 

38 Grade 2 62.60 ± 12.72 1-4 = 0.041 

15 Grade 3 83.79 ± 22.62 2-3 = 0.001 

13 Grade 4 75.92 ± 21.02 2-4 = 0.046 

Energy 

28 Grade 1 239.86 ± 26.07 

< 0.001
2
 

1-2 = 0.032 
1-3 < 0.001 
1-4 ≤ 0.001 
2-3 = 0.002 
2-4 = 0.001 

38 Grade 2 243.52 ± 22.66 

15 Grade 3 254.55 ± 2.08 

13 Grade 4 254.99 ± 0.01 

Relative energy 

28 Grade 1 0.33 ± 0.13 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 0.40 ± 0.20 1-4 = 0.002 

15 Grade 3 0.73 ± 0.29 2-3 = 0.001 

13 Grade 4 0.72 ± 0.29 2-4 = 0.016 

SD irregularity 

28 Grade 1 0.03 ± 0.01 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 0.05 ± 0.03 1-4 < 0.001 

15 Grade 3 0.18 ± 0.18 2-3 = 0.008 

13 Grade 4 0.15 ± 0.17 2-4 = 0.014 

Mean pixels intensity 

28 Grade 1 115.09 ± 11.56 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 121.47 ± 17.40 1-4 = 0.001 

15 Grade 3 156.54 ± 35.25 2-3 = 0.002 

13 Grade 4 155.23 ± 32.90 2-4 = 0.008 

SD of pixels intensity 

28 Grade 1 24.50 ± 2.25 

< 0.001
2
 

1-3 = 0.001 

38 Grade 2 26.06 ± 3.35 1-4 < 0.001 

15 Grade 3 30.37 ± 6.17 2-3 = 0.027 

13 Grade 4 30.84 ± 5.66 2-4 = 0.008 

Median pixels 
intensity 

28 Grade 1 113.68 ± 11.76 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 119.92 ± 17.47 1-4 = 0.001 

15 Grade 3 156.21 ± 36.16 2-3 = 0.002 

13 Grade 4 157.08 ± 34.84 2-4 = 0.009 

Mode pixels intensity 

28 Grade 1 120.22 ± 15.53 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 122.68 ± 19.12 1-4 = 0.002 

15 Grade 3 178.72 ± 57.03 2-3 < 0.001 

13 Grade 4 178.92 ± 55.12 2-4 = 0.002 

Kurtosis 

28 Grade 1 0.019 ± 0.003 

< 0.001
2
 

1-3 < 0.001 

38 Grade 2 0.018 ± 0.003 1-4 < 0.001 

15 Grade 3 0.014 ± 0.003 2-3 = 0.001 

13 Grade 4 0.015 ± 0.003 2-4 = 0.030 
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(continuation) 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Lipid layer thickness 

At 0.33 s 

Skewness 

28 Grade 1 0.15 ± 0.01 

< 0.001
2
 

1-3 < 0.001 
38 Grade 2 0.15 ± 0.01 1-4 = 0.001 
15 Grade 3 0.13 ± 0.02 2-3 = 0.001 
13 Grade 4 0.13 ± 0.02 2-4 = 0.023 

At 5.33 s 

Total area 

27 Grade 1 110.03 ± 6.85 

< 0.001
2
 

1-2 = 0.004 
1-3 < 0.001 
1-4 < 0.001 
2-3 = 0.002 
2-4 = 0.005 

37 Grade 2 116.70 ± 7.62 

15 Grade 3 123.84 ± 5.40 

11 Grade 4 124.25 ± 3.88 

Minimum pixel 
intensity 

27 Grade 1 57.44 ± 8.43 

< 0.001
2
 

1-2 = 0.001 

37 Grade 2 69.08 ± 14.20 1-3 < 0.001 

15 Grade 3 82.93 ± 19.00 1-4 < 0.001 

11 Grade 4 79.64 ± 14.03 2-3 = 0.023 

Energy 

27 Grade 1 238.28 ± 23.74 

< 0.001
2
 

1-2 = 0.007 
1-3 < 0.001 
1-4 < 0.001 
2-3 < 0.001 
2-4 < 0.001 

37 Grade 2 242.24 ± 20.14 

15 Grade 3 254.14 ± 2.28 

11 Grade 4 254.45 ± 0.39 

Relative energy 

27 Grade 1 0.33 ± 0.13 

< 0.001
2
 

1-2 = 0.005 
1-3 < 0.001 
1-4 < 0.001 
2-3 = 0.002 
2-4 = 0.003 

37 Grade 2 0.52 ± 0.23 

15 Grade 3 0.79 ± 0.20 

11 Grade 4 0.80 ± 0.17 

SD irregularity 

27 Grade 1 0.04 ± 0.01 

0.001
2
 

1-2 = 0.023 
1-3 < 0.001 
1-4 < 0.001 
2-3 = 0.001 
2-4= 0.001 

37 Grade 2 0.06 ± 0.04 

15 Grade 3 0.23 ± 0.18 

11 Grade 4 0.20 ± 0.15 

Mean pixels intensity 

27 Grade 1 116.87 ± 9.94 

< 0.001
2
 

1-2 = 0.005 
1-3 < 0.001 
1-4 < 0.001 
2-3 = 0.002 
2-4 = 0.002 

37 Grade 2 132.69 ± 19.70 

15 Grade 3 166.37 ± 27.89 

11 Grade 4 166.26 ± 23.58 

SD of pixels intensity 

27 Grade 1 27.05 ± 2.86 

< 0.001
2
 

1-3 < 0.001 

37 Grade 2 28.25 ± 3.58 1-4 < 0.001 

15 Grade 3 34.20 ± 5.77 2-3 = 0.001 

11 Grade 4 34.85 ± 3.59 2-4 < 0.001 

Median pixels 
intensity 

27 Grade 1 115.00 ± 10.78 

< 0.001
2
 

1-2 = 0.004 
1-3 < 0.001 
1-4 < 0.001 
2-3 = 0.001 
2-4 = 0.002 

37 Grade 2 131.68 ± 10.78 

15 Grade 3 166.93 ± 29.20 

11 Grade 4 166.73 ± 24.05 
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(continuation) 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Lipid layer thickness 

At 5.33 s 

Mode pixels intensity 

27 Grade 1 116.33 ± 21.15 

<0.001
2
 

1-2 = 0.003 
1-3 < 0.001 
1-4 < 0.001 
2-3 = 0.006 
2-4 = 0.003 

37 Grade 2 140.35 ± 23.95 

15 Grade 3 198.64 ± 55.22 

11 Grade 4 202.90 ± 52.29 

Kurtosis 

27 Grade 1 0.017 ± 0.001 

<0.001
2
 

1-3 < 0.001 

37 Grade 2 0.016 ± 0.002 1-4 < 0.001 

15 Grade 3 0.012 ± 0.002 2-3 < 0.001 

11 Grade 4 0.012 ± 0.002 2-4 = 0.001 

Skewness 

27 Grade 1 0.14 ± 0.01 

<0.001
2
 

1-3 < 0.001 

37 Grade 2 0.14 ± 0.01 1-4 < 0.001 

15 Grade 3 0.12 ± 0.01 2-3 < 0.001 

11 Grade 4 0.12 ± 0.01 2-4 = 0.001 

At 10.33 s 

Total area 

18 Grade 1 110.14 ± 8.54 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 115.47 ± 8.34 1-4 < 0.001 

11 Grade 3 125.88 ± 3.45 2-3 < 0.001 

9 Grade 4 124.59 ± 2.56 2-4 = 0.012 

Minimum pixel 
intensity 

18 Grade 1 58.00 ± 11.69 

< 0.001
2
 

1-3 < 0.001 
1-4 = 0.004 
2-3 = 0.001 

28 Grade 2 66.43 ± 15.16 

11 Grade 3 91.64 ± 19.27 

9 Grade 4 88.33 ± 14.93 

Energy 

18 Grade 1 238.22 ± 20.54 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 242.01 ± 19.16 1-4 < 0.001 

11 Grade 3 254.01 ± 2.09 2-3 = 0.001 

9 Grade 4 254.04 ± 0.42 2-4 = 0.004 

Relative energy 

18 Grade 1 0.36 ± 0.18 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 0.50 ± 0.25 1-4 < 0.001 

11 Grade 3 0.89 ± 0.16 2-3 < 0.001 

9 Grade 4 0.80 ± 0.13 2-4 = 0.010 

SD irregularity 

18 Grade 1 0.04 ± 0.01 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 0.07 ± 0.05 1-4 < 0.001 

11 Grade 3 0.29 ± 0.21 2-3 <0.001 

9 Grade 4 0.21 ± 0.13 2-4 = 0.004 

Mean pixels intensity 

18 Grade 1 117.99 ± 13.74 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 132.00 ± 22.31 1-4 < 0.001 

11 Grade 3 178.50 ± 25.59 2-3 < 0.001 

9 Grade 4 170.99 ± 19.92 2-4 = 0.003 

SD of pixels intensity 

18 Grade 1 27.04 ± 2.96 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 29.48 ± 3.57 1-4 < 0.001 

11 Grade 3 33.99 ± 4.04 2-3 = 0.006 

9 Grade 4 35.10 ± 4.34 2-4 = 0.004 
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(continuation) 

New metrics n Groups Mean ± SD 
Significance 

level 

Statistically significant 
post-hoc differences 

 (p-value)  

Lipid layer thickness 

At 10.33 s 

Median pixels 
intensity 

18 Grade 1 116.17 ± 14.40 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 130.82 ± 23.06 1-4 < 0.001 

11 Grade 3 179.45 ± 27.88 2-3 < 0.001 

9 Grade 4 170.67 ± 20.63 2-4 = 0.004 

Mode pixels intensity 

18 Grade 1 117.67 ± 23.25 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 137.79 ± 31.60 1-4 < 0.001 

11 Grade 3 214.36 ± 49.28 2-3 < 0.001 

9 Grade 4 192.67 ± 49.86 2-4 = 0.002 

Kurtosis 

18 Grade 1 0.017 ± 0.002 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 0.015 ± 0.003 1-4 = 0.001 

11 Grade 3 0.012 ± 0.002 2-3 = 0.001 

9 Grade 4 0.013 ± 0.003 2-4 = 0.015 

Skewness 

18 Grade 1 0.14 ± 0.01 

< 0.001
2
 

1-3 < 0.001 

28 Grade 2 0.13 ± 0.01 1-4 = 0.001 

11 Grade 3 0.11 ± 0.01 2-3 = 0.001 

9 Grade 4 0.11 ± 0.01 2-4 = 0.011 

 (Where mm: millimetres; n: number of patients; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; s: Seconds; SD: Standard Deviation; TMH: Tear Meniscus Height; 

1Mann-Whitney U test; 2Kuskal-Wallis test) 

 

Multiple linear regressions 

Since the metrics at 5.33 seconds after blinking have proved to differentiate 

between grades 1 (open meshwork), 2 (closed meshwork) and 3 (wave) of the lipid 

layer thickness, only the metrics at 5.33 seconds after blinking will be assessed in this 

section of the manuscript. 

Multiple linear regressions (Table 8.3.5) were performed to show the current 

metrics that were associated with new metrics, avoiding that the interaction between 

current metrics mislead results. Multiple linear regressions showed that new metrics 
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were statistically significant associated with lipid layer thickness, explaining the 

variability between 7.1 % and 47.0 % depending on the metric. Kurtosis and skewness 

showed a weak association with gland drop-out percentage instead of with lipid layer 

thickness. Energy also appeared to be associated with the first median NIKBUT  

together with lipid layer thickness. No association was found with the remaining 

variables. Generally, these results suggest that the main predictor factor of new 

metrics was the lipid layer thickness. 

Diagnostic capability and validation of the new metrics 

Table 8.3.6 summarizes the diagnostic power and the cut-off values for each new 

metric when grade 1 of lipid layer thickness was compared with other grades. New 

developed metrics were powerful indicators to detect subjects with an altered lipid 

layer (grade 1 – open meshwork) since the area under the curve, sensitivity and 

specificity obtained were high. Mean pixel intensity, median pixel intensity and relative 

energy were the metrics with the highest sensitivity, specificity, area under the curve, 

Youden index, discriminant power, accuracy, Kappa index and F-measure. 
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Table 8.3.5. Multiple linear regressions for new metrics at 5.33 seconds where the 

independent variables included were gland drop-out percentage, bulbar redness, lipid 

layer thickness, tear meniscus height, first and mean NIKBUT, gland expressibility, OSDI 

and DEQ-5. 

(Where β: Unstandardized coefficient; NIKBUT: Non-Invasive Keratograph Break-Up 

Time; Sβ: Standardized coefficient; SD: Standard Deviation; SE: Standard Error) 

 

 

New metrics Current metrics β SE Sβ 
Significance 

level 
Adjusted R square 

Total area 
Constant 129.99 140.09  <0.001 

0.470 
Lipid layer thickness 18.64 2.62 0.71 <0.001 

Minimum pixel 
intensity 

Constant 40.34 9.86  <0.001 
0.325 

Lipid layer thickness 9.72 1.83 0.60 <0.001 

Energy 

Constant 261.47 8.09  <0.001 

0.214 Lipid layer thickness 5.27 1.50 0.42 0.001 

First median NIKBUT 1.24 0.61 0.64 0.045 

Relative energy 
Constant 0.87 0.14  <0.001 

0.404 
Lipid layer thickness 0.17 0.03 0.69 <0.001 

Entropy 
Constant 0.000 0.000  <0.001 

0.050 
First median NIKBUT 0.00000063 0.00 0.73 0.037 

SD irregularity 
Constant 0.13 0.03  <0.001 

0.071 
Lipid layer thickness 0.014 0.005 0.39 0.005 

Mean pixels 
intensity 

Constant 137.78 15.63  <0.001 
0.457 

Lipid layer thickness 20.26 2.91 0.70 <0.001 

SD of  pixels 
intensity 

Constant 25.15 1.81  <0.001 
0.193 

Lipid layer thickness 1.22 0.34 0.45 0.001 

Median pixels 
intensity 

Constant 140.60 16.64  <0.001 
0.468 

Lipid layer thickness 21.89 3.09 0.70 <0.001 

Mode pixels 
intensity 

Constant 130.92 22.42  <0.001 
0.432 

Lipid layer thickness 28.37 4.17 0.70 <0.001 

Kurtosis 
Constant 0.012 0.001  <0.001 

0.114 
Gland drop-out percentage 0.000031 0.000 0.33 0.042 

Skewness 
Constant 0.119 0.005  <0.001 

0.099 
Gland drop-out percentage 0.000 0.000 0.36 0.029 
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Table 8.3.6. ROC curve parameters of newly developed metrics to differentiate grade 1 

of lipid layer thickness from other grades at 5.33 seconds. 

Metric Sensitivity Specificity 
Area under the 

curve (CI) 
Cut-off 
value 

Youden 
index 

Discriminant 
power 

Accuracy 
Kappa 
index 

F-measure 

Total area  0.94 0.76 
0.89  

(0.83 – 0.96) 
117.74 0.70 2.18 0.83 0.72 0.81 

Minimum 
pixel 

intensity  
0.92 0.74 

0.88 
(0.82 – 0.95) 

67.50 0.65 1.89 0.82 0.70 0.80 

Energy  0.87 0.77 
0.82 

(0.71 – 0.88) 
239.15 0.65 1.77 0.82 0.70 0.80 

Relative 
energy  

0.92 0.81 
0.91 

(0.83 – 0.96) 
0.48 0.73 2.13 0.86 0.76 0.84 

SD 
irregularity  

0.89 0.77 
0.86 

(0.79 – 0.94) 
0.05 0.66 1.83 0.82 0.70 0.79 

Mean pixels 
intensity  

0.94 0.79 
0.89 

(0.83 – 0.96) 
128.62 0.74 2.29 0.86 0.76 0.84 

SD of pixels 
intensity 

0.83 0.70 
0.78 

(0.68 – 0.88) 
28.08 0.53 1.35 0.74 0.57 0.73 

Median 
pixels 

intensity  
0.92 0.81 

0.91 
(0.84 – 0.97) 

124.50 0.73 2.13 0.86 0.76 0.84 

Mode pixels 
intensity 

0.83 0.77 
0.87 

(0.80 – 0.94) 
133.50 0.61 1.56 0.80 0.66 0.78 

Kurtosis  0.89 0.76 
0.83 

(0.74 – 0.92) 
0.015 0.64 1.77 0.78 0.63 0.76 

Skewness  0.92 0.72 
0.84 

(0.75 – 0.92) 
0.13 0.63 1.84 0.80 0.66 0.78 

(Where CI: 95 % Confidence Interval; SD: Standard Deviation) 

Tables 8.3.7 and 8.3.8 show the diagnostic power of each new metric to 

differentiate between grades 1 and 2, and between grades 2 and 3, respectively. This 

step allowed finding the cut-off values for each new metric to objectively classify the 

lipid layer into different grades. The cut-off value that optimizes the diagnosis 

determines the best score to diagnose the disease. Thus, a subject with a higher score 

than the cut-off value in kurtosis and skewness was classified into the thinner lipid 

layer thickness group, while a subject with a higher score than the cut-off value in the 

rest of the newly developed metrics was classified into the thicker lipid layer thickness 
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group. The SD of pixels intensity had a low specificity to distinguish between grades 1 

and 2, which could lead to the lipid layer being misclassified. 

Table 8.3.7. ROC curve parameters of new developed metrics to differentiate 

between grades 1 and 2 of lipid layer thickness at 5.33 seconds. 

Metric Sensitivity Specificity 
Area under the curve 

(CI) 
Cut-off value 

Youden 
index 

Discriminant 
power 

Total area  0.89 0.70 
0.83 

(0.73-0.94) 
116.20 0.59 1.62 

Minimum pixel 
intensity  

0.86 0.74 
0.86 

(0.77-0.95) 
64.50 0.60 1.58 

Energy  0.86 0.73 
0.81 

(0.71-0.91) 
238.59 0.59 1.55 

Relative energy  0.92 0.74 
0.83 

(0.72-0.94) 
0.48 0.66 1.90 

SD irregularity  0.83 0.70 
0.78 

(0.66-0.90) 
0.05 0.54 1.36 

Mean pixels intensity  0.92 0.74 
0.84 

(0.73-0.95) 
126.93 0.66 1.90 

SD of pixels intensity  0.83 0.48 
0.66 

(0.53-0.80) 
28.22 0.31 0.84 

Median pixels 
intensity  

0.92 0.74 
0.85 

(0.74-0.95) 
124.50 0.66 1.90 

Mode pixels intensity  0.83 0.70 
0.82 

(0.71-0.93) 
133.50 0.54 1.36 

Kurtosis  0.89 0.63 
0.74 

(0.60-0.87) 
0.015 0.52 1.44 

Skewness  0.83 0.67 
0.74 

(0.60-0.87) 
0.14 0.5 1.27 

 (Where CI: 95 % Confidence Interval; SD: Standard Deviation) 
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Table 8.3.8. ROC curve parameters of new developed metrics to differentiate 

between grade 2 and 3 of lipid layer thickness at 5.33 seconds. 

(Where CI: 95 % Confidence Interval; SD: Standard Deviation) 

Once the cut-off values were calculated, the lipid layer was objectively classified. 

The level of agreement between the newly developed objective and existing subjective 

classifications was evaluated (Table 8.3.9). Since different lipid layer thickness grades 

were evaluated, the weighted Kappa index was calculated (Cohen, 1968). Mean pixels 

intensity, median pixels intensity and relative energy were the metrics with the highest 

area under the curve, best relationship between sensitivity and specificity and higher 

agreement between objective and subjective methods for the classification of the lipid 

layer thickness. 

Metric Sensitivity Specificity 
Area under the 

curve (CI) 
Cut-off value 

Youden 
index 

Discriminant 
power 

Total area  0.78 0.81 
0.80 

(0.65-0.95) 
123.97 0.59 1.50 

Minimum pixel 
intensity  

0.71 0.69 
0.74 

(0.57-0.91) 
79.50 0.40 0.94 

Energy  0.71 0.84 
0.78 

(0.62-0.93) 
248.19 0.55 1.41 

Relative energy  0.74 0.88 
0.81 

(0.67-0.96) 
0.72 0.62 1.65 

SD irregularity  0.89 0.69 
0.82 

(0.68-0.97) 
0.12 0.58 1.58 

Mean pixels intensity 0.78 0.88 
0.83 

(0.68-0.97) 
150.69 0.65 1.76 

SD of pixels intensity  0.82 0.69 
0.80 

(0.65-0.95) 
32.36 0.50 1.25 

Median pixels 
intensity  

0.70 0.88 
0.83 

(0.69-0.97) 
160.50 0.58 1.55 

Mode pixels  0.96 0.63 
0.80 

(0.63-0.96) 
183.00 0.59 2.08 

Kurtosis  0.82 0.75 
0.82 

(0.68-0.96) 
0.013 0.57 1.42 

Skewness  0.93 0.69 
0.84 

(0.70-0.97) 
0.12 0.61 1.83 
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Table 8.3.9. Agreement between the subjective and objective classification of the lipid 

layer thickness for each parameter at 5.33 seconds. 

Metric Accuracy Kappa index F-measure 

Total area  0.72 0.73 0.84 
Minimum pixel intensity  0.68 0.66 0.81 

Energy  0.72 0.73 0.84 
Relative energy  0.76 0.76 0.86 
SD irregularity  0.71 0.73 0.83 

Mean pixels intensity  0.77 0.77 0.87 
SD of pixels intensity  0.63 0.61 0.78 

Median pixels intensity  0.76 0.77 0.86 
Mode pixels intensity  0.71 0.67 0.83 

Kurtosis  0.69 0.69 0.82 
Skewness  0.70 0.69 0.82 

(Where SD: Standard Deviation) 

8.3.4. Discussion 

The present study introduces a new self-developed technique for the non-invasive 

objective evaluation of the lipid layer thickness, which might be implemented in any 

Placido disk topograph. The validity and applicability of new metrics calculated from 

the grey level intensity values of the Placido disk pattern reflected onto the tear film 

have been tested. Alonso-Caneiro et al. (2013) performed a similar study, in which 

they used texture analysis of videokeratoscopy images and denoted that the proposed 

technique offered clinical utility in the diagnosis of DED (Area under the curve from 

0.77 to 0.82, sensitivity of 0.9 and specificity of 0.6). However, the authors did not 

explain why this could be a predictor of DED since they did not study the correlations 

of the metric with ocular surface parameters. Therefore, they did not evidence which 

parameter of the tear film they were measuring.  
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The present work makes three important contributions: 1) the development of a 

new method to assess the lipid layer thickness in an unbiased, objective, quick and 

non-invasive way; 2) the possibility of assessing the lipid layer without the need of an 

interferometer, making the method widely accessible; 3) the validation of the new 

technique through the study of its repeatability, diagnostic capability and correlations 

with ocular surface parameters. 

Correlations between Placido disk reflectivity metrics and ocular surface 

parameters 

Moderate positive significant correlations were found between grey level 

intensities of the Placido disk pattern and lipid layer thickness and NIKBUT. The 

correlations between new developed metrics and age, meibomian glands drop-out, 

bulbar redness, TMH and OSDI (Table 8.3.3) might be a consequence of their 

correlation with lipid layer thickness since lipid layer thickness is also correlated with 

age, meibomian glands drop-out and NIKBUT (Bron and Tiffany, 2004; Hosaka et al., 

2011; Pult, Riede-Pult and Nichols, 2012; Eom et al., 2013; Finis et al., 2013). 

Despite the above, in the present study, lipid layer thickness revealed no 

correlation with bulbar redness, TMH and OSDI. Finis et al. (2013) neither found a 

significant correlation between DED symptoms and lipid layer thickness, although this 

was not in accordance with others (Foulks, 2007; Hosaka et al., 2011; Best, Drury and 

Wolffsohn, 2012; Pult, Riede-Pult and Nichols, 2012). New metrics, though less 

strongly correlated with bulbar redness, TMH and OSDI than with lipid layer thickness, 

could still be used to assess these ocular surface parameters.  
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Entropy measures the randomness of a grey level distribution (Alonso-Caneiro et 

al., 2013), and as a result might change as the tear film becomes thinner and the 

Placido disk pattern becomes more unstructured (Alonso-Caneiro et al., 2013). This 

metric was not correlated with the lipid layer thickness, although it revealed a 

significant correlation with gland drop-out, bulbar redness, TMH, NIKBUT and OSDI, 

and thus it might be used to predict these parameters.  

Moreover, despite that new metrics were correlated with the lipid layer thickness, 

no statistically significant correlations were found with meibomian gland expressibility, 

although previous research did find a correlation between these parameters (Finis et 

al., 2013). 

Differences between groups 

When the sample was subjectively divided into 4 different lipid layer thickness 

groups, using grade scales of interference patterns, statistically significant differences 

in the new metrics were found between them (Table 8.3.4). The measurements at 5.33 

seconds after blinking were the best to differentiate among the different lipid layer 

thickness grades since metrics were able to distinguish between grades 1 and 2, and 

grades 2 and 3. Nonetheless, the method could not differentiate between grades 3 

(wave) and 4 (colour fringe pattern). This could be due to the fact that grade 4 differs 

from grade 3 in that 4 is the only grade, in the interference scale, to imply a coloured 

pattern, which cannot be detected using grey level values. Hence, as already reported 

by other authors (Remeseiro et al., 2013), it would be necessary to incorporate a 

colour analysis to differentiate between grades 3 and 4. 



Chapter 8.3. Validation of a new objective method to assess lipid layer thickness without the 

need of an interferometer 

  

 

437 
 

Nevertheless, since the TFOS DEWS II Diagnostic Methodology Report reported 

that a subject is classified as having DED when the lipid layer thickness has a grade of 

1, differentiating between grade 3 and 4 has a low clinical utility. Additionally, thinner 

patterns are more difficult to characterize by an examiner (García-Resúa et al., 2013; 

Wolffsohn et al., 2017). 

In addition to being capable of differentiating between lipid layer thickness grades, 

the metrics at 5.33 seconds after blinking are performed under more realistic 

conditions than at later times, as subjects are not required to forcefully suppress 

blinking. Moreover, metrics at 0.33 seconds might not have achieved a similar 

performance than at 5.33 seconds in assessing the lipid layer thickness since at 0.33 

seconds after blinking the lipid layer might not have stabilized yet. 

Placido disk reflectivity metrics over time 

Repeated mixed model ANOVA showed statistical higher pixel intensity values at 

10.33, 15.33 and 20.33 seconds than at 0.33 seconds (Table 8.3.1). This might be due 

to the fact that the sample size decreased as the seconds after blink increased. Thus, 

only subjects with larger NIKBUT values were able to maintain the eye opened for 

20.33 seconds. This may be behind the observed differences as the lipid layer thickness 

and NIKBUT were positively correlated with pixel intensity.  

Nevertheless, despite that ANOVA revealed differences in the metrics between 

periods, when all subjects were analyzed together, CoV, which evaluated the variability 

in each subject individually, revealed a low variability of metrics over time.  
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Repeatability of each Placido disk reflectivity metric 

The present method has the limitation that is semiautomatic since the centre of 

the Placido disk pattern and the ROI must be selected manually by the examiner. In 

spite of this, the repeatability was acceptable in all metrics (Table 8.3.2) and the 

analysis can be carried out in less than 10 seconds. It has been previously reported that 

this time is considered appropriate for a clinical test (Remeseiro et al., 2014a). 

Multiple linear regressions 

As correlations showed, the lipid layer thickness was the clinical parameter that 

was more strongly correlated with new metrics. Nevertheless, other parameters were 

also correlated. This could be a bias since different metrics can confound results, 

affecting the classification of the lipid layer thickness. Therefore, multiple linear 

regression analysis has been performed to show which current metrics are 

independently associated with new metrics. Results showed that for most metrics, the 

lipid layer thickness was the only parameter associated. This suggests that new metrics 

are predictors of the lipid layer thickness and can be used to objectively assess it. 

Nevertheless, kurtosis and skewness were associated with gland drop-out and energy 

with the lipid layer thickness together with NIKBUT. 

Diagnostic capability and validation of the new metrics 

ROC curves were calculated to analyse the diagnostic ability of the new metrics. It 

has been previously reported that a 70 % level of sensitivity and specificity is 
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acceptable for the diagnosis of a disease (Tomlinson et al., 2011). Sensitivity and 

specificity were higher than 0.7 for most of the developed new metrics. 

According to the classification on a previous report (Hosmer, Lemeshow and 

Sturdivant, 2013), the newly developed metrics showed areas under the curve 

between acceptable (0.74) and outstanding (0.91) discrimination. Thus, new metrics 

can be considered powerful aides to objectively assess the lipid layer.  

It has been reported that accuracy, F-measure and kappa index denote good 

agreement between tests when they are close to 1 (Cohen, 1968; Landis and Koch, 

1977; Rosenfield and Fitzpatrick-Lins, 1986; Viera and Garret, 2005; Sokolova, 

Japkowicz and Szpakowicz, 2006). Generally, the agreement between new metrics and 

subjective classification methods of the lipid layer thickness showed an accuracy 

between 0.63 and 0.77, an F-measure between 0.78 and 0.87 and a Kappa index 

between 0.61 and 0.77 (very good agreement) (Table 8.3.8). 

Mean pixel intensity, median pixel intensity and relative energy at 5.33 seconds 

after blinking were the metrics with the highest diagnostic capability in terms of 

sensitivity, specificity, area under the curve, Youden index and discriminant power 

(Table 8.3.5) and the metrics with the highest agreement with the subjective grading in 

terms of accuracy, Kappa index and F-measure (Table 8.3.8). 

In comparison with previous studies on the analysis of interference patterns (Wu 

et al., 2008; García-Resúa et al., 2013; Remeseiro et al., 2013; Remeseiro et al., 2014b; 

Remeseiro et al., 2014c; Peteiro-Barral et al., 2016; Hwang et al., 2017; Bai and 
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Nichols, 2019; da Cruz et al., 2020), the new metrics showed slightly lower diagnostic 

ability and agreement with the subjective classification of the lipid layer thickness. 

Nevertheless, this method adds the possibility of objectively assessing the lipid layer 

thickness without the need of having an interferometer, which might broad the 

assessment of the lipid layer in clinical practice. 

This study had some limitations to consider. First, statistically significant 

correlations between new metrics and age were found. Consequently, age might act as 

a possible confounding factor. As in previous studies, age could not be excluded from 

the analysis because of its strong association with DED and MGD (Pult, Riede-Pult and 

Nichols, 2012; Rico-del-Viejo et al., 2019). Furthermore, the surrounding illumination 

and the focussing of the Placido disk pattern should be carefully controlled. In 

addition, the lipid layer thickness has not been measured objectively. However, it has 

been measured subjectively with a validated grading scale, which suggests that the 

present method is able to objectify the subjective measurement of this grading scale. It 

has been reported that this subjective grading scale is correlated with the lipid layer 

thickness (Guillon, 1998a; Nichols et al., 2005; Tomlinson et al., 2011; Wolffsohn et al., 

2017). Therefore, these issues are not expected to affect results significantly. Future 

studies could assess the predictability of the lipid layer thickness measured objectively 

with the new metrics. Finally, the method only measures the grey intensity values of 

the Placido disk pattern within the pupil. Nevertheless, this issue is not expected to 

influence the outcomes since all the metrics have been designed to be pupil-

independent. Moreover, the present study has demonstrated that the analysis of the 

pixels within the pupil area is enough to assess the lipid layer thickness. 
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Overall, the analysis of grey level intensity values in videokeratography is able to 

assess the tear film behaviour. Grey level intensity can be used as an alternative 

biomarker to objectively grade the lipid layer thickness. It has been demonstrated that 

the method is quick, objective, non-invasive, repeatable and with acceptable 

sensitivity and specificity. Therefore, it could be easily included in a battery of tests to 

improve the detection and monitoring of DED and MGD in clinical practice. 

Further research is needed to assess the performance of these metrics in subjects 

diagnosed with DED or MGD. Likewise, the software could be further developed to be 

fully automatic and to distinguish between grades 3 and 4 of lipid layer thickness 

Nonetheless, although these outcomes are preliminary, they are highly encouraging. 

This study could be the base for future works which attempt to assess the lipid layer 

objectively without the need of an interferometer. 
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9. EFFECT OF CONTACT LENSES ON THE TEAR FILM AND THE OCULAR SURFACE 

As explained in Chapter 1 Introduction, contact lens wear has been reported to 

impact the ocular surface homeostasis (Stapleton et al., 2006; Stapleton et al., 2017). 

Thus, contact lens wear is associated with DED (Gomes et al., 2017; Stapleton et al., 

2017). Moreover, the increasing number of contact lens wearers has highlighted the 

need of studying iatrogenic dry eye (Gomes et al., 2017). Therefore, due to the 

relevance of contact lens wear on the ocular surface, in the present chapter, the effect 

of different contact lenses on the tear film and the ocular surface will be assessed 

using current metrics and the newly developed metrics in this dissertation. 
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9.1 EFFECT OF A DUAL-FOCUS AND A SINGLE-VISION CONTACT LENS ON LIGHT 

DISTURBANCE, OPTICAL QUALITY, VISUAL PERFORMANCE AND THE TEAR FILM 

In this chapter, the short-term effect of a dual-focus contact lens design on the 

tear film, visual performance and optical quality will be assessed and compared to a 

single-vision contact lens design built with the same material. 
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9.1.1 COMPARISON OF SHORT-TERM LIGHT DISTURBANCE, OPTICAL AND VISUAL 

PERFORMANCE OUTCOMES BETWEEN A MYOPIA CONTROL CONTACT LENS AND A 

SINGLE-VISION CONTACT LENS 

In this first part of the chapter, the short-term light disturbance, optical quality 

and visual performance of a dual-focus and a single-vision contact lens will be 

compared. 

9.1.1.1 Introduction 

It has been reported that a reduction in myopia progression might be achieved by 

using central-distance dual-focus contact lenses designs through the reduction of the 

off-axis hyperopia (Ruiz-Pomeda et al., 2018b; Hughes et al., 2020; Przekoracka et al., 

2020). Thus, these new designs are also being applied to control myopia progression 

(González-Méijome et al., 2016; Ruiz-Pomeda et al., 2019). However, even though 

visual acuity is acceptable in the vast majority of patients, many still complain about 

insufficient quality of vision and dysphotopsia (González-Méijome et al., 2016). 

Therefore, the evaluation of photic phenomena and ocular aberrations would add 

valuable information to the simple visual acuity assessment (Brito et al., 2015).  

Ruiz-Pomeda et al. (2019) reported that dual-focus design contact lenses increase 

light disturbance in comparison with a monofocal spectacle correction. However, light 

disturbance scores were low and decreased over the follow-up. Generally, dual-focus 

multifocal designs produce a reduction in contrast sensitivity, an increase in photic 

phenomena and changes in aberrations, particularly for primary spherical aberration 
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(Fedtke et al., 2017). Poor visual satisfaction due to photic phenomena, visual 

fluctuations and inadequate visual quality is the most common reason for multifocal 

contact lens wear discontinuation in presbyopes. However, it is not expected that 

children, doing most of their activities under good lighting conditions would complain 

of those photic phenomena and the high rates of retention in clinical trials involving 

dual-focus lenses indirectly confirm that (Chamberlain et al., 2019; Remón et al., 

2020).  

Little is known about the visual performance of concentric design contact lenses 

for myopia control in children. This topic is of high interest since myopia control 

depends on an acceptable visual performance through the lens. Nevertheless, the 

present study is not intended to assess the effect of the lenses on myopia control. 

Instead, it aims to determine the short-term effect of a dual-focus contact lens design 

on visual and optical performance and compare it to a single-vision contact lens design 

built with the same material. This work adds new insights about the performance of 

dual-focus contact lenses since differences resulting from this study would be only due 

to the differences in design of the contact lenses and not masked by differences in the 

lens material. It is hypothesized that the different optic zone of the dual-focus lens will 

decrease the optical quality when compared to a single-vision lens of the same 

material. The present study was not carried out on children since some parts of the 

protocol might be difficult to follow by patients of that age. Instead, study sample 

were young adults who represent a population with high visual and comfort demands 

similar to those in children (Kollbaum et al., 2013).  
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9.1.1.2 Methodology 

This was a randomized, double-masked, crossover study. A total of 28 healthy 

myopic volunteers between 18 and 32 years with an astigmatism of ≤0.75D 

participated in this study (Kollbaum et al., 2013). Prior contact lens wear was not 

considered. Inclusion criteria involved best-corrected visual acuity of 0.00 logMAR or 

better in each eye. Subjects with any ocular disease or binocular anomaly, as well as, 

subjects taking any medication that contraindicates or interferes with the use of 

contact lenses, were excluded from the study. Written consent was obtained from 

each subject after explanation of the purpose and study protocol. The study 

procedures were approved by the Ethics Committee of University of Minho and were 

carried out in accordance with the tenets of Declaration of Helsinki.  

Although both eyes were randomly fitted with contact lenses, the sensorial 

dominant eye for distance vision was measured in order to avoid duplication of data. 

Eye dominance was evaluated by means of sensory dominance with the “+1.50 D blur” 

method (Lopes-Ferreira et al., 2013; Fernandes et al., 2018). Luminance and 

illuminance were measured at all times using a luminance meter (Konica Minolta LS-

100 Sensing Americas Inc, Ramsey, NJ, USA) and an illuminance meter (T-

10, Minolta Sensing Inc, Tokyo, Japan), respectively. The varying daylight was removed 

using black-out curtains. The illuminance was 255.55 ± 8.14 lux and 3.45 ± 0.13 lux for 

photopic and mesopic conditions, respectively. The mean luminance was 203.07 ± 3.75 

cd/m2, 48.05 ± 1.18 cd/m2 and 0.62 ± 0.01 cd/m2 for the measurement of visual acuity, 

photopic contrast sensitivity and mesopic contrast sensitivity, respectively. 
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The study can be divided in 3 parts: 1) baseline measurements, and visual and 

optical performance assessments 2) with the dual-focus lens and 3) with the single-

vision lens.  

The procedures performed in each part of the protocol and the order in which 

they were performed, were the following: Case history, refraction with trial lenses, 

visual acuity and aberrations assessed for a pupil diameter of 3 mm and 5 mm were 

determined at baseline. Refraction was used to determine the power of the contact 

lenses. For both contact lenses, over-refraction with trial lenses, symptoms 

questionnaire, visual acuity, stereopsis, photopic and mesopic contrast sensitivity, light 

disturbance assessment and aberrations for a pupil diameter of 3 mm and 5 mm were 

assessed. Measurements were performed as explained in Chapter 3 General 

Methodology. 

Photopic and mesopic pupil diameters were evaluated in each lens using Grand 

Seiko Autorefractometer WAM-5500. Pupil diameter was evaluated in the 

contralateral eye while subjects were carrying out the LDA test using the NeurOptics® 

VIP™-200 Pupillometer (Irvine, California, USA) under the same illumination conditions 

as those for light disturbance measurements. 

After measurements were carried out with the first contact lens design in situ, the 

lens was removed and a 15 minute washout period was allowed before fitting the 

second lens design. After measurements in both contact lenses, subjects were asked to 

choose a preferred contact lens, first or second design, right after protocol completion. 
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Contact lenses 

Subjects were binocularly fitted with the two lenses, in a random way – one lens 

with a dual-focus design for myopia control (MiSight, CooperVision Inc., Pleasanton, 

CA) and the other lens with a single-vision design (Proclear 1-day, CooperVision Inc., 

Pleasanton, CA). Both contact lenses were fitted according to the manufacturer’s 

guidelines for the initial lens selection. 

Both contact lenses used in this study were made of the same material (Omafilcon 

A) with the same water content (60% water content, non-ionic), same base curve 

(8.70mm) and same lens diameter (14.2 mm). The dual-focus design has an 11.66 mm 

optic zone with four alternating zones for distance and near vision surrounding a 

central diameter of 3.36 mm for distance vision (Ruiz-Pomeda et al., 2018b; 

Chamberlain et al., 2019). This lens provides a 2 D add power, which produces a 

second focus. The distance focus lies on the retina and the near focus is in front of the 

retina at the distance of 0.6 mm, approximately. The near zone is known as the 

“treatment zone” (Ruiz-Pomeda et al., 2018b; Chamberlain et al., 2019).  

Lens fitting 

Contact lens correct movement and centration were checked using a slit-lamp. 

Measurements were carried out 25 minutes after contact lens insertion to allow 

contact lens settling, being this time strictly the same for both contact lenses for 

comparison purposes (Kollbaum et al., 2013). A washout period of 15 minutes 

between contact lenses was allowed (Sánchez et al., 2018; Martins et al., 2019).  
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Statistical analysis 

Statistical analysis was carried out using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Outcomes were reported as median and interquartile 

ranges. Normality distribution was checked by means of the Shapiro-Wilk test.  

Differences between contact lens designs for each variable were assessed with the 

paired t-test or Wilcoxon signed rank test, depending on sample distribution. 

Moreover, differences between baseline and both designs in visual acuity and 

aberrations were assessed using the Friedman test. Post-hoc analysis was carried out 

by means of the Bonferroni test in order to evaluate differences between all pair group 

combinations. A p-value less than 0.05 was defined as statistically significant. 

9.1.1.3 Results 

Twenty-eight eyes from 28 subjects were included, out of which 17 were females 

(61 %) and 11 males (39 %). The mean age was 23.5 ± 4.1 years, ranging from 18 to 32 

years. Median sphere and cylinder were -1.00 D (interquartile range: -2.31 to -0.27 D) 

and 0.00 D (interquartile range: -0.50 to 0.00 D), respectively.  

After lens fitting, median sphere over-refraction was 0.25 D (interquartile range: 

0.00 to +0.50 D) and 0.25 D (interquartile range: 0.00 to +0.52 D), for dual-focus and 

single-vision designs, respectively. 
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Visual Acuity, Stereopsis and Contrast Sensitivity 

Table 9.1.1.1 summarizes the main outcomes obtained at baseline and after each 

contact lens design fit for best-corrected distance visual acuity, stereopsis and best-

corrected contrast sensitivity under photopic and mesopic conditions. 60 % from 

single-vision group achieved a stereopsis of 20 seconds of arc and 40 % of 30 seconds 

of arc. In the dual-focus group, 57 % achieved a stereopsis of 20 seconds of arc and 43 

% of 30 seconds of arc. 

Although there were no statistically significant differences in visual acuity and 

stereopsis between both lenses, dual-focus lens designs led to a statistically significant 

decrease in both photopic and mesopic contrast sensitivity when compared to single-

vision lens (p < 0.05), except for mesopic contrast sensitivity at the frequency of 18 

cycles per degree (p = 0.23). Contrast sensitivity function pattern followed a typical 

physiological shape with the highest peak of sensitivity at 3 cycles per degree (Figure 

9.1.1.1). Despite the differences found between dual-focus and single-vision lenses, 

both photopic contrast sensitivity curves of the lenses were inside the normality zone 

(Ginsburg et al., 1984) in all frequencies. 
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Table 9.1.1.1. Best-corrected distance visual acuity, stereopsis and best-corrected 

photopic and mesopic contrast sensitivity for each contact lens. 

Measurement Contact lens 
Median 

(Interquartile range) 
Significance level 
(Statistic, p-value) 

Best-corrected Distance 
Visual Acuity (logMAR) 

Baseline -0.10 (-0.20 to -0.10) 

p=0.18
1 

Single-vision -0.12 (-0.18 to -0.10) 

Dual-focus -0.10 (-0.15 to -0.10) 

Stereopsis 
(seconds of arc) 

Single-vision 20 (20 to 25) 
(Z27=0.00, p=1.0)

2 

Dual-focus 20 (20 to 25) 

Photopic Contrast 
Sensitivity 1.5 cpd (dB) 

Single-vision 70 (65 to 70) 
(Z27=-3.21, p=0.001)

2
*

 

Dual-focus 35 (35 to 70) 

Photopic Contrast 
Sensitivity 3 cpd (dB) 

Single-vision 170 (100 to 170) 
(Z27=-3.35, p=0.001)

2
* 

Dual-focus 85 (85 to 153) 

Photopic Contrast 
Sensitivity 6 cpd (dB) 

Single-vision 125 (125 to 185) 
(Z27=-2.81, p=0.005)

2
* 

Dual-focus 70 (70 to 170) 

Photopic Contrast 
Sensitivity 12 cpd (dB) 

Single-vision 65 (55 to 116) 
(Z27=-3.24, p=0.001)

2
* 

Dual-focus 46 (32 to 88) 

Photopic Contrast 
Sensitivity 18 cpd (dB) 

Single-vision 20 (15 to 40) 
(Z27=-3.04, p=0.002)

2
* 

Dual-focus 15 (10 to 24) 

Mesopic Contrast 
Sensitivity 1.5 cpd (dB) 

Single-vision 35 (35 to 37) 
(Z27=-3.54, p<0.001)

2
* 

Dual-focus 20 (20 to 35) 

Mesopic Contrast 
Sensitivity 3 cpd (dB) 

Single-vision 55 (44 to 85) 
(Z27=-4.04, p<0.001)

2
* 

Dual-focus 28 (24 to 44) 

Mesopic Contrast 
Sensitivity 6 cpd (dB) 

Single-vision 44 (21 to 45) 
(Z27=-3.94, p<0.001)

2
* 

Dual-focus 21 (13 to 21) 

Mesopic Contrast 
Sensitivity 12 cpd (dB) 

Single-vision 8 (6 to 15) 
(Z27=-3.85, p<0.001)

2
* 

Dual-focus 5 (5 to 6) 

Mesopic Contrast 
Sensitivity 18 cpd (dB) 

Single-vision 4 (0 to 7) 
(Z27=-1.20, p=0.23)

2 

Dual-focus 4 (0 to 4) 

(Where cpd: cycles per degree; dB: decibel; 1Friedman; 2Wilcoxon; *Statistically 

significant differences) 
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Fig. 9.1.1.1. Best-corrected contrast sensitivity function for each contact lens under 

photopic and mesopic conditions. Where cpd: cycles per degree; dB: decibel; DF: Dual-

Focus and SV: Single-Vision. 

During the aforementioned measurements, the mean pupil diameter under 

photopic conditions was 4.40 ± 0.42 mm and 4.42 ± 0.42 for dual-focus and single-

vision contact lenses, respectively (t27 = -0.94, p = 0.35; T test). Mean pupil diameter 

under mesopic conditions was 6.37 ± 0.37 mm and 6.38 ± 0.34 for dual-focus and 

single-vision contact lenses, respectively (t27 = -1.14, p = 0.26; T test). Statistically 

significant differences were found between photopic and mesopic conditions for dual-

focus (t27 = -13.50, p < 0.001; T test) and single-vision contact lenses (t27 = -16.83, p < 

0.001; T test). 



Chapter 9.1.1. Comparison of short-term light disturbance, optical and visual performance 

outcomes between a myopia control contact lens and a single-vision contact lens 

  

 

462 
 

Light disturbance  

Table 9.1.1.2 shows the main outcomes obtained for each contact lens design with 

the LDA. Mean pupil diameter while subjects were being assessed with LDA was 5.13 ± 

0.66 and 5.10 ± 0.80 mm, for dual-focus and single-vision contact lenses, respectively 

(t27 = 0.34, p = 0.74; T test). Disturbance area, LDI, BFC radius, BFC irregularity and BFC 

irregularity SD were higher for the dual-focus than for the single-vision design (p < 

0.001). 

Table 9.1.1.2. Light disturbance measurements for each contact lens. 

Measurement Contact lens 
Median  

(Interquartile range) 
Significance level 
(Statistic, p-value) 

Disturbance Area (mm
2
) 

Single-vision 1160 (784 to 1921) 
(Z27=3.96, p<0.001)

1
* 

Dual-focus 2608 (1716 to 3348) 

Light Distortion Index (%) 
Single-vision 5.77 (3.90 to 9.56) 

(Z27=3.96, p<0.001)
1
* 

Dual-focus 12.97 (8.54 to 16.65) 

Best Fit Circle Radius 
(mm) 

Single-vision 19.65 (16.17 to 25.15) 
(Z27=3.93, <0.001)

1
* 

Dual-focus 29.19 (23.65 to 33.15) 

Best Fit Circle Irregularity 
(mm) 

Single-vision 0.30 (0.02 to 0.44) 
(Z27=3.95, p<0.001)

2
* 

Dual-focus 0.74 (0.34 to 1.17) 

Best Fit Circle Irregularity 
SD (mm) 

Single-vision 3.30 (2.14 to 4.02) 
(Z27=3.12, p=0.002)

1
* 

Dual-focus 4.00 (3.36 to 4.59) 

(Where mm: millimetres; SD: Standard Deviation; 1T-test; 2Wilcoxon; *Statistically 

significant differences) 

Aberrations 

Table 9.1.1.3 shows lower-order, higher-order and total aberrations for each 

contact lens design for 3 and 5 mm of pupil diameter. The Friedman test revealed 

statistically significant differences between conditions (baseline, single-vision and dual-

focus) in all variables. Post-hoc analysis showed statistically significant differences 
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between baseline and single-vision lens for lower-order and total aberrations for 3 and 

5mm pupils; and between baseline and dual-focus lens for higher-order aberrations 

only for both 3 and 5mm pupils analysis. However, it is important to consider that 

baseline measurements were taken with naked eye (without any kind of correction) 

and that in the measurements with dual-focus and single-vision lenses the subjects 

were partially or fully corrected with the lenses. Thus, the higher amount of lower-

order and total aberrations at baseline (when in comparison with measurements with 

the lenses) is related to the residual refractive error of the subjects.  

When comparing both lenses, it is seen that the RMS of the higher-order 

aberrations and RMS of total aberrations were significantly higher for the dual-focus 

contact lens design than for the single-vision contact lens, for both pupil diameters 

analysed. There were also a statistically significant differences between both lenses for 

RMS of lower- order aberrations for 5mm pupil diameter (p = 0.02) but not for 3mm 

pupil diameter (p = 0.08), with the dual-focus lens depicting higher values in both 

conditions. 
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Table 9.1.1.3. Lower-order, higher-order and total aberrations for a pupil diameter of 3 

mm and 5 mm in each contact lens. 

Measurement Contact lens 
Median 

(Interquartile range) 
Significance level Post-hoc 

Lower-Order 3 mm 
RMS (µm) 

Baseline 0.42 (0.16 to 0.84) 

0.012
1
* 

Baseline-SV: 0.02
2
* 

Baseline-DF: 0.58
2
 

SV-DF: 0.08
2
* 

Single-vision 0.19 (0.10 to 0.30) 

Dual-focus 0.27 (0.16 to 0.38) 

Higher-Order 3 mm 
RMS (µm) 

Baseline 0.08 (0.07 to 0.09) 

<0.001
1
* 

Baseline-SV: 0.58
2
 

Baseline-DF:   <0.001
2
* 

SV-DF: <0.001
2
* 

Single-vision 0.08 (0.06 to 0.10) 

Dual-focus 0.15 (0.12 to 0.20) 

Total 3mm RMS 
(µm) 

Baseline 0.59 (0.43 to 0.19) 

0.004
1
* 

Baseline-SV: 0.011
2
* 

Baseline-DF: 0.72
2
 

SV-DF: 0.011
2
* 

Single-vision 0.21 (0.14 to 0.32) 

Dual-focus 0.32 (0.22 to 0.42) 

Lower-Order 5 mm 
RMS (µm) 

Baseline 1.34 (0.54 to 2.59) 

0.008
1
* 

Baseline-SV: 0.010
2
* 

Baseline-DF: 0.55
2
 

SV-DF: 0.018
2
* 

Single-vision 0.42 (0.30 to 0.73) 

Dual-focus 0.94 (0.68 to 1.12) 

Higher-Order 5 mm 
RMS (µm) 

Baseline 0.19 (0.15 to 0.21) 

<0.001
1
* 

Baseline-SV: 0.66
2
 

Baseline-DF:   <0.001
2
* 

SV-DF: <0.001
2
* 

Single-vision 0.19 (0.16 to 0.22) 

Dual-focus 0.46 (0.42 to 0.52) 

Total 5 mm RMS 
(µm) 

Baseline 1.36 (0.57 to 2.60) 

0.004
1
* 

Baseline-SV: 0.02
2
* 

Baseline-DF: 0.66
2
 

SV-DF: 0.006
2
* 

Single-vision 0.46 (0.38 to 0.74) 

Dual-focus 1.07 (0.83 to 1.20) 

(Where DF: Dual-Focus; RMS: Root Mean Square; µm: micrometers; SV: Single-Vision; 

1Friedman; 2Bonferroni; *Statistically significant differences) 

Questionnaires 

Table 9.1.1.4 shows QoV questionnaire values for each contact lens. Statistically 

significant differences were revealed between contact lens designs, with scores being 

lower for the single-vision contact lens across the frequency, severity and bothersome 

subscales of the instrument. Twenty-seven subjects (96 %) preferred the single-vision 

contact lens design, whilst 1 subject (4 %) preferred the dual-focus contact lens. 
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Table 9.1.1.4. Quality of Vision questionnaire scores and comfort visual analogue 

scales for each contact lens. 

Measurement Contact lens 
Median 

(Interquartile range) 
Significance level 
(Statistic, p-value) 

QoV Frequency Score 
Single-vision 15 (0 to 36) 

(Z27=4.32, p<0.001)
1
* 

Dual-focus 48 (37 to 59) 

QoV Severity Score 
Single-vision 13 (0 to 31) 

(Z27=4.33, p<0.001)
1
* 

Dual-focus 39 (32 to 49) 

QoV Bothersome 
Score 

Single-vision 0 (0 to 23) 
(Z27=4.11, p<0.001)

1
* 

Dual-focus 37 (29 to 56) 

(Where QoV: Quality of Vision; 1T-test; *Statistically significant differences) 

9.1.1.4 Discussion 

In the present study, dual-focus and single-vision contact lenses provided excellent 

visual acuity and stereopsis despite differences in contrast sensitivity, light 

disturbance, higher-order aberrations and visual comfort scores. To the authors’ 

knowledge, there is no prior study assessing visual performance of a dual-focus 

contact lens design compared to a single-vision contact lens design of the same 

material, eliminating the effect of material differences on the differences in the 

outcomes. A direct comparison with another study is not possible, although previous 

studies compared other multifocal and monofocal contact lenses (Madrid-Costa et al., 

2012; García-Lázaro et al., 2015; Martins et al., 2019).  

Visual acuity and stereopsis 

High contrast visual acuity is not a sensitive measure of visual quality (Kang, 

McAlinden and Wildsoet, 2016). Different studies have not reported significant 

differences in distance visual acuity and stereopsis under light conditions between 
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myopia control dual-focus and single-vision contact lenses or spectacles (Anstice and 

Phillips, 2011; Kollbaum et al., 2013; Fernandes et al., 2018; Chamberlain et al., 2019). 

Sha et al. (2018) found that the the dual-focus design used in the present study and a 

center-distance multifocal contact lens (Proclear Multifocal Dominant, CooperVision 

Inc., Pleasanton, CA) provided excellent high and low contrast visual acuity at all 

distances. Similar results were reported in the multicentric clinical trial by Chamberlain 

et al. (2019).  

The present study confirms these findings. However, controversy exists in the 

literature since other studies found statistically significant differences between a dual-

focus design and best spectacle correction (Kollbaum et al., 2013) or a monofocal 

contact lens (Fedtke et al., 2016a).  

Similar to the results of the present study, Ruiz-Pomeda et al. (2018c) did not find 

differences in stereopsis between subjects fitted with dual-focus design contact lenses 

and single-vision spectacle-corrected subjects. They found worse stereopsis values 

than those obtained in the present study (30.24 ± 12.09 and 38.18 ± 31.77 seconds of 

arc, for dual-focus contact lenses and single-vision spectacles, respectively).  

Contrast sensitivity 

Contrast sensitivity function characterizes visual performance better than high 

contrast visual acuity alone (Przekoracka et al., 2020). Multifocal contact lenses based 

on simultaneous vision designs alter the proportion of light focused at different 

distances depending on the pupil size, being the out-of-focus images and light 
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distribution between distance and near focus the main cause of this decrease (García-

Lázaro et al., 2015). The abrupt change of power and discontinuity between zones may 

produce and increase light scatter and disturbance. This fact is even more evident 

under low-light conditions due to an increase of pupil size (Fernandes et al., 2018; 

Ruiz-Pomeda et al., 2019).  

Several studies confirmed that contrast sensitivity in eyes fitted with multifocal 

contact lenses provide a lower slope for high spatial frequencies than with monofocal 

lens or spectacles (Madrid-Costa et al., 2012; García-Lázaro et al., 2015; Sha et al., 

2015; Sánchez et al., 2018; Martins et al., 2019; Przekoracka et al., 2020). 

Nevertheless, Anstice and Phillips (2011) did not find contrast sensitivity differences 

between a dual-focus design contact lens and a single-vision one. This fact might be 

explained to the use of Pelli-Robson chart in their study, which only measures 

threshold for medium frequencies (Leat and Wegmann, 2004). In the present study the 

Vision Contrast Test System VCTS 6500 was used, which its poor reliability was also 

acknowledged (Pesudovs, 2004).  

In accordance with a previous work (Kollbaum et al., 2013), the present study 

confirms a reduction in contrast sensitivity under photopic and mesopic conditions 

with dual-focus design contact lenses, generalized for every spatial frequency with the 

exception of 18 cycles per degree under mesopic conditions. In spite of this decrease in 

contrast sensitivity, the results of the present work revealed that under photopic 

conditions both lenses provide contrast sensitivity within normality zone limits. 
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Nevertheless, young subjects would be expected to be in the top of the normality zone 

since the normative values are from subjects of all ages. 

Aberrations 

It has been reported that higher-order aberrations are in part responsible for the 

lower contrast sensitivity in multifocal contact lenses (Wahl et al., 2018). Wavefront 

aberrations while wearing contact lenses can be considered the sum of eye aberrations 

and contact lens aberrations (López-Gil et al., 2002). Different authors have reported 

an increase in higher-order aberrations with dual-focus design contact lenses and 

other multifocal contact lenses due to the radial refractive gradient (Ji et al., 2018; 

Martins et al., 2019; Wolffsohn and Davies, 2019; Hughes et al., 2020).  

The present study also found higher values of higher-order aberrations with dual-

focus than single-vision contact lenses. This increase is dependent on multifocal design 

and affects visual performance differently. Distance-center dual-focus design contact 

lenses produce an increase in positive spherical aberration ranging from 0.125 µm in 

low addition to 0.245 µm in high addition in a pupil of 5 mm, while center-near contact 

lenses induce negative spherical aberration (Kollbaum et al., 2013; Fernandes et al., 

2018; Lopes-Ferreira et al., 2018; Fedtke, Ehrmann and Bakaraju, 2020; Hughes et al., 

2020). However, in the present study spherical aberration was not assessed alone, only 

global higher-order aberrations RMS value.  

Therefore, the concentric power profile in multifocal contact lenses produces 

changes in higher-order aberrations which are pupil-dependent. Martins et al. (2019) 
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reported that contact lenses with larger stabilized areas for distance vision reduce 

higher-order aberrations since a higher light percentage is focused into the distance 

focus.  

The Hartmann-Shack aberrometer data is extracted from the wavefront slope 

using Zernike polynomial fitting. This can fail when aberrations are measured in a dual-

focus contact lens because the discontinuous lens power changes across the optic 

zone. 

Light disturbance 

Light disturbance can be caused by defocus, degradation of an optical system, 

scattering, opacities in optical media, diffraction or aberrations (Amorim-de-Sousa et 

al., 2019; Ruiz-Pomeda et al., 2019; Wolffsohn and Davies, 2019). An increase in 

positive spherical aberration is related to an increase in light disturbance, while 

negative spherical aberrations is associated with lower levels of light disturbance 

(Macedo-de-Araújo et al., 2016; Martins et al., 2019). Macedo-de-Araújo et al. (2016) 

reported that an increase of +0.15 μm in spherical aberration leads to an increase 

between 10 and 20 % in LDI. However, they did not find any impact of negative 

spherical aberrations in light disturbance. Amorim-de-Sousa et al. (2019) reported an 

increase in light disturbance size in uncorrected positive and negative refractive errors, 

and spherical-like aberrations; and an increase in light disturbance irregularities in 

coma-like and total higher-order aberrations. In the case of the present study, both 

size and shape of the light disturbance were higher with dual-focus design contact 
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lenses, as expected. LDI and the disturbance area were 1.5 times higher in the dual-

focus than in the single-vision contact lens. 

Similar to the outcomes of the present study, different authors (Brito et al., 2015; 

Fernandes et al., 2018; Martins et al., 2019) found higher light disturbance with 

multifocal contact lenses than with monofocal lenses, being worse with  lenses with 

smaller areas for distance. Nevertheless, in spite of the photic phenomena, it has been 

reported that dual-focus design contact lenses are well accepted by children 

(Chamberlain et al., 2019).  

Halo size was measured by Ruiz-Pomeda et al. (2019) and found that dual-focus 

design contact lenses increase light disturbance slightly in comparison with single-

vision correction. Nevertheless, light disturbance decreased over the follow-up time, 

probably due to neuroadaptation. In comparison with the present results, they found 

slightly lower light disturbance parameters after 24 months of dual-focus contact lens 

use (LDI was 12.02 ± 6.15 %, BFC Radius 27.29 ± 7.21 mm, BFC Irregularity 0.84 ± 1.29 

mm and 4.53 ± 1.45 mm). Therefore, light disturbance found in the present study 

might decrease in a longer follow-up. On the other hand, the present study found 

higher light disturbance values for the single-vision design contact lenses compared to 

those for single-vision lenses reported by Ruiz-Pomeda et al. (2019) except for BFC 

irregularity. This difference might be due to differences in contact lens material or, as 

in the previous case, to the different follow-up period. 

Ferrreira-Neves et al. (2015) and Pomeda-Ruiz A et al. (2019) validated light 

distortion measurements with the LDA system and demonstrated that changing the 
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pupil size from 3 to 6 mm does not have a significant impact on light disturbance. Thus, 

the role of the pupil in aberrations is clear but not in light disturbance. However, Villa 

et al. (2007) found a moderate but significant positive correlation between pupil size 

and light disturbance. In the present study pupil diameter did not differ between 

lenses. 

Questionnaires 

Light disturbance might produce an increase of vision-related symptoms in dual-

focus contact lens wearers. In accordance with the present study, different authors 

found an increase in subjective symptoms with different multifocal contact lenses 

(Fedtke et al., 2016a; Kang, McAlinden and Wildsoet, 2016; Wahl et al., 2018). Fedtke 

et al. (2016b) reported that decentred multifocal contact lenses and with higher power 

variations produce lower subjective ratings. Sha et al. (2018) found that two prototype 

lenses were better tolerated by non-presbyopic myopes than the dual-focus design 

lens used in the present study and another commercially available center-distance 

multifocal contact lens. Wahl et al. (2018) found that disability glare was higher with a 

center-distance contact lens than with a center-near one. However, Fernandes et al. 

(2018) did not find significant changes in QoV score among baseline, an aspheric 

multifocal contact lens and monovision. 

Neuroadaptation plays a key role in multifocality adaptation (Fernandes et al., 

2018; Ruiz-Pomeda et al., 2019), improving vision-related quality of life scores with 

dual-focus design contact lens in comparison with spectacle wear in children after 24 

months.40 However, the process of neural adaptation is not well understood. Authors 
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have hypothesized that the brain suppresses the blurred component of the 

simultaneous image (Ruiz-Pomeda et al., 2018d).  

This study had limitations to be considered. It reports the short-term monocular 

outcomes after fitting these contact lens designs. Binocular summation effect as well 

as neural adaptation process might improve light disturbance scores and visual 

performance in long term follow-up, as found in different studies (Kang, McAlinden 

and Wildsoet, 2016; Lopes-Fereira et al., 2018; Ruiz-Pomeda et al., 2019). Second, 

several tests used in this study challenge the visual system by evaluating visual 

function under dim-lighting conditions or in the presence of glare which is not typical 

for children, as it might be for adults who drive at night, for example. Therefore, the 

present results might underestimate visual performance with dual-focus design 

contact lenses under binocular and children real-life conditions. Furthermore, prior 

history of contact lens wear was not considered in the inclusion criteria, and this might 

have an impact in the visual scores analyzed since some of the subjects enrolled were 

new contact lens wearers. Finally, the study was carried out in a young adult sample. 

Results in adults might not be representative of those in children. As the task and 

protocol were long, young adults were chosen as sample so that they could respond 

accurately (Sha et al., 2018). These facts are not expected to affect the observed 

outcomes significantly. Further investigation is needed in order to evaluate visual 

performance with other multifocal or dual-focus design contact lenses with different 

geometries and assess the tear film role with multifocal designs. Finally, the role of 

neuroadaptation should be specifically addressed in future studies. 
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Overall, dual-focus contact lens design decreases the psychophysical and 

psychometric visual quality scores in the short-term under dim-light conditions when 

compared to a single-vision contact lens design with the same material. Visual acuity 

and stereopsis were not affected by lens design. However, a relatively small clinical 

impact might be expected under photopic lighting conditions, in which children using 

dual-focus lenses perform most of their activities. 
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9.1.2 TEAR FILM STABILITY OVER A MYOPIA CONTROL CONTACT LENS COMPARED TO 

A MONOFOCAL DESIGN 

In this second part of the chapter, the short-term pre-lens tear film stability and 

comfort of a dual-focus and a single-vision contact lens will be compared. 

9.1.2.1 Introduction 

It has been reported that dual-focus contact lenses based on a center-distance 

design cause a reduction in myopia progression by reducing the off-axis hyperopia 

(Anstice and Phillips, 2011; Ruiz-Pomeda et al., 2018b). However, despite acceptable 

visual acuity, subjects might complain about quality of vision symptoms (Ruiz-Pomeda 

et al., 2019; Wolffsohn and Davies, 2019). Different studies have found an increase in 

spherical and higher-order aberrations, a reduction in contrast sensitivity, higher light 

disturbance and a decrease in the subjective quality of vision (as found in Chapter 

9.1.1) (Fernandes et al., 2018; Amorim-de-Sousa et al., 2019; Ruiz-Pomeda et al., 2019; 

Wolffsohn and Davies, 2019). 

Tear film assessment is essential in contact lens wearers (Foulks et al., 2013). Since 

a contact lens is inserted on the eye, tear film destabilizes (Korb, Greiner and Glonek, 

1996) as the contact lens divides the tear film into two layers: pre-lens tear film and 

post-lens tear film. The pre-lens tear film portion plays a key role in visual quality and 

comfort (Wolffsohn et al., 2017), therefore assessing pre-lens tear film stability is a 

topic of high interest in the contact lens field. 



Chapter 9.1.2. Tear film stability over a myopia control contact lens compared to a monofocal 

design 

  

 

478 
 

To the knowledge of the authors, this is the first study which intends to analyse 

the effect of a front-surface dual-focus design with abrupt changes in power on pre-

lens tear film stability in comparison with a single-vision contact lens of the same 

material in order to minimize material effect on tear film stability, such as wettability, 

water content or dehydration. Thus, the only difference between lenses was the 

optical design. It has been hypothesized that pre-lens tear film stability might be 

altered by the anterior design of the dual-focus contact lens, which could be another 

factor degrading visual quality in addition to the effects of bifocality. The aim of this 

study was to assess the short-term effect of a dual-focus design on pre-lens tear film 

stability in comparison with a single-vision contact lens of the same material. 

9.1.2.2 Methodology 

This is a randomized, double-masked, crossover study. Twenty-eight healthy 

volunteers between 18 and 32 years old participated in this study. The inclusion 

criteria were subjects with an astigmatism ≤ 0.75D and best-corrected visual acuity ≥ 

0.00 logMAR in each eye. Subjects were not required to be contact lens wearers. 

Contact lens wearers were instructed not to wear their contact lenses within a week 

before the examination. Written consent of each subject was obtained after the 

explanation of the purpose and the protocol of the study. The study procedures were 

approved by the Ethics Committee of University of Minho and in accordance with the 

tenets of Declaration of Helsinki. Subjects with any ocular disease or binocular 

anomaly, and subjects taking any medication with ocular affection or with potential to 

interfere with contact lens wear, were excluded from the study. 
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A random eye was assessed in order to avoid duplication of data. Nevertheless, 

both eyes were fitted with contact lenses to guarantee the normal and binocular visual 

conditions. 

Subjects completed 2 visits: first visit (baseline) and second visit (assessment of 

single-vision and dual-focus contact lenses). During the first session, the inclusion and 

exclusion criteria were evaluated and baseline data (naked eye) was obtained. 

Refraction, best-corrected distance visual acuity and pre-corneal tear film stability 

assessment (without contact lens) were recorded. Refraction was objectively 

measured with Grand Seiko Autorefractometer WAM-5500 (Grand Seiko Co., Ltd., 

Hiroshima, Japan) and subjectively adjusted using the end-point criterion of maximum 

plus for the best visual acuity. Tear film stability was evaluated using Medmont E 300 

6.1 version (Medmont Pty., Ltd, Melbourne, Australia) with the built-in software for 

tear film analysis. 

The second visit was performed 1 week after the first one. During the second 

session, measurements with both contact lenses were done. Although only one eye 

was considered for evaluation, contact lenses were fitted binocularly in a random 

order. Over-refraction, best-corrected distance visual acuity, pre-lens tear film stability 

(with Medmont) and comfort (with visual analogue scales) were assessed. Over-

refraction was also assessed with the autorefractor and then adjusted subjectively. 

Best-corrected distance visual acuity at distance was assessed using the chart 1 of 

Logarithmic Visual Acuity Chart 2000 (www.precision-vision.com). Temperature and 

humidity of the room were controlled to ensure that they were constant in all visits. 
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Contact lenses 

During the second visit, subjects were fitted in a random order with the single-

vision Proclear 1-day® contact lens (CooperVision, Inc., Pleasanton, CA) and the dual-

focus contact lens MiSight® (CooperVision, Inc., Pleasanton, CA) according to the 

manufacturer’s fitting guidelines for the initial lens selection. The contact lenses had 

different design, but both were made of Omafilcon A (60% water content, non-ionic), 

in order to minimize material influence on tear film stability such as wettability, water 

content or dehydration. Moreover, according to the manufacturer, both lenses were 

supplied sterile in blisters containing buffered saline solution and had the same edge 

profile. Thus, the only difference between lenses was the optical design. Base curve 

and lens diameter was also equal between lens types: 8.70mm and 14.2 mm, 

respectively. The dual-focus contact lens is comprised of an 11.66 mm optic zone with 

four alternating zones for distance and near vision surrounding a central diameter of 

3.36 mm for distance vision (Kollbaum et al., 2013; Ruiz-Pomeda et al., 2018b; 

Chamberlain et al., 2019; Ruiz-Pomeda et al., 2019). This dual-focus contact lens has a 

2 D maximum add power, which provides a second focus in front of the retina (Ruiz-

Pomeda et al., 2018b; Chamberlain et al., 2019). 

Given that the rationale for the study is that tear film stability may be affected by 

lens front surface design, Figure 9.1.2.1 shows the tangential curvature maps of pre-

lens topographies while the same subject is wearing the contact lenses in order to 

show how varies the curvature radius of the front surface of the lens between both 

contact lenses. Topography measurement when the lens is worn does not reflect the 
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true curvature radius of the front surface the lens. Nevertheless, the aim was not to 

show the exact curvature radius, the aim was to evidence that both lenses have a 

different front surface shape. Moreover, different studies have reported that the dual-

focus contact lens has a dual-focus surface on the front surface of the lens. This 

multifocal surface is created by changing the curvature radius of the front surface of 

the lens in each concentric ring (Fernandes et al., 2018; Ruiz-Pomeda et al., 2018b; 

Amorim-de-Sousa et al., 2019; Ruiz-Pomeda et al., 2019). 

 

Fig. 9.1.2.1. Tangential maps of pre-lens topographies for the single-vision contact lens 

(left) and the dual-focus contact lens (right). 

Lens fitting 

Movement, centration and coverage of both contact lenses were checked using a 

slit-lamp. Tear film was assessed 25 minutes after contact lens insertion in order to 
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provide the adequate contact lens stabilization. It has been reported that this period of 

time is adequate to assess the short-term performance and comfort of contact lenses 

(Efron et al., 1987; Brennan et al., 1990; Paugh et al., 2001; Nichols and King-Smith, 

2003; Foulks et al., 2013). This period of time was maintained for all contact lens 

fittings so that the results were comparable between conditions (Kollbaum et al., 2013; 

Sánchez et al., 2018). A period of 15 minutes was established as the washout period 

between different contact lens fittings (Sánchez et al., 2018; Martins et al., 2019). 

Tear film assessment 

TFSQ was evaluated using Medmont E 300, as explained in Chapter 3 General 

Methodology. Thus, TFSQ, TFSQ area and auto Tear Break-Up Time were measured 

automatically with Medmont Tear Film analysis software. More information about the 

validation of the algorithm can be found in previously published works (Alonso-

Caneiro, Iskander and Collins, 2009; Downie, 2015). Contact lens was then removed 

and the next contact lens was fitted after the washout period. After measurements for 

both sets of contact lenses were completed, subjects were asked to choose a preferred 

contact lens design. 

Visual analogue scales 

Visual analogue scales (continuous scale between 0 and 10) were used to assess 

general comfort, physical comfort and visual comfort. Lower scores suggested good 

comfort, and values close to 10 a poorer comfort. Subjects were first asked for the 

general comfort with the following question: “How do you rate your overall comfort 
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with the lens?” After that, they were asked for the physic comfort: “How do you rate 

your physical comfort (pain, foreign body sensation, gritty sensation, dryness, 

itching…) with the lens?” Finally, they were asked for the visual comfort: “How do you 

rate your visual comfort (blurred vision, distortion or halos, glare and flare around 

lights) with the lens?” 

Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Obtained results were shown as the mean ± SD. Normality 

distribution of each contact lens sample was checked by means of the Shapiro-Wilk 

test. 

The interaction between contact lens type and the order in which they were fitted 

was assessed by means mixed ANOVA. Differences between comfort scores in contact 

lenses were evaluated using the Wilcoxon signed rank test. The Friedman test was 

used to assess differences between baseline and both contact lens types in visual 

acuity and in tear film stability metrics. Post-hoc analysis was carried out using the 

Bonferroni test with the correction for multiple testing in order to evaluate the 

differences between all pair group combinations. A p-value less than 0.05 was defined 

as statistically significant. 

9.1.2.3 Results 

Twenty-eight eyes of 28 participants with a mean age of 23.5 ± 4.1 years, ranging 

from 18 to 32 years old, were assessed. Seventeen were females (60.7 %) and eleven 
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males (39.3 %). Moreover, 20 (71.4 %) were contact lens users and 8 (28.6 %) were 

not. Mean refractive sphere and cylinder were -1.36 ± 1.04 D (ranging from -6 to -0.25 

D) and -0.23 ± 0.30 D (ranging from -0.75 to 0.00 D), respectively. All contact lenses 

had a correct movement, centration and coverage in all subjects. 

Sample size was calculated post-hoc using G-Power. The statistical power obtained 

with a sample size of 28 subjects, an effect size of 0.74 in TFSQ and a significance level 

of 0.05 was 0.96. 

No statistical significant interaction was found between contact lens type and the 

order in which they were fitted in any outcome reported in this study (Mean TFSQ: p = 

0.508; Median TFSQ: p = 0.520; Mean TFSQ area: p = 0.782; Median TFSQ area: p = 

0.561; Mean auto Tear Break-Up Time: p = 0.534; Median auto Tear Break-Up Time: p 

= 0.412; general comfort score: p = 0.305; physical comfort score: p = 0.861; visual 

comfort score: p = 0.864). This evidences that the order in which lenses were fitter did 

not act as a confounding factor in results. 

Over-refraction and visual acuity 

The median and interquartile range of over-refraction were +0.25 D (0.00 to +0.52 

D) and +0.25 D (0.00 to +0.50 D), for single-vision and dual-focus designs, respectively. 

The median and interquartile range of best-corrected distance visual acuity were -0.10 

(-0.20 to -0.10), -0.12 (-0.18 to -0.10) and -0.10 (-0.15 to -0.10), for baseline, single-

vision and dual-focus contact lenses, respectively. Friedman test did not reveal 

statistically significant differences between conditions (p = 0.18). 
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Tear film stability 

Table 9.1.2.1 shows the results of tear film analysis at baseline (pre-corneal tear 

film stability) and with each contact lens (pre-lens tear film stability). Contact lens wear 

increased the mean value of TFSQ metric (meaning a more unstable tear film) when 

compared to baseline assessment, with dual-focus contact lens providing a greater 

tear film instability than the single-vision contact lens (0.39 ± 0.14 vs 0.27 ± 0.13, p = 

0.017, Bonferroni). Mean TFSQ area also underwent a statistically significant increase 

with both contact lenses when compared to baseline. TFSQ area was greater when 

measured with the dual-focus contact lens (34.84 ± 14.31) than with the single-vision 

contact lens (22.38 ± 12.91), with a statistically significant difference between them (p 

= 0.007, Bonferroni).  Auto Tear Break-Up Time was statistically lower in both contact 

lenses than at baseline, this decrease being higher with the dual-focus contact lens 

than with the single-vision contact lens (3.09 ± 1.72 sec vs 5.58 ± 4.80 sec). However, in 

this case, no statistically significant differences were found between the two contact 

lenses. 
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Table 9.1.2.1.  Tear Film Surface Quality metrics obtained in each experimental 

condition. 

Measurement Condition 
Median 

(Interquartile range) 
95% Confidence 

interval 
p-value 

Post-hoc  
(Adjusted p-value) 

Mean TFSQ 

Baseline 0.13 (0.08-0.20) 0.11-0.19 

<0.001
1
* 

Baseline-Single-vision: 
0.017

2
* 

Baseline-Dual-focus: 
<0.001

2
* 

Single-vision-Dual-
focus: 0.017

2
* 

Single-vision 0.24 (0.19-0.36) 0.22-0.32 

Dual-focus 0.44 (0.26-0.49) 0.33-0.44 

Median TFSQ 

Baseline 0.10 (0.07-0.17) 0.09-0.17 

<0.001
1
* 

Baseline-Single-vision: 
0.025

2
* 

Baseline-Dual-focus: 
<0.001

2
* 

Single-vision-Dual-
focus: 0.025

2
* 

Single-vision 0.23 (0.16-0.36) 0.21-0.32 

Dual-focus 0.44 (0.23-0.52) 0.32-0.45 

Mean TFSQ Area (%) 

Baseline 7.17 (1.44-14.37) 5.70-12.67 

<0.001
1
* 

Baseline-Single-vision: 
0.025

2
* 

Baseline-Dual-focus: 
<0.001

2
* 

Single-vision-Dual-
focus: 0.007

2
* 

Single-vision 20.58 (13.68-33.03) 17.17-27.60 

Dual-focus 38.83 (22.57-45.70) 29.06-40.62 

Median TFSQ Area 
(%) 

Baseline 4.10 (0.87-12.85) 3.93-12.07 

<0.001
1
* 

Baseline-Single-vision: 
0.025

2
* 

Baseline-Dual-focus: 
<0.001

2
* 

Single-vision-Dual-
focus: 0.007

2
* 

Single-vision 16.25 (8.28-31.63) 14.63-26.09 

Dual-focus 37.40 (21.38-49.23) 27.67-41.24 

Mean Auto Tear 
Break-Up Time 

(seconds) 

Baseline 7.12 (4.73-11.46) 5.89-12.18 

<0.001
1
* 

Baseline-Single-vision: 
0.029

2
* 

Baseline-Dual-focus: 
<0.001

2
* 

Single-vision-Dual-
focus: 0.112

2
 

Single-vision 3.77 (2.77-6.95) 3.64-7.52 

Dual-focus 2.47 (2.40-2.54) 2.39-3.78 

Median Auto Tear 
Break-Up Time 

(seconds) 

Baseline 6.89 (4.73-10.74) 5.53-11.98 

<0.001
1
* 

Baseline-Single-vision: 
0.023

2
* 

Baseline-Dual-focus: 
<0.001

2
* 

Single-vision-Dual-
focus: 0.166

2
 

Single-vision 3.45 (2.58-6.13) 3.21-6.90 

Dual-focus 2.45 (2.40-2.52) 2.26-3.49 

(Where TFSQ: Tear Film Surface Quality; 1Friedman; 2Bonferroni; *Statistically 

significant values) 
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Comfort 

No subject had any problem to understand and respond to the questionnaire. The 

results of the visual analogue scale questionnaire (Table 9.1.2.2) revealed that the 

single-vision contact lens provided better comfort scores than the dual-focus contact 

lens (0.77 ± 1.14 vs 3.12 ± 2.79, p < 0.001, Wilcoxon). Additionally, comfort was divided 

into physical and visual comfort. Compared to the dual-focus contact lens, the single-

vision contact lens also provided better physical (0.96 ± 1.46 vs 2.19 ± 2.45, p = 0.015, 

Wilcoxon) and visual (1.27 ± 1.66 vs 3.92 ± 2.04, p < 0.001, Wilcoxon) comfort ratings. 

Also, physical comfort was slightly better than visual comfort for both of the analysed 

lenses. Moreover, twenty-seven subjects (96 %) preferred the single-vision contact 

lens, whilst one subject (4 %) preferred the dual-focus contact lens. 

Table 9.1.2.2. Visual comfort analogue scales results for each tested contact lens. 

Measurement Contact lens 
Median  

(Interquartile range) 
95%  

confidence interval 
p-value 

Overall Comfort Score 
Single-vision 0.00 (0.00-1.00) 0.31-1.23 

<0.001
1
* 

Dual-focus 2.00 (0.00-6.00) 1.99-4.24 

Physical Comfort Score 
Single-vision 0.00 (0.00-1.25) 0.37-1.55 

0.015
1
* 

Dual-focus 1.00 (0.00-4.25) 1.20-3.18 

Visual Comfort Score 
Single-vision 0.50 (0.00-3.00) 0.60-1.94 

<0.001
1
* 

Dual-focus 4.00 (2.00-5.25) 3.10-4.75 

(Where 1Wilcoxon; *Statistically significant values) 

9.1.2.4 Discussion 

In the present study, pre-lens tear film stability has been measured using the 

previously validated TFSQ algorithm (Alonso-Caneiro, Iskander and Collins, 2009; 

Downie, 2015). To the knowledge of the authors, there is no other study which has 



Chapter 9.1.2. Tear film stability over a myopia control contact lens compared to a monofocal 

design 

  

 

488 
 

assessed the effect of the dual-focus design on pre-lens tear film stability in 

comparison with a single-vision contact lens. For that reason, a direct comparison with 

another study is not possible. Contact lens material and care regimen were the same 

for dual-focus and single-vision contact lenses in order to minimize material effect on 

tear film stability, such as wettability, water content or dehydration. Thus, contact lens 

optic design was the main difference between lenses. The present study adds that 

TFSQ is also able to distinguish between contact lens optic designs. 

Tear film stability 

As expected, with both contact lens types pre-lens tear film stability was reduced 

in comparison to pre-corneal tear film stability. Several studies reported that contact 

lenses lead to a decrease in pre-lens tear film quality, an increase in tear osmolarity 

and lower tear meniscus height values, especially in high water content contact lenses 

(Nichols and Sinnott, 2006; Szczesna-Iskander, 2018; García-Montero et al., 2019c; 

Lafosse et al., 2019; Lorente-Velázquez et al., 2019). These biophysical changes 

increase dryness symptoms (Nichols and Sinnott, 2006; Szczesna-Iskander, 2018; 

García-Montero et al., 2019c; Lafosse et al., 2019; Lorente-Velázquez et al., 2019). In 

contrast to these studies, García-Montero et al. (2019a) reported that a monthly 

silicone hydrogel contact lens did not lead to significant changes in the ocular surface 

over 15 days of use. 

Contact lenses divide the tear film into two layers, pre-lens and post-lens tear film. 

This fact results in a thinning in the pre-lens lipid layer. Therefore, a lower pre-lens 

stability is expected, which could decrease comfort and quality of vision (Ferrer-Blasco 
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et al., 2009). Pre-lens tear film plays a relevant role in comfort, visual quality, 

lubrication and hydration of the contact lens front surface. It also facilitates palpebral 

interaction with the contact lens surface and provides a smooth optical surface 

(Dumbleton et al., 2013b). 

Post-hoc analysis revealed that the dual-focus contact lens altered TFSQ and TFSQ 

area to a greater extent than the single-vision contact lens. Due to the fact that both 

lenses were made of the same material, the only difference between them was the 

optical design. Therefore, differences in tear film stability between them could be 

explained by the fact that the dual-focus contact lens has a front-surface bifocal design 

with abrupt changes in power, which can alter the proper distribution and stabilization 

of the tear film across the contact lens surface.  

Generally, as found in Chapter 9.1.1, multifocal contact lenses and dual-focus 

contact lenses cause worse contrast sensitivity, an increase in photic phenomena and 

higher aberrations, especially primary spherical aberration (Dumbleton et al., 2013b; 

Fedtke, Ehrmann and Bakaraju, 2020; García-Marqués et al., 2020). This fact, together 

with worse pre-lens tear film stability, might lead to a deterioration of the visual 

quality even more, since it has been reported that a decrease in auto Tear Break-Up 

Time might induce changes in optical quality (Rae and Price, 2009). 

In spite of the fact that results did not show statistical differences between 

contact lenses in auto Tear Break-Up Time, the dual-focus contact lens had lower auto 

Tear Break-Up Time than the single-vision contact lens. A previous study measured 

auto Tear Break-Up Time in a center-near multifocal contact lens (Lorente-Velázquez 

et al., 2019). In comparison with the present study, auto Tear Break-Up Time was 
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higher (9.29 ± 3.67 seconds) after 20 minutes of contact lens wear. In the same study, 

Auto Tear Break-Up Time worsened 8 hours after contact lens wear. Therefore, it is 

possible that auto Tear Break-Up Time results in this work might have been lower if a 

greater wearing time had been tested, since auto Tear Break-Up Time decreases 

progressively along the contact lens time wear (Lorente-Velázquez et al., 2019). Also, 

Lafosse et al. (2019) found that fluorescein Tear Break-Up Time (after lens removal) 

and osmolarity worsened over the first day of wearing an aspheric center-near 

multifocal contact lens.  

Only one previous study has evaluated some tear film parameter in subjects fitted 

with the same dual-focus contact lens as in this study. Ruiz-Pomeda et al. (2018a) did 

not report significant changes in osmolarity over 24-months in the dual-focus lens and 

single-vision spectacles (naked eyes). However, in this case, the osmolarity 

measurement was performed after 30 minutes of contact lens removal. 

Comfort 

Regarding comfort, the results suggest that not only were visual comfort and 

general comfort affected by the dual-focus design, but physical comfort was also 

altered. This fact suggests that the dual-focus design might alter visual and physical 

comfort. Nevertheless, from the results of this study, it cannot be concluded that the 

tear film instability justifies higher discomfort. In previous studies (Chamberlain et al., 

2019; Ruiz-Pomeda et al., 2019), children wearing dual-focus contact lenses did not 

have worse comfort outcomes compared to a single-vision contact lens made of the 

same material or spectacle lenses, respectively. However, the present study highlights 
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the potential interplay between physical and visual discomfort, such as the fact that 

the visual instability might indirectly affect the outcomes of the survey on physical 

discomfort. 

 Ocular dryness and discomfort are the main complaints made by contact lens 

wears (Dumbleton et al., 2013b). Rico-del-Viejo et al. (2018) reported that contact lens 

thickness differences between monofocal and multifocal contact lenses might be the 

most important factor which reduces comfort in multifocal contact lenses. Contact lens 

power might also induce changes in tear film stability due to inherent differences of 

contact lens thicknesses. However, in the present study, parameters were maintained 

for both contact lens types, including thickness with optical design as the difference 

factor. 

Tear film and comfort outcomes where in accordance with the preferred contact 

lens chosen by subjects since 27 of them (96 %) chose the single-vision contact lens. 

This fact suggests that the outcomes are clinically significant. 

Visual acuity 

In spite of the fact that visual comfort was diminished in the dual-focus contact 

lens, no statistically significant differences were found between contact lenses in visual 

acuity. This could be to the fact that high contrast visual acuity is not a sensitive 

measure of visual quality (Kang, McAlinden and Wildsoet, 2016). Thus, the lower visual 

comfort reported by subjects could be related to more precise measurements of visual 

quality such as contrast sensitivity (García-Marqués et al., 2020). 
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This study has some limitations to consider. First, results were obtained in young 

adults while the target population for the dual-focus contact lenses is young children 

and adolescents, or presbyopic subjects wearing contact lenses with similar designs 

(bifocal lenses). Therefore, the present results cannot be directly extrapolated to those 

populations. Although visual analogue scales have been extensively used, using a 

standardized questionnaire would have also been interesting. Nevertheless, a visual 

analogue scale was used to differentiate between general, physic and visual comfort.  

The present study shows short-term tear film stability results; however, tear film 

might be worse after more hours of wear and both lenses could result in similar tear 

film stability.  Tear film was assessed 25 minutes after contact lens insertion. Even 

though some studies (Efron et al., 1987; Brennan et al 1990; Paugh et al., 2001; Nichols 

and King-Smith, 2003) reported that this period of time is adequate to assess the 

short-term performance and comfort of contact lenses since tear film varies in the first 

20 minutes of contact lens wear, others (Little and Bruce, 1994; Nichols and King-

Smith, 2004) argued that the pre-lens tear film thinned significantly over the first 30 

minutes of contact lens wear. Therefore, there is still controversy in this topic. Anyway, 

this issue is not expected to influence the comparison between these two contact 

lenses since tear film was assessed after the same time and after the same washout 

period for both contact lenses so that outcomes were comparable between them. 

Besides, Efron et al. (1987) confirmed that the majority of dehydration occurs within 

the first 5 minutes of wear. Moreover, the randomness in the fitting of the lenses 

avoids the bias. Still the results allow building a hypothesis to be tested in future 

studies in those specific populations. The results could probably be extrapolated to 
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other dual-focus or differently designed multifocal contact lenses for presbyopic 

subjects; nevertheless, this should be tested in future studies. Present results might be 

relevant for the presbyopic population as the assessment of pre-lens tear film stability 

might help to understand the visual complaints regarding contact lens designs with 

abrupt changes of curvature within the optic zone. In these subjects, the tear film 

quality is already reduced showing higher levels of dehydration and this might even 

worsen the outcomes (Craig et al., 2017).  

Furthermore, the fact that subjects with and without previous contact lens 

experience were included might affect comfort scores since it was the first time that 

some of them wore contact lenses. Finally, it is also important to highlight that not 

only pre-lens tear film may be altered by the dual-focus design of the contact lens, but 

Medmont system might be very sensitive and detect non-tear film related changes on 

the dual-focus contact lens surface. However, the differences in the comfort rating 

between lenses were in agreement with the TFSQ results (better performance with the 

single-vision contact lens). Tear film stability assessment with other devices such as 

interferometers (Tearscope or LipiView, for instance) in dual-focus contact lens should 

also be considered in future studies to compare it with the outcomes of Medmont 

software. Further research is needed in order to assess tear film stability in other dual-

focus or multifocal contact lens designs and materials after a longer wearing time in 

children and presbyopic subjects. 

Overall, the present study compares the short-term effect of the dual-focus design 

on pre-lens tear film stability in comparison with a single-vision contact lens made of 
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the same material. A slight reduction in short-term pre-lens tear film instability and 

higher discomfort ratings was found in the dual-focus design than in the single-vision 

contact lens with the same material. The increased pre-lens tear film instability might 

also deteriorate the visual performance further with dual-focus contact lenses. 

Therefore, tear film should be carefully assessed before selecting dual-focus contact 

lens wearers since subjects with an altered tear film stability before lens insertion 

might not be an adequate target population because dual-focus contact lens will 

deteriorate the tear film stability in a higher magnitude than a single-vision contact 

lens. 
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9.2 SHORT-TERM TEAR FILM STABILITY, OPTICAL QUALITY AND VISUAL 

PERFORMANCE IN TWO DUAL-FOCUS CONTACT LENSES FOR MYOPIA CONTROL WITH 

DIFFERENT OPTICAL DESIGNS 

In the previous chapter (Chapter 9.1), it was found that a dual-focus contact lens 

affected visual performance, optical quality, light disturbance, tear film stability and 

comfort in comparison to a single-vision contact lens. Both lenses were made of the 

same material; therefore, differences were due to the optical design of the lenses. The 

present chapter goes one step further by comparing short-term visual quality, optical 

quality, light disturbance, comfort and tear film stability between two dual-focus 

prototype contact lenses for myopia control made from the same material. The aim is 

to assess whether parameters are influenced by the different optical designs of two 

dual-focus contact lenses. One of them has a short central diameter and the other one 

has a medium central diameter. 

9.2.1. Introduction 

Dual-focus contact lenses induce peripheral defocus to reduce the off-axis 

hyperopia, which is thought to act as a stimuli to reduce the axial elongation of the eye 

(Kollbaum et al., 2013; González-Méijome et al., 2016; Li et al., 2016; Faria-Ribeiro, 

Amorim-de-Sousa and González-Méijome, 2018; Ruiz-Pomeda et al., 2018b; 

Chamberlain et al., 2019; Martins et al., 2019; Hughes et al., 2020; Przekoracka et al., 

2020; Chamberlain et al., 2021). 
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In spite of the positive effect on controlling eye growth, dual-focus contact lenses 

have the drawback of limiting the retinal image quality since the light that enters 

through the pupil is redistributed into different focuses (as found in Chapter 9.1.1) 

(González-Méijome et al., 2016; Fedtke et al., 2017; Ruiz-Pomeda et al., 2019; García-

Marqués et al., 2020). Generally, as found in Chapter 9.1.1, dual-focus contact lenses 

cause a reduction in mesopic visual acuity and contrast sensitivity; and induce higher 

light disturbance and higher spherical and higher-order aberrations (Kollbaum et al., 

2013; González-Méijome et al., 2016; Fedtke et al., 2017; Martins et al., 2019; García-

Marqués et al., 2020; Monsálvez-Romín et al., 2020). These effects might be pupil-

dependent because the percentage of light distributed in the far and near focus 

depends on the pupil diameter. Thus, the performance of dual-focus contact lenses is 

influenced by the zones of the lenses destined to far and near vision and the pupil 

diameter exposed to these zones (Montés-Micó et al., 2014; Madrid-Costa et al., 2015; 

Cardona and López, 2016; Papadatou et al., 2017; Faria-Ribeiro and González-

Méijome, 2019; Monsálvez-Romín et al., 2020; Talens-Estarelles, García-Del Valle and 

García-Lázaro, 2022).  

It has also been reported that visual quality and subjects’ satisfaction might be 

improved by adjusting the zones of the lens with distance and near powers (Lopes-

Ferreira et al., 2011; Faria-Ribeiro, Amorim-de-Sousa and González-Méijome, 2018; 

Martins et al., 2019; Talens-Estarelles, García-Del Valle and García-Lázaro, 2022). For 

instance, Martins et al. (2019) and Talens-Estarelles, García-Del Valle and García-Lázaro 

(2022) found that the quality of vision was less affected by lenses with higher areas for 
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distance vision. Nevertheless, these studies are not directly comparable with the 

present one since different contact lenses were used. 

Another major contribution to the image quality perceived when fitted with any 

contact lens, dual-focus or not, is the assessment of quality of the tear film. The tear 

film plays a vital role in the fitting and comfort of contact lenses and the visual quality 

of the eye (Foulks et al., 2013; García-Marqués et al., 2021b). As found in Chapter 9.1.2 

(García-Marqués et al., 2021b), the concentric ring pattern of a dual-focus contact lens 

for myopia control induced a reduction in the tear film stability and comfort when 

compared to a single-vision contact lens of the same material. This might be caused by 

a worse spreading of the pre-lens tear film across the surface of the contact lens as a 

consequence of the abrupt change in curvature over the anterior surface of the 

contact lens.  

Only a few studies have attempted to assess the influence of myopia control 

contact lenses on visual quality and tear film stability (Faria-Ribeiro, Amorim-de-Sousa 

and González-Méijome, 2018; Martins et al., 2019; García-Marqués et al., 2020; 

García-Marqués et al., 2021b). Due to the relevant role of visual quality, comfort and 

tear film in contact lens fitting and treatment adherence it is of clinical relevance to 

expand the knowledge on how different designs and materials affect these clinical 

parameters.  

In this study, short-term visual quality, optical quality, light disturbance, comfort 

and tear film stability was compared between two dual-focus prototype contact lenses 

for myopia control made from the same material (Faria-Ribeiro, Amorim-de-Sousa and 



Chapter 9.2. Short-term tear film stability, optical quality and visual performance in two dual-

focus contact lenses for myopia control with different optical designs 

  

 

500 
 

González-Méijome, 2018). It is hypothesized that these parameters might be 

influenced by the different optical design of the two contact lenses. The present study 

might help clinicians to adjust the design of the lens depending on patients’ necessities 

to improve their adherence and satisfaction with dual-focus contact lenses. 

9.2.2. Methodology 

Twenty-eight healthy myopic volunteers aged between 18 and 32 years old were 

enrolled in this non-dispensing, comparative, randomized, double-masked, crossover 

study. Written consent of each subject was obtained after the explanation of the 

purpose and the protocol of the study. The study followed the tenets of the 

Declaration of Helsinki and was approved by the Ethics Subcommittee for life and 

health sciences of the University of Minho. Inclusion criteria involved best-corrected 

visual acuity ≤ 0.00 logMAR in each eye. Subjects with any ocular disease, binocular 

anomaly, astigmatism > 0.75D (Kollbaum et al., 2013) or who had any medication that 

contraindicates the use of contact lenses were excluded from the study. Regular 

contact lens wearers were instructed not to wear their contact lenses within a week 

before the examination. 

Luminance and illuminance were evaluated using a luminance meter (Konica 

Minolta LS-100 Sensing Americas Inc, Ramsey, NJ, USA) and an illuminance meter (T-

10, Minolta Sensing Inc, Tokyo, Japan), respectively. The varying daylight was removed 

by using black-out curtains in the examination room. Room illuminance was 255.58 ± 

8.22 lux and 3.52 ± 0.12 lux under photopic and mesopic conditions, respectively. The 

mean luminance was 203.10 ± 3.68 cd/m2, 48.09 ± 1.15 cd/m2 and 0.63 ± 0.01 cd/m2 
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for the measurement of visual acuity, photopic contrast sensitivity at 3 meters and 

mesopic contrast sensitivity at 3 meters, respectively. 

Experimental procedure 

The protocol consisted of two visits. In the first visit (Baseline visit), the case 

history, subjective refraction with trial lenses, visual acuity, wavefront aberrations and 

pre-corneal tear film stability were assessed. The nominal power of the contact lenses 

(-2.00 D, -3.50 D or -5.00 D) was chosen based on the subjective refraction results.  

Since only three powers were available, the power that was more similar to the 

refraction of subjects was chosen. In the second visit, both dual-focus contact lenses 

were fitted binocularly in a random order and the listed parameters were assessed in 

the following order: Over-refraction with trial lenses, QoV questionnaire, comfort 

assessment, visual acuity, stereopsis, photopic and mesopic contrast sensitivity, light 

disturbance assessment, aberrations and pre-lens tear film stability. Only the results of 

the sensorial dominant eye were included in the present study. Sensorial dominance 

was obtained by means of the “+1.50 D blur” method (Lopes-Ferreira et al., 2013; 

Fernandes et al., 2018).  

Dual-Focus Contact Lenses 

Both contact lens prototypes have a centre-distance inner zone with either 2.1 

mm or 4.0 mm of diameter, surrounded by alternating zones with +2.0 D of add power 

(Figures 9.2.1 and 9.2.2) (Pauné et al., 2014; Pauné et al., 2015; Faria-Ribeiro, Amorim-

de-Sousa and González-Méijome, 2018; Martins et al., 2019). Contact lens parameters 
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are summarized in Table 9.2.1. The lenses were manufactured by Precilens (Precilens, 

Creteil, France). The optical design was the only difference between contact lenses. 

The short central diameter (S design) had an inner central zone of 2.1 mm and the 

medium central diameter (M design) had an inner zone of 4.0 mm. 

 

Fig. 9.2.1. Power profile of the contact lens with the short diameter for a central 

distance nominal power of -2.00 D, -3.50 D and -5.00 D. 
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Fig. 9.2.2. Power profile of the contact lens with the medium diameter for a central 

distance nominal power of -2.00 D, -3.50 D and -5.00 D. 

Table 9.2.1. Parameters of each contact lens. 

 
Design S Design M 

Inner zone 2.1 mm 4.0 mm 

Add power +2.0 D +2.0 D 

Material Filcon V3 Filcon V3 

Dk 60 units 60 units 

Base curve 8.6 8.6 

Lens diameter 14.0 14.0 

(Where Dk: Permeability; S: Contact lens with the short diameter for central distance 

ring; M: Contact lens with the medium diameter for central distance ring) 

Movement and centration of each fitted contact lens was assessed using a slit-

lamp. All measurements were performed 25 minutes after contact lens insertion to 

allow for contact lens settling. This time was the same for both contact lenses to be 
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comparable (Kollbaum et al., 2013). A wash-out period of fifteen minutes was 

established between contact lenses (Sánchez et al., 2018; Martins et al., 2019). At the 

end of the visit, subjects were asked to choose a preferred contact lens. 

Measurements 

Over-refraction was assessed as explained in Chapter 3 General Methodology. A 

plano lens was inserted in the case that no over-refraction was needed so that all 

subjects were measured under the same conditions. After assessing the over-

refraction, subjects were asked to wait 25 minutes wearing the over-refraction until 

the protocol started. This was performed because there were only three powers 

available.  

Subjective quality of vision was assessed using the QoV questionnaire, as 

explained in Chapter 3 General Methodology. General comfort, physical comfort and 

visual comfort were assessed using continuous visual analogue scales between 0 and 

10. Lower scores suggested better comfort. Subjects were first asked for the general 

comfort, after that they were asked for the physical comfort and finally for the visual 

comfort: “How do you rate your overall comfort with the lens?” “How do you rate your 

physical comfort (pain, foreign body sensation, gritty sensation, dryness, itching…) with 

the lens?” “How do you rate your visual comfort (blurred vision, distortion or halos, 

glare and flare around lights) with the lens?” 

Photopic visual acuity, stereopsis at 40 cm, best-corrected photopic and mesopic 

contrast sensitivities, light disturbance, aberrations and TFSQ were assessed as 
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explained in Chapter 3 General Methodology. The photopic condition is considered 

from 3 cd/m2 and the mesopic one is from 0.01 cd/m2 until 3 cd/m2. A dim light was 

used to manually adjust the light of the room. Photopic and mesopic pupil diameters 

were measured using the Grand Seiko autorefractometer WAM-5500. Pupil diameter 

was measured in the contralateral eye while subjects were performing the task using 

NeurOptics® VIP™-200 Pupillometer (Irvine, California, USA). Room temperature and 

humidity were remained stable in all visits. 

Statistical analysis 

SPSS v26.0 for Windows (IBM Corp, Armonk, New York, USA) was used to perform 

the statistical analysis. Shapiro-Wilk test was used to check the normality distribution 

of the data. Results were reported as median and interquartile ranges.  

Differences between contact lenses in each parameter were evaluated with the paired 

t-test or Wilcoxon signed-rank test, depending on sample distribution. Differences 

between baseline and both contact lenses in visual acuity, aberrations and tear film 

analysis were evaluated using the ANOVA or Friedman test. Post-hoc pairwise 

comparisons were carried out using Bonferroni correction. P-values < 0.05 were 

considered statistically significant. 

9.2.3. Results 

Twenty-eight eyes from 28 subjects (17 females and 11 males) were included in 

the study, out of which 20 were contact lens wearers. The mean age was 23.5 ± 4.1 

years, ranging from 18 to 32 years. Median spherical refraction was -1.00 D 
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(interquartile range: -2.31 to -0.27 D), while median cylinder was 0.00 D (interquartile 

range: -0.50 to 0.00 D), respectively.  

Eighteen subjects were fitted with a contact lens having distance nominal power 

of -2.00 D, six with -3.50 D and four with -5.00 D. After lens fitting, the median 

spherical over-refraction was +1.00 D (interquartile range: +0.50 to +1.25 D) and +1.00 

D (interquartile range: +0.56 to +1.25 D) for the small and medium diameter inner 

optic zones, respectively. Contact lenses had a correct movement, centration and 

coverage in all subjects. 

Visual Acuity, Stereopsis and Contrast Sensitivity 

Results obtained at baseline and with each contact lens design, for distance best-

corrected visual acuity, stereopsis and best-corrected contrast sensitivity under 

photopic and mesopic conditions are shown in Table 9.2.2. The great majority of 

subjects (60.7 %) wearing S design achieved a stereopsis of 20 seconds of arc and 39.3 

% a stereopsis of 25 seconds of arc. Regarding M design, 50 % of the eyes evaluated 

achieved stereopsis of 20 seconds of arc, 46.4 % a stereopsis of 25 seconds of arc and 

3.6 % a stereopsis of 40 seconds of arc. 

Visual acuity slightly decreased with both contact lenses compared to baseline; 

however, no clinically significant differences were found. No statistically significant 

differences were found between both dual-focus contact lenses for visual acuity, 

stereopsis, photopic and mesopic contrast sensitivity, except for photopic contrast 
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sensitivity at the spatial frequency of 18 cycles per degree (p < 0.001), in which 

contrast sensitivity was higher in the M design.  

Contrast sensitivity function pattern followed a normal physiological shape with 

the highest sensitivity at 3 cycles per degree (Figure 9.2.3). Both contact lenses showed 

similar performance under both photopic and mesopic conditions. Photopic contrast 

sensitivity curves were inside the normality zone (Ginsburg, 1984) in all spatial 

frequencies, except for the S design at 6 cycles per degree. However, mesopic contrast 

sensitivity was below the normality zone for all spatial frequencies with both contact 

lenses. 

 

Fig. 9.2.3. Best-corrected contrast sensitivity function for each contact lens design 

under photopic and mesopic conditions. Where S: Short central diameter; M: Medium 

central diameter. 
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Table 9.2.2. Best-corrected distance visual acuity, stereopsis and best-corrected 

photopic and mesopic contrast sensitivity for each contact lens design. 

Measurement Condition 
Median  

(Interquartile range) 
Significance level 
(Statistic, p-value) 

Post-hoc 
(p-value) 

Best-corrected Distance Visual 
Acuity (logMAR) 

Baseline -0.10 (-0.20 to -0.10) 

p < 0.001
1
*

 

Baseline-S: <0.001
2
* 

Baseline-M: 0.048
2
* 

A-B: 0.326
2
 

S -0.05 (0.00 to -0.10) 

M -0.10 (-0.02 to -0.10) 

Stereopsis 
(seconds of arc) 

S 22.0 (20 to 25) 
(Z27=1.51, p=0.132)

3 
 

M 22.5 (20 to 25) 

Photopic Contrast Sensitivity 
1.5 cpd (dB) 

S 35 (35 to 70) 
(Z27=-1.14, p=0.252)

3 
 

M 35 (23.75 to 35) 

Photopic Contrast Sensitivity 3 
cpd (dB) 

S 85 (85 to 170) 
(Z27=-1.04, p=0.299)

3
  

M 85 (54.25 to 170) 

Photopic Contrast Sensitivity 6 
cpd (dB) 

S 45 (45 to 111.25) 
(Z27=1.14, p=0.256)

3
  

M 70 (45 to 70) 

Photopic Contrast Sensitivity 12 
cpd (dB) 

S 23.50 (15 to 32) 
(Z27=0.79, p=0.433)

3
  

M 32 (15 to 55) 

Photopic Contrast Sensitivity 18 
cpd (dB) 

S 5.50 (4 to 10) 
(Z27=3.88, p<0.001)

3
*  

M 10 (10 to 15) 

Mesopic Contrast Sensitivity 
1.5 cpd (dB) 

S 20 (20 to 20) 
(Z27=0.12, p=0.902)

3
  

M 20 (20 to 20) 

Mesopic Contrast Sensitivity 3 
cpd (dB) 

S 24 (24 to 44) 
(Z27=-0.97, p=0.330)

3
  

M 24 (24 to 44) 

Mesopic Contrast Sensitivity 6 
cpd (dB) 

S 11 (6.5 to 21) 
(Z27=-1.63, p=0.104)

3
  

M 21 (11 to 21) 

Mesopic Contrast Sensitivity 12 
cpd (dB) 

S 5 (0 to 5) 
(Z27=0.29, p=0.774)

3
  

M 5 (5 to 7.25) 

Mesopic Contrast Sensitivity 18 
cpd (dB) 

S 0 (0 to 4) 
(Z27=1.64, p=0.101)

3 
 

M 0 (0 to 4) 

(Where cpd: cycles per degree; dB: decibel; S: Contact lens with the short diameter for 

central distance ring; M: Contact lens with the medium diameter for central distance 

ring; 1Friedman; 2Bonferroni; 3Wilcoxon; *Statistically significant differences) 

The mean pupil diameter under photopic conditions was 4.44 ± 0.43 mm and 4.45 

± 0.42 mm for S and M  designs, respectively (t27 = -0.96, p = 0.39; T-test); while the 

mean pupil diameter under mesopic conditions was 6.39 ± 0.38 mm and 6.36 ± 0.35 

for S and M  designs, respectively (t27 = -1.16, p = 0.24; T-test). Pupil diameter was 
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statistically higher under mesopic than under photopic conditions for the S design (t27 = 

-13.73, p < 0.001; T-test) and M design (t27  = -16.92, p < 0.001; T-test). 

Light disturbance 

Table 9.2.3 shows light distortion results for both contact lens designs. 

Disturbance area, light distortion index and BFC radius were higher for the S design 

than for the M design (p ≤ 0.017). Nevertheless, no statistically significant differences 

between contact lenses were found in the irregularity of the light distortion (BFC 

irregularity and Standard deviation of BFC irregularity). Mean pupil diameter while 

subjects were being assessed with LDA was 5.20 ± 0.76 and 5.15 ± 0.79 mm, for S and 

M designs, respectively (t27 = 0.29, p = 0.82; T-test). 

Table 9.2.3. Light disturbance for each contact lens. 

Measurement Lens 
Median 

(Interquartile range) 
Significance level 
(Statistic, p-value) 

Disturbance Area (mm
2
) 

S 3384 (2396 to 5504) 
(Z27=-2.46, p=0.014)

1
* 

M 2744 (1852 to 4148) 

Light Distortion Index (%) 
S 16.83 (11.92 to 27.38) 

(Z27=-2.44, p=0.015)
1
* 

M 13.65 (9.21 to 20.63) 

Best Fit Circle Radius (mm) 
S 33.30 (28.18 to 42.65) 

(Z27=-2.39, p=0.017)
1
* 

M 30.00 (24.85 to 36.98) 

Best Fit Circle Irregularity (mm) 
S 0.71 (0.37 to 0.98) 

(Z27=-0.08, p=0.936)
1
 

M 0.79 (0.34 to 1.03) 

Best Fit Circle Irregularity SD (mm) 
S 4.86 (4.06 to 7.65) 

(Z27=-1.48, p=0.139)
1
 

M 4.78 (3.15 to 5.95) 

(Where M: Contact lens with the medium diameter for central distance ring; mm: 

millimetres; S: Contact lens with the short diameter for central distance ring; 

1Wilcoxon; *Statistically significant differences) 
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Wavefront Aberrations 

Table 9.2.4 describes the values for lower-order, higher-order and total 

aberrations fitted for 3 mm and 5 mm of pupil diameter for all subjects while wearing 

both contact lenses. Statistically significant differences between conditions (baseline, S 

design and M design) were found in lower-order and higher-order aberrations. No 

differences between conditions were found in total aberrations. Post-hoc analysis 

revealed statistically significant differences between baseline and both designs in 

lower-order and higher-order aberrations for 3 and 5 mm pupil diameters. 

Nevertheless, baseline measurements were taken with the naked eye. Moreover, in 

the measurements with the contact lenses subjects were corrected with a lens with 

similar power to the refraction of the subject (-2.00 D, -3.50 D or -5.00 D). Thus, lower-

order aberrations and total aberrations comparisons were related to the residual 

refractive error of subjects.  

Regarding the comparison of both contact lenses, the M design showed 

statistically higher levels of higher-order aberrations for 5 mm of pupil diameter 

compared to the S design. No other statistically significant difference between lenses 

was found. 
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Table 9.2.4. Lower-order, higher-order and total aberrations for a pupil diameter of 3 

mm and 5 mm, in each condition. 

Measurement Condition 
Median  

(Interquartile range) 
Significance level 

(p-value) 
Post-hoc 
(p-value) 

Lower-Order 3 mm RMS 
(µm) 

Baseline 0.37 (0.16 to 0.84) 

0.045
2
* 

Baseline-S: 0.023
3
* 

Baseline-M: 0.738
3
 

S-M: 0.158
3
 

S 0.30 (0.19 to 0.39) 

M 0.37 (0.27 to 0.50) 

Higher-Order 3 mm RMS 
(µm) 

Baseline 0.08 (0.07 to 0.09) 

<0.001
1
* 

Baseline-S: <0.001
3
* 

Baseline-M: <0.001
3
* 

S-M: 1.00
3
 

S 0.23 (0.19 to 0.25) 

M 0.22 (0.17 to 0.27) 

Total 3mm RMS 
(µm) 

Baseline 0.59 (0.43 to 0.19) 

0.482
2
 

 
S 0.38 (0.31 to 0.45) 

M 0.44 (0.32 to 0.52) 

Lower-Order 5 mm RMS 
(µm) 

Baseline 1.34 (0.54 to 2.59) 

0.002
2
* 

Baseline-S: 0.015
3
* 

Baseline-M:   0.005
3
* 

S-M: 1.00
3
 

S 0.55 (0.36 to 0.81) 

M 0.42 (0.30 to 0.93) 

Higher-Order 5 mm RMS 
(µm) 

Baseline 0.19 (0.15to 0.21) 

<0.001
2
* 

Baseline-S: 0.001
3
* 

Baseline-M: <0.001
3
* 

S-M: 0.015
3
* 

S 0.37 (0.33 to 0.42) 

M 0.51 (0.44 to 0.54) 

Total 5 mm RMS 
(µm) 

Baseline 1.36 (0.57 to 2.60) 

0.065
2  

S 0.63 (0.55 to 0.89) 

M 0.69 (0.60 to 1.05) 

(Where M: Contact lens with the medium diameter for central distance ring; RMS: Root 

Mean Square; S: Contact lens with the short diameter for central distance ring; µm: 

micrometers; 1ANOVA; 2Friedman; 3Bonferroni; *Statistically significant differences) 

Tear film stability 

Results of the tear film stability at baseline (pre-corneal tear film stability) and 

with each contact lens (pre-lens tear film stability) are shown in Table 9.2.5. Tear film 

stability was worse when subjects were wearing both contact lenses (higher TFSQ and 

TFSQ area, and lower auto Tear Break-Up Time) in comparison with baseline. However, 

no statistically significant differences were found between contact lenses in the tear 
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film stability, which suggests that differences in the diameter of the inner zone of the 

lens do not cause changes in tear film stability.  

Table 9.2.5. Tear Film Surface Quality metrics for each experimental condition. 

Measurement Condition 
Median  

(Interquartile range) 

Significance level 

(p-value) 

Post-hoc 

(p-value) 

Mean TFSQ 

Baseline 0.13 (0.08-0.20) 

<0.001
1
* 

Baseline-S: <0.001
2
* 

Baseline-M: <0.001
2
* 

S-M: 0.544
2
 

S 0.37 (0.26-0.45) 

M 0.38 (0.31-0.51) 

Median TFSQ 

Baseline 0.10 (0.07-0.17) 

<0.001
1
* 

Baseline-S: <0.001
2
* 

Baseline-M: <0.001
2
* 

S-M: 0.544
2
 

S 0.36 (0.23-0.43) 

M 0.38 (0.32-0.53) 

Mean TFSQ Area (%) 

Baseline 7.17 (1.44-14.37) 

<0.001
1
* 

Baseline-S: <0.001
2
* 

Baseline-M: <0.001
2
* 

S-M: 1.00
2
 

S 32.20 (23.84-46.18) 

M 37.10 (27.20-52.36) 

Median TFSQ Area (%) 

Baseline 4.10 (0.87-12.85) 

<0.001
1
* 

Baseline-S: <0.001
2
* 

Baseline-M: <0.001
2
* 

S-M: 0.425
2
 

S 32.90 (21.78-44.75) 

M 38.45 (25.60-54.08) 

Mean Auto Tear Break-

Up Time (seconds) 

Baseline 7.12 (4.73-11.46) 

<0.001
1
* 

Baseline-S: <0.001
2
* 

Baseline-M: <0.001
2
* 

S-M: 1.00
2
 

S 2.54 (2.40-2.60) 

M 2.47 (2.40-2.56) 

Median Auto Tear 

Break-Up Time 

(seconds) 

Baseline 6.89 (4.73-10.74) 

<0.001
1
* 

Baseline-S: <0.001
2
* 

Baseline-M: <0.001
2
* 

S-M: 1.00
2
 

S 2.50 (2.40-2.60) 

M 2.50 (2.40-2.60) 

 

(Where M: Contact lens with an inner zone diameter of 4.0 mm; S: Contact lens with an 

inner zone diameter of 2.1 mm; TFSQ: Tear Film Surface Quality; 1Friedman; 

2Bonferroni; *Statistically significant differences) 

Questionnaires 

Table 9.2.6 shows the results of the QoV questionnaire. No statistically significant 

differences were found between contact lenses in QoV values in the frequency, 

severity and bothersome subscales. Table 9.2.7 shows the results of the visual 
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analogue scale questionnaire. Scores did not differ significantly between contact lens 

designs for overall, physical and visual comfort. Finally, thirteen subjects (46.4 %) 

preferred the S design, whilst fifteen subjects (53.6 %) preferred the M design. 

Table 9.2.6. Quality of Vision questionnaire scores for each contact lens. 

(Where M: Contact lens with an inner zone diameter of 4.0 mm; QoV: Quality of Vision; 

S: Contact lens with an inner zone diameter of 2.1 mm; 1T-test; 2Wilcoxon) 

Table 9.2.7. Visual analogue scale results for each contact lens. 

Measurement Lens 
Median  

(Interquartile range) 

Significance level 

(Statistic, p-value) 
p-value 

Overall Comfort Score 
S 3.00 (2.00-4.00) 0.31-1.23 

0.329
1 

M 3.50 (2.00-5.00) 1.99-4.24 

Physical Comfort Score 
S 3.00 (2.00-4.00) 0.37-1.55 

0.887
1 

M 3.00 (2.00-4.00) 1.20-3.18 

Visual Comfort Score 
S 4.00 (3.00-5.75) 0.60-1.94 

0.258
1 

M 4.00 (3.00-4.75) 3.10-4.75 

(Where M: Contact lens with an inner zone diameter of 4.0 mm; S: Contact lens with a 

inner zone diameter of 2.1 mm; 1Wilcoxon) 

9.2.4. Discussion 

To investigate the influence of the inner zone diameter on visual performance, 

two prototype dual-focus contact lenses designed to reduce myopia progression were 

Measurement Lens 
Median  

(Interquartile range) 
Significance level 
(Statistic, p-value) 

QoV Frequency Score 
S 49 (42 to 59) 

(Z27=-0.99, p=0.324)
2
 

M 49 (37 to 52) 

QoV Severity Score 
S 42 (35 to 48.5) 

(Z27=-1.16, p=0.246)
1
 

M 39 (32 to 47) 

QoV Bothersome Score 
S 42 (29 to 53) 

(t27=0.38, p=0.704)
2
 

M 38 (29 to 49) 
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assessed in this study. Dual-focus contact lenses are pupillary-dependent and their 

performance is influenced by the ratio between distance and add power zones and the 

area of the pupil exposed to these zones (Martin and Roorda, 2003; De Gracia, 

Dorronsoro and Marcos, 2013; Montés-Micó et al., 2014; Madrid-Costa et al., 2015; 

Cardona and López, 2016; Papadatou et al., 2017; Faria-Ribeiro, Amorim-de-Sousa and 

González-Méijome, 2018; Faria-Ribeiro and González-Méijome, 2019; Monsálvez-

Romín et al., 2020; Talens-Estarelles, García-del-Valle and García-Lázaro, 2022). Thus, it 

has been reported that larger areas made for distance vision tended to affect less the 

visual and optical quality (Faria-Ribeiro, Amorim-de-Sousa and González-Méijome, 

2018; Martins et al., 2019; Monsálvez-Romín et al., 2020; Talens-Estarelles, García-del-

Valle and García-Lázaro, 2022). This might be expected since wider central diameters 

have the add power located further away from the centre of the visual field, which 

causes less impairment of central vision (Przekoracka et al., 2020). For instance, Faria-

Ribeiro, Amorim-de-Sousa and González-Méijome (2018) on a computational study 

involving 3 different dual-focus lens designs combined with different pupil sizes found 

that image quality depends on the diameter of the most inner zone of the contact lens. 

In the next subsections, the main findings of this work will be discussed and how 

they relate to current existing knowledge.  

Visual Acuity, Stereopsis and Contrast Sensitivity 

Although visual acuity was statistically higher in baseline than with both contact 

lenses, this difference was not clinically significant. Results showed that both contact 

lenses provided excellent visual acuity and stereopsis. Visual acuity, stereopsis and 
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contrast sensitivity were similar to the results found in Chapter 9.1.1 with another 

dual-focus contact lens (García-Marqués et al., 2020). When fitted with the S design, 

subjects showed a larger decrease from baseline in visual acuity compared to the M 

design. However, no statistically significant differences were found between contact 

lenses in visual acuity and stereopsis. Talens-Estarelles, García-del-Valle and García-

Lázaro (2022) and Martins et al. (2019) found better distance visual acuity in contact 

lenses with larger stabilized areas for distance vision. Moreover, Przekoracka et al. 

(2020) found that a myopia control contact lens with a central zone of 3 mm, 4.0 D of 

addition and a polynomial progression zone decreased distance visual acuity in 

comparison to a contact lens with a central zone of 4.5 mm. However, they did not find 

this reduction with an addition of 2.0 D. The authors also found that both diameters 

affected contrast sensitivity in the same amount, which suggests that even medium 

distance central diameters might impair contrast sensitivity. These results are aligned 

with the ones found in this study since the lenses of this study had an add power of 2.0 

D. Therefore, visual acuity might have been altered if a higher add power had been 

used, which could be assessed in future studies. However, all of these studies are not 

directly comparable due to differences in methodology and lenses used. 

Photopic contrast sensitivity curves were inside the normality zone (Ginsburg, 

1984) in all spatial frequencies except for the S design at 6 cycles per degree. 

Nevertheless, young subjects were expected to lie at the top of the normality zone. 

Mesopic contrast sensitivity was outside of the normality zone for all spatial 

frequencies. Photopic and mesopic contrast sensitivity were not different between 

designs, except for photopic contrast sensitivity at the spatial frequency of 18 cycles 
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per degree (p < 0.001), in which contrast sensitivity was higher in the M design. This is 

in accordance with the results found by Martins et al. (2019) and Talens-Estarelles, 

García-del-Valle and García-Lázaro (2022), who found that subjects fitted with designs 

having larger inner zone diameters showed better contrast sensitivity at medium and 

high spatial frequencies. 

Different authors have also found lower contrast sensitivity at high spatial 

frequencies in eyes fitted with multifocal contact lenses (Madrid-Costa et al., 2012; 

García-Lázaro et al., 2015; Sánchez et al., 2018; Martins et al., 2019; García-Marqués et 

al., 2020; Przekoracka et al., 2020). Considering that both dual-focus and multifocal 

contact lenses have zones of power that overcorrects the distant focus, these 

superimposed out-of-focus images will act as a veiling on the retina and decreasing 

contrast modulation (Bradley et al., 2014; García-Lázaro et al., 2015; Faria-Ribeiro and 

González-Méijome, 2019). Therefore, it is expected to find better quality of vision at 

distance with designs that have higher contribution to the distance focus, offering a 

lower reduction of distance contrast sensitivity. 

Light disturbance 

Generally, dual-focus and multifocal contact lenses induce higher levels of light 

disturbance due to out-of-focus light refracted by the add power zones (Fernandes et 

al., 2018; Martins et al., 2019; Ruiz-Pomeda et al., 2019; García-Marqués et al., 2020; 

Monsálvez-Romín et al., 2020). Nonetheless, despite inducing photic phenomena, 

dual-focus contact lenses are well accepted by children (Chamberlain et al., 2019). 

Previous studies (Brito et al., 2015; Fernandes et al., 2018; Martins et al., 2019) found 
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higher light disturbance rates with multifocal contact lenses compared to single-vision 

contact lenses, which tended to increase with contact lenses having smaller zones for 

distance vision. Nevertheless, not only is this effect attributable to the inner zone 

diameter of the lens, but it also depends on several factors such as the ratio of the 

area for distance and add power zones covered by the pupil, and the add power 

magnitude itself.  

In this study, the size of the light disturbance (disturbance area, light distortion 

index and BFC radius) was also affected by the design of the lens, being higher for the S 

design. Nevertheless, the shape of the light disturbance was not affected (BFC 

irregularity and standard deviation BFC irregularity). These findings are aligned with a 

previous study (Martins et al., 2019) that found smaller light disturbance in myopia 

control lenses with larger stabilized areas for distance vision, without differences in the 

shape of the halo. This might be explained by the fact that lenses with larger stabilized 

areas for distance vision send a higher percentage of light to the distance focus, 

reducing the amount of out-of-focus light which is translated in smaller light 

disturbance and increased contrast modulation. However, the shape of the light 

disturbance could have remained unaltered between lenses because both lenses have 

circular rings with the same shape. 

Although not directly comparable, the contact lens with the medium inner zone 

diameter had similar light disturbance to a dual-focus contact lens for myopia control 

assessed in Chapter 9.1.1 (García-Marqués et al., 2020). Nevertheless, the design with 
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the small inner zone diameter had a higher light disturbance in comparison with the 

results found in that study. 

Wavefront Aberrations 

In the present study, both contact lenses also induced more higher-order 

aberrations in comparison with the naked eye condition. This is in agreement with 

previous studies (Fedtke et al., 2016a; Ji et al., 2018; Martins et al., 2019; Hughes et al., 

2020; García-Marqués et al., 2020), which found that dual-focus and multifocal contact 

lenses induce higher levels of higher-order aberrations (Chapter 9.1.1). This is expected 

due to the concentric zones of increased power.  

The design with the medium inner zone diameter showed higher levels of higher-

order aberrations for a 5 mm pupil diameter compared to the design with a small inner 

zone diameter. This does not seem to correlate with light disturbance findings found in 

this study, were subjects fitted with the M design reported smaller light disturbances 

compared to the S design. 

The highest aberrations obtained in the contact lens with the medium central zone 

diameter might be explained by the fact that in this design the variation of the power 

is more progressive than in the S design, in which is more abrupt. In opposition to 

these findings, Martins et al. (2019) found lower high-order aberrations in lenses with 

larger stabilized areas for distance vision. Moreover, it has also been reported that the 

image quality of contact lenses with a large central diameters is less affected by 

spherical aberration (Faria-Ribeiro, Amorim-de-Sousa and González-Méijome, 2018). 
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However, all of these studies used other methodological procedures and other contact 

lenses, which make them not directly comparable. 

Higher-order aberrations in the present study were also similar to those found in 

Chapter 9.1.1 (García-Marqués et al., 2020) with another myopia control contact lens. 

Besides, higher-order aberrations in the contact lens with the S design of this study 

(2.1 mm) are also lower than those found in this previous study with a contact lens 

with a larger central diameter (3.36 mm), which might be aligned with the results 

found in the present work. 

It is worth noting that due to the abrupt changes in the power profiles of both 

designs, these wavefronts might not be well represented with a Zernike expansion 

(McAlinden, McCartney and Moore, 2011). This might limit some of the conclusions 

stated above based on the magnitude of the Zernike coefficients obtained from 

wavefront reconstruction.  

Tear film stability 

When a contact lens is fitted in the eye, it splits the tear film into two layers, which 

destabilizes the tear film (Korb, Greiner and Glonek, 1996; Wolffsohn et al., 2017; 

García-Marqués et al., 2021b). Different studies (Nichols and Sinnott, 2006; Szczesna-

Iskander, 2018; García-Montero et al., 2019c; Lafosse et al., 2019; Lorente-Velázquez 

et al., 2019; García-Marqués et al., 2021b) found a decrease in pre-lens tear film 

stability, lower tear meniscus height, and higher osmolarity during contact lens wear, 

especially for high water content contact lenses. As expected, in the present study, 

both contact lenses decreased the stability of the tear film in comparison to the naked 
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eye. However, tear film stability did not show differences between contact lenses, 

suggesting that changes in the diameter of the zones of dual-focus contact lenses do 

not affect pre-lens tear film spreading and stability across the contact lens surface. 

To my knowledge, only a previous study measured the pre-lens tear film stability 

in a dual-focus contact lens (Chapter 9.1.1) (García-Marqués et al., 2021b). Authors 

found worse tear film stability in a dual-focus contact lens in comparison to a single-

vision contact lens made of the same material. This might be caused due to a worse 

spreading of pre-lens tear film across the concentric ring pattern. Thus, the increased 

tear film stability together with the worse optical and visual quality might deteriorate 

even more the visual performance in dual-focus contact lenses. In comparison with 

this previous study, tear film stability was similar or slightly better in the contact lenses 

assessed in this work, but again results are not directly comparable due to differences 

in methodology and lenses used. 

The present study assessed the short-term tear film stability 25 minutes after lens 

insertion. Thus, tear film stability might change after longer periods of contact lens 

wear. Nevertheless, different studies found that this period is adequate to evaluate 

the short-term performance of contact lenses (Efron et al., 1987; Brennan et al., 1990; 

Nichols and King-Smith, 2003; Paugh et al., 2021). They found that the tear film 

changes in the first twenty minutes after insertion. Efron et al. (1987) reported that 

the majority of lens dehydration takes place in the first 5 minutes. However, other 

authors claimed that tear film changes over the first 30 minutes (Little and Bruce, 

1994; Nichols and King-Smith, 2004). Therefore, there is still controversy on this topic. 
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This fact is not expected to alter the comparison between contact lenses since both 

were assessed after the same time and wash-out period. Furthermore, randomness in 

lens fitting avoids bias. It is also important to comment that Medmont might be too 

sensitive in assessing tear film changes over a dual-focus contact lens and it could have 

detected changes non-related with the tear film. 

Questionnaires 

Pre-lens tear film plays a key role in physical and visual comfort since it lubricates 

the ocular surface and the front surface of the contact lens. Moreover, it provides a 

smooth optical surface and avoids friction between lids and the contact lens 

(Dumbleton et al., 2013b). Different studies have found increased symptoms during 

multifocal and dual-focus contact lens wear (for instance, it was found in Chapter 9.1) 

(Fedtke et al., 2016a; Kang, McAlinden and Wildsoet, 2016; Wahl et al., 2018; García-

Marqués et al., 2020; García-Marqués et al., 2021b). In the present study, no 

statistically significant differences were found in the QoV scores between contact 

lenses. This suggests that despite the contact with the short central diameter inducing 

more light disturbance and lower contrast sensitivity at higher frequencies, subjective 

visual comfort is not affected. In comparison with two previous studies (Chapter 9.1.1 

and Chapter 9.1.2) (García-Marqués et al., 2020; García-Marqués et al., 2021b) with 

another dual-focus contact lens for myopia control called MiSight, QoV scores, overall 

and physical comfort scores were similar, but visual comfort was worse in the present 

study. 
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Moreover, the present study assessed the short-term effect of the contact lenses 

on visual quality, optical quality, light distortion and comfort. Therefore, binocular 

summation and the process of neuroadaptation might improve these values in a longer 

follow-up (Kang, McAlinden and Wildsoet, 2016; Fernandes et al., 2018; Lopes-Ferreira 

et al., 2018; Ruiz-Pomeda et al., 2019). Thus, this study represents the less optimistic 

view of the performance of these dual-focus contact lenses. Nevertheless, the 

reported results are still relevant for comparison purposes. These results might also be 

applied to presbyopic subjects, due to the similarities between dual-focus contact 

lenses and multifocal contact lenses. 

Apart from the limitations above commented, the present study has also other 

limitations to be considered. Tests used in this study challenges the visual system since 

they are performed in dim light or glare conditions, which is not a typical condition in 

children. This might underestimate the visual performance of dual-focus contact lenses 

under normal conditions in children. Besides, prior history of contact lens wear was 

not taken into account and some of them were new contact lens wearers, which could 

have underestimated the visual and physical comfort of the contact lenses. Moreover, 

only the quality of vision in distance was assessed. Future research should include the 

analysis of visual performance in near distances. Finally, the study was performed in a 

young adult sample with high visual and comfort demands, who might not be 

representative of children. Young adults were assessed because some tasks were 

challenging and the protocol was long so that they could respond accurately (Sha et al., 

2018). These aspects are not expected to alter the findings significantly. 
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Overall, this comprehensive evaluation of the optical and visual performance 

contributes to further improve the dual-focus lens design to provide the best visual 

performance. The present study might help clinicians to adjust the design of the lens 

depending on patients’ necessities to improve their adherence and satisfaction with 

the dual-focus contact lenses. Both contact lenses provided acceptable visual 

performance under photopic conditions. Nevertheless, both contact lenses decreased 

tear film stability, and induced higher levels of higher-order aberrations in the short-

term in comparison with the naked eye. The lens with a medium central inner zone 

provided better photopic contrast sensitivity in high spatial frequencies and induced 

less size of light disturbance. However, the lens with the short central zone diameter 

induced less higher-order aberrations with a pupil diameter of 5 mm. Despite 

differences between lenses in visual quality, no differences in visual comfort were 

found between lens designs, which suggest that both diameters caused the same 

subjective quality of vision in subjects. No differences were found between designs in 

visual acuity, stereopsis, mesopic contrast sensitivity, light disturbance shape, higher-

order aberrations at 3 mm of pupil diameter and tear film stability. Further studies are 

needed to assess the effect on the visual performance of dual-focus contact lenses 

with bilaterally visual performance evaluation in a dispensing study with longer follow-

up time. Other paths to deepen the knowledge in this field will eventually require the 

use of other lens designs, different materials different pupil size conditions or 

investigating the effects under different lighting and viewing distance conditions. 
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9.3 THE INFLUENCE OF BLINKING, ARTIFICIAL TEARS AND CONTACT LENSES ON LIGHT 

DISTURBANCE, TEAR FILM STABILITY AND CORNEAL ABERRATIONS  

In previous chapters (Chapters 9.1.1 and 9.1.2), it has been found that dual-focus 

contact lenses cause lower visual quality, lower tear film stability and higher light 

disturbance in comparison with a single-vision contact lens. It was reported that the 

lower tear film stability could increase even more the light disturbance in dual-focus 

contact lenses but it was not demonstrated. The present chapter goes one step further 

by assessing the light disturbance related to changes in the tear film stability 

parameters to validate the LDA device as a reliable and useful tool to assess the optical 

quality-related changes induced by the tear film. Thus, light disturbance, tear film 

stability and corneal aberrations were evaluated under different conditions: Different 

blinking patterns, with and without artificial tears, and with a single-vision and a dual-

focus contact lens. 

9.3.1. Introduction 

As explained in Chapter 1 Introduction, the tear film plays a vital role in 

maintaining a regular optical surface and clear vision because it is the outermost 

refractive surface of the eye due to the high difference in the refractive index between 

the tear film and air (Montés-Micó et al., 2010a; Denoyer, Rabut and Baudouin, 2012; 

Kottaiyan et al., 2012; Ring et al., 2015; Willcox et al., 2017). In this way, variations in 

tear film regularity or thickness will induce ocular aberrations that could degrade the 

optical quality of the eye (Tutt et al., 2000). It has been reported that this optical 
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deterioration impacts negatively the visual symptoms and may induce a reduction in 

quality of life because of driving difficulties, visual fluctuations, difficulties using 

computers, psychological problems and loss of productivity (Benítez-del-Castillo et al., 

2017). Therefore, assessing the optical quality might help to understand better the 

symptoms that subjects with dry eye symptoms experience. 

It has been previously reported that some conditions such as low blinking 

frequency or contact lens wear can alter the tear film stability and  consequently affect 

the optical quality of the eye (Ferrer-Blasco et al., 2009; Denoyer, Rabut and Baudouin, 

2012; Willcox et al., 2017; Talens-Estarelles et al., 2020; Talens-Estarelles et al., 2021a). 

Thus, tear film instability is reported to increase the corneal higher-order aberrations 

after a blink (Ferrer-Blasco et al., 2009). Moreover, it has also been claimed that the 

instillation of artificial tears can decrease corneal higher-order aberrations, improving 

the optical quality of the eye (Montés-Micó et al., 2010b).  

Several authors have reported that DED patients have higher levels of aberrations, 

light scatter and low optical quality than healthy patients (Montés-Micó et al., 2010b; 

Denoyer, Rabut and Baudouin, 2012; Kottaiyan et al., 2012; Lin and Yiu, 2014; Ring et 

al., 2015; Koh, Higashiura and Maeda, 2016; Chan et al., 2017). Thus, optical quality 

assessment has become a tool to indirectly detect and monitor DED in an objective 

and non-invasive way, which has the advantage of assessing the tear film stability in 

real time (McGinnigle, Eperjesi and Naroo, 2014; Tan et al., 2015a; Wolffsohn et al., 

2017). Although ocular scatter index is a measurement done regularly in subjects with 

dry eye, no data is currently available regarding light disturbance for these subjects.  
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The LDA, which was explained in Chapter 3 General Methodology, might be used 

as an alternative to assess the optical quality-related changes induced by the tear film. 

Indeed, the TFOS DEWS II Diagnostic Methodology Report recognized the need of 

developing new non-invasive metrics to assess the tear film (Wolffsohn et al., 2017). 

Several questionnaires are currently used to assess visual discomfort (Wolffsohn et al., 

2017). Thus, the development of new metrics to assess the optical quality in a 

standardized way might help in the diagnosis and management of DED, understanding 

in a better way optical quality symptoms reported by patients. 

The primary aim of this study was to assess the light disturbance related to 

changes in the tear film stability parameters to validate the LDA device as a reliable 

and useful tool to assess the optical quality-related changes induced by the tear film. 

To evaluate this, light disturbance, tear film stability and corneal aberrations were 

assessed under different conditions: Different blinking patterns (natural, optimal 

blinking and delayed blinking), with and without artificial tears, and with two contact 

lenses (a single-vision and a dual-focus contact lens). 

9.3.2. Methodology 

A total of 40 healthy myopic volunteers between 19 and 38 years with 

astigmatism of ≤ 0.75 D (Kollbaum et al., 2013) were included in this randomized, 

double-masked, crossover study. The inclusion criteria were subjects with a best-

corrected visual acuity ≤ 0.00 logMAR in each eye. Prior contact lens wear was not 

considered. Contact lens wearers were instructed not to wear their contact lenses 

within a week before the examination. Subjects with any ocular disease or taking any 
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medication that contraindicates or interferes with the use of contact lenses were 

excluded from the study. Written consent was obtained from each subject after an 

explanation of the purpose and study protocol. The study procedures were approved 

by the Ethics Committee of the University of Minho and were carried following the 

tenets of the Declaration of Helsinki.  

Both eyes were fitted with contact lenses to guarantee the normal and binocular 

visual conditions, but only the sensorial dominant eye for distance vision was 

measured to avoid duplication of data. Sensorial dominance was assessed using the 

“+1.50 blur” method (Lopes-Ferreira et al., 2013; Fernandes et al., 2018). The daylight 

was removed using black-out curtains. Luminance and illuminance were controlled 

using a luminance meter (Konica Minolta LS-100 Sensing Americas Inc, Ramsey, NJ, 

USA) and an illuminance meter (T10, Minolta Sensing Inc, Tokyo, Japan), respectively. 

The illuminance was 255.58 ± 8.19 lux and 3.48 ± 0.12 lux for photopic and mesopic 

conditions, respectively. The mean luminance was 203.17 ± 3.85 cd/m2 for the 

measurement of best-corrected visual acuity. 

Subjects completed two visits. Visit 1: Baseline measurements and measurements 

with the naked eye; Visit 2: Measurements with single-vision and dual-focus contact 

lenses. During the first visit, inclusion and exclusion criteria were checked and baseline 

measurements with the naked eye were obtained without and with artificial tears 

instillation and with different blinking rates. Temperature and humidity of the room 

were also controlled to ensure that they were constant in all visits. 
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Contact lenses 

In the second visit, subjects were fitted with contact lenses according to the 

manufacturer’s fitting guidelines for the initial lens selection. The single-vision was the 

Proclear 1-day® contact lens (CooperVision, Inc., Pleasanton, CA) and the dual-focus 

was the MiSight® (CooperVision, Inc., Pleasanton, CA). Lenses were fitted in a random 

order. Both contact lenses were made of Omafilcon A (60% water content, non-ionic). 

Thus, material influence on tear film stability such as wettability, water content or 

dehydration was minimized. Base curve (8.7 mm) and lens diameter (14.2 mm) were 

also the same in both contact lenses. In this way, the only difference between contact 

lenses was the optical design. The dual-focus contact lens consisted of an 11.66 mm 

optic zone with four alternating zones for distance and near vision surrounding a 

central diameter of 3.36 mm for distance vision (Chamberlain et al., 2019; Ruiz-

Pomeda et al., 2019). It has a 2 D maximum add power, which provides a second focus 

in front of the retina (Ruiz-Pomeda et al., 2018b).  

Lens fitting 

After the insertion of the lens, the movement, centration and coverage of both 

contact lenses were assessed with a slit-lamp. Measurements were performed twenty-

five minutes after lens insertion to provide proper contact lens stabilization. Previous 

studies have confirmed that this period is adequate to assess the short-term 

performance of contact lenses (Paugh et al., 2001; Foulks et al., 2013). This time was 

maintained constant for both contact lenses in both subjects so that results were 



Chapter 9.3. The influence of blinking, artificial tears and contact lenses on light disturbance, 

tear film stability and corneal aberrations 

  

 

532 
 

comparable. A wash-out period of 15 minutes was established between contact lens 

fittings (Sánchez et al., 2018; Martins et al., 2019).  

Measurement conditions 

Light disturbance, tear film stability and corneal aberrations were assessed under 

different conditions to evaluate the effect of different blinking patterns (natural 

blinking, optimal blinking and delayed blinking), artificial tears and contact lenses on 

these metrics. Table 9.3.1 shows a summary of the measurements performed. In visit 

1, light disturbance, tear film stability and corneal aberrations were assessed with and 

without artificial tears for each blinking pattern (natural blinking, blinking every 6 

seconds and blinking every 12 seconds) while light disturbance was being measured. 

These values were chosen as previous studies used these blinking frequencies 

(Montés-Micó et al., 2004; Montés-Micó, Alió and Charman, 2005b; Ferrer-Blasco et 

al., 2009; Koh et al., 2010; Willcox et al., 2017; García-Montero et al., 2019c; Xi, Qin 

and Bao, 2019). Moreover, the frequency of 6 seconds per blink was chosen as it was 

previously reported that this was the optimal blinking frequency in which the best 

optical quality was achieved after blinking (Zaman, Doughty and Button, 1998; 

Doughty, 2001; Montés-Micó, Alió and Charman, 2005b; Ferrer-Blasco et al., 2009; 

Wolffsohn et al., 2017). Moreover, for the delayed blinking (12 seconds) a time higher 

than 10 seconds was chosen since this is the cut-off value for DED reported by the 

TFOS DEWS II Diagnostic Methodology Report (Wolffsohn et al., 2017). Thus, the 

double of the optimal blinking frequency was chosen as the delayed blinking 

frequency. 
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In the natural blinking pattern, subjects were instructed to blink whenever they 

want while they were performing the LDA task. In the monitored blinking patterns 

(every 6 and 12 seconds), the examiner listened to a periodic beep through earphones 

and instructed subjects to blink while they were performing the LDA task. Subjects 

were instructed to only blink when the examiner tells them. After LDA measurement, 

tear film stability and corneal aberrations were measured using Medmont and a wash-

out period of 3 minutes was established between measurements. Blinking patterns 

were measured in a random order to avoid bias. During the natural blinking, the 

number of blinks performed in 30 seconds was recorded by the examiner. 

After assessing the ocular surface parameters in each blinking condition without 

artificial tears, measurements were repeated with artificial tears. One drop of Systane® 

Ultra (Alcon SL, Geneva, Switzerland) single-dose artificial tears was instilled on each 

eye, 2 minutes before the assessment of LDA in each condition. Two minutes were 

allowed to artificial tears stabilizing across the ocular surface, avoiding optical quality 

interferences (Jones et al., 2017; Talens-Estarelles et al., 2020). 

In the second visit, the protocol was repeated with each contact lens fitted in 

random order. However, to shorten the protocol time, only the natural blinking 

pattern was assessed with artificial tears. The ocular protection index was calculated 

for each condition as:  

Ocular protection index = 
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Thus, an ocular protection index > 1 indicates that the ocular surface is protected, 

and an ocular protection index < 1 means that the ocular surface is unprotected 

because the interblink interval is higher than the break-up time (Ousler et al., 2008).  

Table 9.3.1. Summary of the protocol of the study. 

Visit 1 Visit 2 (random order) 

Naked eye Single-vision contact lens Dual-focus contact lens 

Without artificial 

tears 
With artificial tears 

Without artificial 

tears 
With artificial tears 

Without artificial 

tears 

With artificial 

tears 

 Case history 

 Refraction 

 Photopic and 

mesopic pupil 

diameter 

 Best-corrected 

visual acuity 

 Sensorial 

dominance 

 

 Overrefraction 

 Photopic and 

mesopic pupil 

diameter 

 Best-corrected 

visual acuity 

 

 

 Overrefraction 

 Photopic and 

mesopic pupil 

diameter 

 Best-corrected 

visual acuity 

 

 

 Light disturbance 

 TFSQ 

 Corneal 

aberrations 

(Natural blinking, 

optimal blinking 

and delayed 

blinking, random 

order) 

 Light disturbance 

 TFSQ 

 Corneal 

aberrations 

(Natural blinking, 

optimal blinking 

and delayed 

blinking, random 

order) 

 Light disturbance 

 TFSQ 

 Corneal 

aberrations 

(Natural blinking, 

optimal blinking 

and delayed 

blinking, random 

order) 

 Light disturbance 

 TFSQ 

 Corneal 

aberrations 

(Natural blinking) 

 Light disturbance 

 TFSQ 

 Corneal 

aberrations 

(Natural blinking, 

optimal blinking 

and delayed 

blinking, random 

order) 

 Light 

disturbance 

 TFSQ 

 Corneal 

aberrations 

(Natural 

blinking) 

(Where TFSQ: Tear Film Surface Quality) 

Protocol 

In the first visit, measurements were performed in the following order: Case 

history, refraction with trial lenses, best-corrected distance visual acuity, sensorial 

dominance, LDA with each condition and using trial lenses, and pre-corneal tear film 



Chapter 9.3. The influence of blinking, artificial tears and contact lenses on light disturbance, 

tear film stability and corneal aberrations 

  

 

535 
 

stability assessment (without contact lens) and corneal aberrations with each 

condition were recorded.  

Refraction was objectively measured with the open-field autorefractor Grand 

Seiko Autorefractometer WAM-5500 (Grand Seiko Co., Ltd., Hiroshima, Japan). It was 

subjectively adjusted using the end-point criterion of maximum plus for the best visual 

acuity (Ferreira-Neves et al., 2015). Refraction was used to choose the power of the 

contact lenses. Distance best-corrected photopic visual acuity, light disturbance, TFSQ 

and corneal aberrations were assessed as explained in Chapter 3 General 

Methodology. Pupil diameter was measured under photopic and mesopic conditions 

using the Grand Seiko Autorefractometer WAM-5500. 

The second visit was performed 1 week after the first one, the same day of the 

week and at the same hour. Contact lenses were fitted binocularly in random order. 

For both contact lenses, over-refraction with trial lenses, best-corrected visual acuity, 

light disturbance assessment for each condition (LDA) and pre-lens tear film stability 

assessment (Medmont) and pre-lens aberrations for each condition (Medmont) were 

assessed. Over-refraction was also assessed with the open-field autorefractor and 

subjectively adjusted with spheres. In the case that no over-refraction was needed, a 

plano lens was inserted to perform LDA so that all subjects were assessed under the 

same conditions. Once the protocol was completed for the first contact lens in situ, 

contact lens was then removed and a 15 minute washout period was allowed before 

fitting the second lens design (Sánchez et al., 2018; Martins et al., 2019).  
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Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results were reported as median and interquartile ranges. 

Normality distribution was checked using the Shapiro-Wilk test. Differences between 

blinking patterns (natural blinking, optimal blinking and delayed blinking) and 

differences between the naked eye and both contact lenses were assessed with 

repeated ANOVA or Friedman test, depending on sample distribution. Bonferroni test 

with the correction for multiple testing was used to evaluate differences between all 

pair group combinations. Moreover, differences between pre and post artificial tears 

instillation were assessed by means of the paired t-test or Wilcoxon signed-rank test, 

depending on sample distribution. A p-value less than 0.05 was defined as statistically 

significant. 

9.3.3. Results 

Forty eyes from 40 subjects were included in this study, out of which 23 were 

females (57.5 %) and 17 males (42.5 %). The mean age was 26.6 ± 5.1 years, ranging 

from 19 to 38 years. Median sphere and cylinder were -1.00 D (interquartile range: -

2.06 to -0.36 D) and 0.00 D (interquartile range: -0.50 to 0.00 D), respectively. 

After lens fitting, median sphere over-refraction was 0.25 D (interquartile range: 

0.00 to 0.50 D) and 0.25 D (interquartile range: 0.00 to 0.50 D) for single-vision and 

dual-focus contact lenses, respectively. LogMAR best-corrected visual acuity with the 

naked eye was -0.10 (-0.12 to -0.10) and visual acuity with the contact lenses and over-
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refraction was -0.10 (-0.14 to -0.09) and -0.10 (-0.12 to -0.04) for single-vision and 

dual-focus lenses, respectively. Wilcoxon signed-rank test did not reveal statistically 

significant differences in best-corrected visual acuity between conditions (p = 0.101). 

Table 9.3.2 summarizes the main results obtained for each condition. 

Differences between blinking patterns 

Table 9.3.3 shows the statistical comparison between blinking patterns (natural 

blinking, optimal blinking and delayed blinking) for tear film stability metrics, light 

disturbance and corneal aberrations, without and with artificial tears, respectively.  

Regarding the naked eye condition, no differences were found in blinking 

frequency between natural blinking (median 4.5 blinks per 30 seconds) and blinking 

every 6 seconds (5 blinks per 30 seconds). Blinking every 12 seconds showed 

statistically less blinking frequency than the other conditions (2.5 blinks per 30 

seconds). Despite this, it did not cause differences in tear film stability, light 

disturbance and corneal aberrations when measured without contact lenses.  

There were no statistically significant changes for tear film and corneal aberrations 

outcomes between single-vision and dual-focus contact lenses for the different 

blinking frequencies. Nevertheless, when subjects blinked with less frequency (every 

12 seconds) the size and shape of the light disturbance increased in both contact 

lenses. 
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Table 9.3.2.  Metrics obtained for each condition.  

 

Parameters Condition 

WITHOUT ARTIFICIAL TEARS 
Median (Interquartile range) 

WITH ARTIFICIAL TEARS 
Median (Interquartile range) 

Natural blinking 6 seconds 12 seconds Natural blinking 6 seconds 12 seconds 

TFSQ 

Naked 
0.10  

(0.08 to 0.21) 
0.10  

(0.08 to 0.19) 
0.10  

(0.07 to 0.16) 
0.09  

(0.06 to 0.14) 
0.09  

(0.07 to 0.16) 
0.09  

(0.06 to 0.14) 

Single-
vision 

0.24  
(0.17 to 0.30) 

0.19  
(0.13 to 0.0.29) 

0.22  
(0.14 to 0.30) 

0.13  
(0.09 to 0.0.17) 

  

Dual-
focus 

0.33  
(0.26 to 0.44) 

0.35  
(0.25 to 0.43) 

0.33  
(0.21 to 0.42) 

0.18  
(0.15 to 0.23) 

  

TFSQ area 
(%) 

Naked 
2.25  

(0.85 to 15.72) 
3.15  

(1.22 to 12.05) 
3.75  

(0.50 to 9.78) 
2.65  

(0.45 to 8.20) 
2.40  

(0.80 to 8.95) 
1.60  

(0.63 to 7.53) 

Single-
vision 

18.60  
(10.00 to 26.82) 

13.80  
(6.47 to 27.27) 

17.60  
(9.13 to 28.63) 

8.00  
(1.72 to 14.05) 

  

Dual-
focus 

34.10  
(23.22 to 42.57) 

31.40  
(22.57 to 42.45) 

3080  
(16.70 to 41.90) 

12.50  
(8.00 to 21.15) 

  

Auto Tear 
Break-Up 

Time 
(seconds) 

Naked 
16.54  

(5.9 to 30.0) 
13.05  

(5.23 to 30.0) 
12.70  

(4.62 to 30.0) 
20.90  

(6.78 to 30.00) 
20.80  

(5.85 to 30.00) 
24.00 (12.10 to 

30.00) 

Single-
vision 

5.55  
(2.88 to 9.75) 

5.10  
(2.65 to 10.00) 

5.20  
(2.40 to 11.45) 

14.35  
(4.70 to 29.80) 

  

Dual-
focus 

2.50  
(2.30 to 2.60) 

2.40  
(2.30 to 2.57) 

2.40  
(2.30 to 2.60) 

2.50  
(2.40 to 5.40) 

  

Light 
Distortion 
Index (%) 

Naked 
6.25  

(3.90 to 9.43) 
3.72 

 (4.46 to 9.39) 
6.45 

(4.54 to 9.13) 
5.49  

(3.82 to 8.83) 
5.77  

(4.46 to 9.03) 
5.33  

(4.14 to 8.47) 

Single-
vision 

6.21  
(4.14 to 8.57) 

6.80  
(4.46 to 8.30) 

10.35  
(6.27 to 15.10) 

5.05  
(3.90 to 8.47) 

  

Dual-
focus 

15.16  
(10.35 to 18.52) 

15.40  
(10.07 to 18.14) 

19.10  
(12.54 to 24.79) 

12.65  
(8.71 to 16.19) 

  

Best Fit 
Circle 

Irregularity 
(mm) 

Naked 
0.26  

(0.01 to 0.50) 
0.30  

(0.06 to 0.54) 
0.32 

(0.14 to 0.48) 
0.25 

 (0.01 to 0.46) 
0.26  

(0.02 to 0.46) 
0.32  

(0.10 to 0.45) 

Single-
vision 

0.32  
(0.09 to 0.70) 

0.42  
(0.14 to 0.52) 

0.45  
(0.31 to 0.66) 

0.30  
(0.06 to 0.56) 

  

Dual-
focus 

0.45  
(0.16 to 1.10) 

0.45  
(0.16 to 0.91) 

0.58  
(0.28 to 1.38) 

0.53  
(0.26 to 1.24) 

  

Best Fit 
Circle 

Irregularity 
SD (mm) 

Naked 
3.09  

(0.53 to 3.77) 
3.38  

(2.75 to 4.02) 
3.57  

(2.14 to 4.00) 
3.09 

 (0.54 to 3.99) 
2.99  

(2.14 to 4.01) 
3.01  

(2.14 to 3.91) 

Single-
vision 

3.51  
(2.14 to 3.93) 

3.32 
 (2.25 to 3.84) 

4.11  
(3.36 to 5.64) 

2.96  
(2.14 to 3.72) 

  

Dual-
focus 

3.97  
(3.48 to 5.79) 

3.77 
 (3.30 to 4.82) 

5.60  
(3.90 to 6.64) 

3.72  
(3.21 to 4.87) 

  

Blinks in 30 
seconds 

Naked 
4.5  

(2.0 to 7.0) 
5.0 

 (5.0 to 5.0) 
2.5 

 (2.5 to 2.5) 
4.5  

(2.0 to 8.0) 
5.0 

 (5.0 to 5.0) 
2.5  

(2.5 to 2.5) 

Single-
vision 

4.0  
(2.0 to 9.0) 

5.0 
 (5.0 to 5.0) 

2.5  
(2.5 to 2.5) 

6.0 
 (3.0 to 9.7) 

  

Dual-
focus 

6.0  
(3.0 to 11.0) 

5.0  
(5.0 to 5.0) 

2.5  
(2.5 to 2.5) 

4.0  
(3.0 to 10.75) 
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(Where SD: Standard Deviation; TFSQ: Tear Film Surface Quality) 

Changes after the instillation of artificial tears 

Table 9.3.4 shows the differences in results after artificial tears instillation for all 

conditions. Regarding naked eye (no lens) outcomes, no statistically significant 

differences were found in any parameter for natural blinking and 6 seconds interval 

blinking. However, there was an increase in the mean auto Tear Break-Up Time and a 

(continuation) 

Parameters Condition 

WITHOUT ARTIFICIAL TEARS 
Median (Interquartile range) 

WITH ARTIFICIAL TEARS 
Median (Interquartile range) 

Natural blinking 6 seconds 12 seconds Natural blinking 6 seconds 12 seconds 

Ocular 
Protection 

Index 

Naked 
1.80  

(1.00 to 4.00) 
2.17  

(0.93 to 5.00) 
1.10  

(0.83 to 2.00) 
2.00  

(1.00 to 5.00) 
3.47  

(0.98 to 5.00) 
2.00  

(1.01 to 2.50) 

Single-
vision 

1.14  
(0.69 to 2.13) 

0.93  
(0.47 to 1.47) 

0.45 
(0.19 to 0.85) 

   

Dual-
focus 

0.69  
(0.38 to 1.04) 

0.40  
(0.38 to 0.43) 

0.20  
(0.19 to 0.22) 

   

Higher-order 
aberrations 

(µm) 

Naked 
-0.01 

 (-0.03 to 0.03) 
-0.02  

(-0.04 to 0.01) 
-0.01  

(-0.03 to 0.01) 
-0.01  

(-0.05 to 0.01) 
-0.01  

(-0.03 to 0.01) 
-0.01 

 (-0.04 to 0.01) 

Single-
vision 

-0.01 
 (-0.03 to 0.01) 

-0.01 
 (-0.04 to 0.02) 

0.01  
(-0.02 to 0.02) 

-0.01  
(-0.04 to 0.01) 

  

Dual-
focus 

-0.01  
(-0.06 to 0.08) 

0.01 
 (-0.03 to 0.05) 

0.01 
 (-0.05 to 0.05) 

-0.01  
(-0.07 to 0.09) 

  

Spherical 
aberration 
(0,4) (µm) 

Naked 
-0.021 

 (-0.036 to -0.007) 
-0.017  

(-0.033 to -0.001) 
-0.020 

 (-0.041 to -0.006) 
-0.022  

(-0.035 to -0.005) 
-0.014 

 (-0.031 to -0.007) 
-0.018  

(-0.031 to -0.007) 

Single-
vision 

-0.018  
(-0.032 to -0.004) 

-0.016  
(-0.040 to -0.004) 

-0.022  
(-0.034 to -0.001) 

-0.017  
(-0.036 to -0.003) 

  

Dual-
focus 

-0.008 
 (-0.051 to 0.032) 

0.001  
(-0.020 to 0.033) 

-0.016  
(-0.060 to 0.031) 

-0.007  
(-0.047 to 0.025) 

  

Horizontal 
coma (1,3) 

(µm) 

Naked 
0.005 

 (-0.021 to 0.017) 
0.003 

 (-0.017 to 0.021) 
-0.004  

(-0.016 to 0.015) 
0.001  

(-0.022 to 0.016) 
-0.003  

(-0.017 to 0.016) 
-0.001  

(-0.015 to 0.020) 

Single-
vision 

-0.002  
(-0.011 to 0.011) 

-0.003  
(-0.020 to 0.015) 

0.004 
 (-0.017 to 0.016) 

0.006  
(-0.014 to 0.015) 

  

Dual-
focus 

-0.006  
(-0.048 to 0.034) 

-0.017  
(-0.045 to 0.026) 

0.004 
 (-0.043 to 0.050) 

0.012  
(-0.035 to 0.064) 

  

Vertical coma 
(-1,3) (µm) 

Naked 
-0.003  

(-0.026 to 0.015) 
-0.008  

(-0.047 to 0.015) 
-0.005  

(-0.038 to 0.016) 
-0.005  

(-0.042 to 0.012) 
0.003  

(-0.011 to 0.011) 
0.001 

 (-0.026 to 0.029) 

Single-
vision 

-0.009  
(-0.019 to 0.017) 

0.001  
(-0.031 to 0.018) 

-0.009 
 (-0.029 to 0.009) 

0.002  
(-0.022 to 0.016) 

  

Dual-
focus 

0.024  
(-0.046 to 0.086) 

0.014  
(-0.007 to 0.098) 

-0.004 
 (-0.068 to 0.041) 

0.007  
(-0.048 to 0.031) 
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decrease in the size of the light disturbance after the instillation of artificial tears for 

the 12 seconds interval blinking condition. No statistically significant differences were 

found in the irregularity of the light disturbance, the number of blinks per 30 seconds 

and corneal aberrations. 

Regarding single-vision and dual-focus contact lenses with natural blinking, after 

artificial tears instillation tear film stability increased (lower TFSQ and TFSQ area and 

higher auto Tear Break-Up Time) and the size of the light disturbance decreased in 

both contact lenses evaluated. Moreover, BFC Irregularity of the light disturbance also 

decreased in the dual-focus contact lens after the instillation of artificial tears. No 

differences were found for the other parameters. 
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Table 9.3.3.  Comparison between blinking patterns for each metric.  

Parameters Condition 
WITHOUT ARTIFICIAL TEARS WITH ARTIFICIAL TEARS 

p-value between 
blinking patterns 

Post-hoc  
(Adjusted p-value) 

p-value between 
blinking patterns 

Post-hoc  
(Adjusted p-value) 

TFSQ 

Naked 0.608
2 

 0.694
2
  

Single-
vision 

0.249
1
    

Dual-
focus 

0.118
1
    

TFSQ area 
(%) 

Naked 0.490
2
  0.313

2
  

Single-
vision 

0.426
2
    

Dual-
focus 

0.362
1
    

Auto Tear 
Break-Up 

Time 
(seconds) 

Naked 0.785
2
  0.659

2
  

Single-
vision 

0.953
2
    

Dual-
focus 

0.258
2
    

Light 
Distortion 
Index (%) 

Naked 0.156
2
  0.167

2
  

Single-
vision 

<0.001
2
* 

Natural-6 seconds: 0.502
3 

Natural-12 seconds: <0.001
3
* 

6 seconds-12 seconds: <0.001
3
* 

  

Dual-
focus 

<0.001
2
* 

Natural-6 seconds: 0.911
3
 

Natural-12 seconds: 0.001
3
* 

6 seconds-12 seconds: 0.001
3
* 

  

Best Fit 
Circle 

Irregularity 
(mm) 

Naked 0.582
2
  0.639

2
  

Single-
vision 

0.547
2
    

Dual-
focus 

0.040
2
* 

Natural-6 seconds: 0.911
3
 

Natural-12 seconds: 0.034
3
* 

6 seconds-12 seconds: 0.025
3
* 

  

Best Fit 
Circle 

Irregularity 
SD (mm) 

Naked 0.075
2
  0.950

2
  

Single-
vision 

0.010
2
* 

Natural-6 seconds: 0.696
3
 

Natural-12 seconds: 0.003
3
* 

6 seconds-12 seconds: 0.011
3
* 

  

Dual-
focus 

<0.001
2
* 

Natural-6 seconds: 0.281
3
 

Natural-12 seconds: 0.029
3
* 

6 seconds-12 seconds: <0.011
3
* 

  

Blinks in 30 
seconds 

Naked <0.001
2
* 

Natural-6 seconds: 0.172
3
 

Natural-12 seconds: 0.002
3
* 

6 seconds-12 seconds: <0.001
3
* 

<0.001
2
* 

Natural-6 seconds: 0.057
3
 

Natural-12 seconds: 0.008
3
* 

6 seconds-12 seconds: <0.001
3
* 

Single-
vision 

<0.001
2
* 

Natural-6 seconds: 0.281
3
 

Natural-12 seconds: 0.001
3
* 

6 seconds-12 seconds: <0.001
3
* 

  

Dual-
focus 

<0.001
2
* 

Natural-6 seconds: 0.911
3
 

Natural-12 seconds: <0.001
3
* 

6 seconds-12 seconds: <0.001
3
* 
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(Where SD: Standard Deviation; TFSQ: Tear Film Surface Quality; 1ANOVA; 2Friedman; 

3Bonferroni; *Statistically significant values) 

 

 

 

(continuation) 

Parameters Condition 

WITHOUT ARTIFICIAL TEARS WITH ARTIFICIAL TEARS 

p-value between 
blinking patterns 

Post-hoc  
(Adjusted p-value) 

p-value between 
blinking patterns 

Post-hoc  
(Adjusted p-value) 

Ocular 
Protection 

Index 

Naked 0.101
2
  0.103

2
  

Single-
vision 

<0.001
2
* 

Natural-6 seconds: 0.821
3
 

Natural-12 seconds: <0.001
3
* 

6 seconds-12 seconds: <0.001
3
* 

  

Dual-
focus 

<0.001
2
* 

Natural-6 seconds: 0.450
3
 

Natural-12 seconds: <0.001
3
* 

6 seconds-12 seconds: <0.001
3
* 

  

Higher-
order 

aberrations 
(µm) 

Naked 0.150
2
  0.461

2
  

Single-
vision 

0.397
2
    

Dual-
focus 

0.926
2
    

Spherical 
aberration 
(0,4) (µm) 

Naked 0.921
2
  0.741

2
  

Single-
vision 

0.723
2
    

Dual-
focus 

0.116
2
    

Horizontal 
coma (1,3) 

(µm) 

Naked 0.799
2
  0.975

2
  

Single-
vision 

0.839
2
    

Dual-
focus 

0.614
2
    

Vertical 
coma (-1,3) 

(µm) 

Naked 0.723
2
  0.905

2
  

Single-
vision 

0.407
2
    

Dual-
focus 

0.132
2
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Table 9.3.4. Differences in results after artificial tears instillation for all conditions.  

(Where SD: Standard Deviation; TFSQ: Tear Film Surface Quality; 1Wilcoxon signed-rank 

test; *Statistically significant values) 

 

 

Parameters Condition 

p-value between without and with artificial 
tears 

Natural 
blinking 

6 seconds 12 seconds 

TFSQ 

Naked 0.199
1 

0.117
1
 0.058

1
 

Single-vision <0.001
1
*   

Dual-focus <0.001
1
*   

TFSQ area 

Naked 0.365
1
 0.464

1
 0.187

1
 

Single-vision <0.001
1
*   

Dual-focus <0.001
1
*   

Auto Tear Break-Up Time 

Naked 0.614
1
 0.108

1
 0.019

1
* 

Single-vision <0.001
1
*   

Dual-focus 0.003
1
*   

Light Distortion Index 

Naked 0.155
1
 0.411

1
 0.025

1
* 

Single-vision 0.001
1
*   

Dual-focus 0.001
1
*   

Best Fit Circle Irregularity 

Naked 0.775
1
 0.586

1
 0.993

1
 

Single-vision 0.154
1
   

Dual-focus 0.835
1
   

Best Fit Circle Irregularity SD 

Naked 0.865
1
 0.056

1
 0.442

1
 

Single-vision 0.060
1
   

Dual-focus 0.030
1
*   

Blinks in 30 seconds 

Naked 0.890
1
 1.00

1
 1.00

1
 

Single-vision 0.239
1
   

Dual-focus 0.179
1
   

Higher-order aberrations 

Naked 0.767
1
 0.139

1
 0.226

1
 

Single-vision 0.628
1
   

Dual-focus 0.747
1
   

Spherical aberration (0,4) 

Naked 0.778
1
 0.968

1
 0.851

1
 

Single-vision 0.778
1
   

Dual-focus 0.952
1
   

Horizontal coma (1,3) 

Naked 0.936
1
 0.519

1
 0.507

1
 

Single-vision 0.819
1
   

Dual-focus 0.150
1
   

Vertical coma (-1,3) 

Naked 0.428
1
 0.382

1
 0.170

1
 

Single-vision 0.819
1
   

Dual-focus 0.310
1
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Differences between the naked eye and both contact lenses 

Table 9.3.5 shows the results for the different conditions (naked eye and both 

contact lenses). For natural blinking without artificial tears and for delayed blinking, 

both contact lenses increased TFSQ and TFSQ area (meaning a more unstable tear film) 

when compared to naked eye assessment. Likewise, the dual-focus contact lens 

provided greater tear film instability than the single-vision contact lens in all blinking 

patterns. Auto Tear Break-Up Time also underwent a statistically significant decrease 

in dual-focus contact lens in comparison with the naked eye and single-vision contact 

lens. 

Nevertheless, when subjects blinked every 6 seconds, no significant differences 

were found between the naked eye and single-vision for TFSQ and TFSQ area. 

Statistically significant differences were found in auto Tear Break-Up Time for all 

conditions (naked eye, single-vision and dual-focus) when subjects blinked every 6 

seconds. 

Statistically significant increases were found in light disturbance size between all 

paired groups (naked eye, single-vision and dual-focus) when subjects were instructed 

to blink every 12 seconds. Light disturbance size was higher in the dual-focus contact 

lens than in the naked eye and single-vision contact lens when subjects blink naturally 

and every 6 seconds. The dual-focus contact lens also caused higher light disturbance 

irregularity than the naked eye for all blinking patterns, and the single-vision contact 

lens had lower BFC irregularity SD than the dual-focus contact lens in the natural 
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blinking and blinking every 6 seconds. No differences were found in corneal 

aberrations between conditions (naked eye, single-vision and dual-focus). 

When artificial tears were instilled, lower TFSQ, TFSQ area, light disturbance size 

and irregularity, and higher auto Tear Break-Up Time were found in the naked eye and 

single-vision contact lens in comparison with the dual-focus contact lens after the 

instillation of artificial tears.  

During the aforementioned measurements, the mean pupil diameter under 

photopic conditions was 5.42 ± 0.83 mm, 4.88 ± 0.72 mm and 4.99 ± 0.78 for naked 

eye, single-vision and dual-focus contact lenses, respectively (p = 0.258). Mean pupil 

diameter under mesopic conditions was 6.36 ± 0.78 mm, 6.04 ± 0.88 mm and 6.38 ± 

0.34 for naked eye, single-vision and dual-focus contact lenses, respectively (p = 

0.256). Statistically significant differences were found between photopic and mesopic 

conditions for naked eye (p < 0.001; T test), single-vision (p < 0.001; T test) and dual-

focus contact lenses (p < 0.001; Wilcoxon test). 
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Table 9.3.5.  Comparison between the naked eye and both contact lenses for each 

metric. 

Parameters 

Without artificial tears With artificial tears 

Natural blinking 6 seconds 12 seconds Natural blinking 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

TFSQ <0.001
1
* 

Naked eye-SV: 
0.002

2
*

 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.076

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
<0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.014

2
* 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.221

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

TFSQ area 
<0.001

1
* 

<0.001
1
* 

Naked eye-SV: 
0.004

2
* 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.001

2
* 

<0.001
1
* 

 

Naked eye-SV: 
0.180

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
<0.001

2
* 

<0.001
1
* 

 

Naked eye-SV: 
0.005

2
* 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.008

2
* 

<0.001
1
* 

 

Naked eye-SV: 
0.791

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

Auto Tear 
Break-Up 

Time 
 

Naked eye-SV: 
0.088

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.036

2
* 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
<0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.071

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.006

2
* 

<0.001
1
* 

Naked eye-SV: 
0.867

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

Light 
Distortion 

Index 
<0.001

1
 

Naked eye-SV: 
0.371

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.576

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
<0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.006

2
* 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

<0.001
1
* 

Naked eye-SV: 
0.943

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF: 
<0.001

2
* 

Best Fit 
Circle 

Irregularity 
0.006

1
* 

Naked eye-SV: 
0.656

2
 

Naked eye-DF: 
0.005

2
* 

SV-DF:  
0.172

2
 

0.026
1
* 

Naked eye-SV: 
0.394

2
 

Naked eye-DF: 
0.022

2
* 

SV-DF:  
0.721

2
 

0.012
1
* 

Naked eye-SV: 
0.656

2
 

Naked eye-DF: 
0.009

2
* 

SV-DF:  
0.249

2
 

0.001
1
* 

Naked eye-SV: 
0.696

2
 

Naked eye-DF: 
0.002

2
* 

SV-DF:  
0.006

2
* 

Best Fit 
Circle 

Irregularity 
SD 

<0.001
1
* 

Naked eye-SV: 
0.696

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.001

2
* 

0.007
1
* 

Naked eye-SV: 
0.791

2
 

Naked eye-DF: 
0.006

2
* 

SV-DF:  
0.006

2
* 

<0.001
1
* 

Naked eye-SV: 
0.088

2
 

Naked eye-DF: 
<0.001

2
* 

SV-DF:  
0.057

2
 

<0.001
1
* 

Naked eye-SV: 
0.502

2
 

Naked eye-DF: 
0.008

2
* 

SV-DF:  
0.057

2
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(Where DF: Dual-Focus Contact Lens; SD: Standard Deviation; SV: Single-Vision Contact 

Lens; TFSQ: Tear Film Surface Quality; 1Friedman; 2Bonferroni; *Statistically significant 

values) 

9.3.4. Discussion 

In the present study, a higher light disturbance was found in conditions in which 

the tear film was destabilized such as in low blinking frequency and wearing contact 

lenses. Moreover, in general, light disturbance decreased after the instillation of 

(continuation) 

Parameters 

Without artificial tears With artificial tears 

Natural blinking 6 seconds 12 seconds Natural blinking 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

p-value 
between 

conditions 
(naked eye 
– contact 

lenses) 

Post-hoc 
(Adjusted p-

value) 

Blinks in 30 
seconds 

0.130
1
 

Naked eye-SV: 
0.791

2
 

Naked eye-DF: 
0.130

2
 

SV-DF:  
0.438

2
 

1.00
1
 

 
 

1.00
1
 

 
 

0.146
1
 

 
 

Higher-
order 

aberrations  
0.905

1
  0.368

1
  0.614

1
  0.723

1
 

 
 

Spherical 
aberration 

(0,4) 
0.241

1
  0.061

1
  0.928

1
  0.153

1
  

Horizontal 
coma (1,3) 

0.699
1
  0.926

1
  0.735

1
  0.294

1
  

Vertical 
coma (-1,3) 

0.294
1
 

 
 

0.273
1
 

 
 

0.839
1
 

 
 

0.622
1
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artificial tears. In this way, the present study supports the work of previous authors, 

who demonstrated that the irregular thinning of the tear film after blinking in subjects 

with dry eye can affect the light pathway, reducing visual acuity and contrast 

sensitivity and increasing higher-order aberrations, light scattering and fluctuations in 

vision (Thibos and Hong, 1999; Tutt et al., 2000; Németh, Erdélyi and Csákány, 2001; 

Himebaugh et al., 2003; Montés-Micó, Alió and Charman, 2005a; Montés-Micó, Alió 

and Charman, 2005b; Ferrer-Blasco et al., 2009; Denoyer, Rabut and Baudouin, 2012; 

Kobashi et al., 2015; Gouvea et al., 2019).  

Assessing the optical quality of DED subjects is vital due to the relevant role that 

the tear film plays in optical quality and the relevance of these visual symptoms in the 

quality of life of subjects with dry eye. The measurement of light disturbance might 

help to assess and manage DED subjects since it reflects the completeness of visual 

symptoms experienced by subjects. Likewise, it might increase clinicians’ knowledge 

on the impact of DED on visual quality (Díaz-Doutón et al., 2006). Indeed, the TFOS 

DEWS II Diagnostic Methodology Report recognized the need of developing new 

metrics to assess the tear film and its influence on the optical quality (Wolffsohn et al., 

2017). 

Differences between blinking patterns 

During the inter-blink time, the tear film becomes thinner due to evaporation and 

breaks-up until the next blink occurs (Koh et al., 2008a; Lemp, 2008; Kobashi et al., 

2013; Kobashi et al., 2015; Yu et al., 2016; Willcox et al., 2017; García-Montero et al., 

2019c; Xi, Qin and Bao, 2019; D’Souza et al., 2020). This break-up is called BUT and it 
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has been reported to cause a loss in the optical quality, increasing higher-order 

aberrations and light scattering after blinking (Tutt et al., 2000; Koh and Maeda, 2007; 

Koh et al., 2008b; Koh et al., 2008c; Ferrer-Blasco et al., 2009; Liu et al., 2010; Montés-

Micó et al., 2010b; Kobashi et al., 2013; Tan et al., 2015a; Gouvea et al., 2019). Thus, 

the tear film must be frequently replenished by blinking to maintain good optical 

quality (Bron et al., 2017). In the present study, natural blinking occurs approximately 

every 6.5 seconds, which is in agreement with the spontaneous blinking frequency 

found in previous studies (Tsubota, 1996; Zaman, Doughty and Button, 1998; Doughty, 

2001; Montés-Micó et al., 2004; Montés-Micó, Alió and Charman, 2005b; Wolffsohn et 

al., 2017).  

It has been reported that the eye has the highest optical quality 5-7 seconds after 

blinking (Montés-Micó, Alió and Charman, 2005b; Ferrer-Blasco et al., 2009). In the 

present study, blinking patterns did not cause differences in light disturbance, higher-

order aberrations and tear film stability when measured without contact lenses. In this 

condition, the mean auto Tear Break-Up Time was higher than 12 seconds for all 

blinking patterns (higher than the interblink intervals tested), thus the tear film was 

not destabilized between blinks and did not interfere with the outcomes evaluated.  

This leads to an ocular protection index > 1, protecting the ocular surface against 

desiccation even in the low blinking frequency. In agreement with these results, other 

authors (Montés-Micó, Alió and Charman, 2005b; Koh et al., 2008b) found that higher-

order aberrations did not change over 10 seconds after bliking (Koh et al., 2002) and 

light disturbance over a 20 seconds period in healthy subjects (Díaz-Valle et al., 2012) 

but subjects with short BUT showed higher loss of the optical quality (Kobashi et al., 
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2013). It might be possible that with a higher interblink interval, optical quality might 

have decreased in the present study. 

Nevertheless, an augmented size and shape of light disturbance during both 

contact lens wear was shown with the lowest blinking rate. Both contact lenses (dual-

focus and single-vision) affected tear film stability, by means of a decreased auto Tear 

Break-Up Time and decreased TFSQ. Consequently, this affected the ocular protection 

index, which showed that in the condition with low blinking frequency the ocular 

surface was unprotected (Ocular protection index < 1), increasing the light 

disturbance. Thus, when subjects blink with less frequency, the tear film is worse 

spread across the lens surface, affecting light disturbance. This is in accordance with a 

previous study (Koh et al., 2008c) that found that higher-order aberrations 

deteriorated in subjects with short BUT by suppressed blinking due to increased 

evaporation and thinning of the tear film at the centre of the cornea. Nevertheless, in 

the present study, no differences were found in corneal aberrations and tear film 

stability between blinking patterns. As blinking patterns only were performed during 

LDA measurement (2 minutes approximately) it did not affect tear film stability and 

optical aberrations, which were measured after LDA. Moreover, higher-order 

aberrations have been reported to contribute only a 7 % to the optical quality (Kobashi 

et al., 2013). 

These results suggest that subjects who have higher interblink intervals, i.e. 12 

seconds (for instance, computer users (García-Montero et al., 2019c; Talens Estarelles 

et al., 2020; Talens Estarelles et al., 2021)) are more likely to experience higher light 
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disturbance while wearing contact lenses than subjects who have higher blinking 

frequency. This long eye open is not unrealistic and is known to occur during tasks that 

require concentration (Doughty, 2001; Liu et al., 2010; Talens-Estarelles et al., 2021a). 

Moreover, in Chapter 9.1.1 and Chapter 9.1.2 (García-Marqués et al., 2020; García-

Marqués et al., 2021b), it was found that the same dual-focus contact lens of this study 

promoted higher light disturbance and lower tear film stability than a single-vision 

contact lens due to optical design differences. This study adds that a low blinking 

frequency deteriorates light disturbance even more with a dual-focus contact lens, 

suggesting that not only is the optical design affecting light disturbance in these lenses, 

but also tear film spreading across the surface of the contact lens. Monitoring blinking 

to blink with more frequency might decrease the light disturbance and could be an 

option to manage contact lens users with short BUT to minimize tear and optical 

alterations.  

Changes after the instillation of artificial tears  

In agreement with the results found in the present study, artificial tears improve 

tear film stability and decrease higher-order aberrations and light scattering after 

instillation due to they provide a more stable and regular tear film (Montés-Micó, 

2007; Montés-Micó et al., 2010b; Díaz-Valle et al., 2012; Igarashi et al., 2015; Kobashi 

et al., 2015; Schafer et al., 2018; Vandermeer, Chamy and Pisella, 2018). Nevertheless, 

some studies (Ridder et al., 2005; Berger, Head and Salmon, 2009; Hiraoka et al., 2010; 

Koh et al., 2013a; Koh et al., 2013b) found an initial decrease in optical quality in 

artificial tears with high viscosity. Previous studies with the same artificial tears as in 
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the present study found that they were effective for alleviating symptoms of dryness 

and increased tear film stability, being also safe and compatible with contact lenses 

(Kading, 2010; Benelli, 2011; McDonald et al., 2014; Gokul, Wang and Craig, 2018; 

Belalcázar-Rey et al., 2021). To the authors’ knowledge, there are no previous studies 

assessing the optical quality with the artificial tears assessed in this study. 

In some cases, the inter-blink interval can be increased after artificial tear 

instillation (Willcox et al., 2017; Wolffsohn et al., 2017). Nevertheless, in the present 

study no statistically significant differences were found in blinking frequency after 

instillation of artificial tears. In the delayed blinking with the naked eye, mean auto 

Tear Break-Up Time increased and the size of the light disturbance decreased after the 

instillation of artificial tears.  This suggests that tear film instillation can increase tear 

film stability and optical quality under dim light conditions in subjects with a delayed 

blinking pattern. 

When both contact lenses were fitted, artificial tears increased tear film stability 

with natural blinking (lower TFSQ and TFSQ area and higher auto Tear Break-Up Time) 

and decreased the size of the light disturbance in both contact lenses. Likewise, 

artificial tears also improved BFC Irregularity of the light disturbance in the dual-focus 

contact lens. These results suggest that the higher light disturbance phenomena (size 

and irregularity) found with the dual-focus contact lenses in the present study and in a 

previous one (Chapter 9.1.1) (García-Marqués et al., 2020) are not only due to 

differences in the optical design of the lens, but also due to the spreading of the tear 

film across the anterior surface of the contact lens. 
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Differences between the naked eye and both contact lenses 

Contact lens wear destabilizes the tear film (Korb, Greiner and Glonek, 1996). 

Contact lens divides the tear film into two layers: pre-lens tear film and post-lens tear 

film. Thus, contact lens wearers that experience blurry vision or fluctuating vision 

might be caused by poor optical quality due to a lower BUT (Koh et al., 2008a; Rae and 

Price, 2009; Liu et al., 2010; Szczesna-Iskander, Alonso-Caneiro and Iskander, 2016; 

García-Montero et al., 2019c; Gouvea et al., 2019). Moreover, the evaporation of the 

pre-lens tear film can expose the surface of the contact lens after tear break-up, 

decreasing optical quality (Szczesna-Iskander, Alonso-Caneiro and Iskander, 2016; 

Willcox et al., 2017; García-Marqués et al., 2021b). Likewise, areas of break-up have an 

increased osmolarity, which might also cause fluctuation in the refractive index of the 

lens and affect vision (Liu et al., 2009; Liu et al., 2010). Due to the link between lens 

dehydration and optical quality, the measurement of light disturbance might help in 

the assessment of contact lens in-vivo wettability and optical quality related to the 

tear film in contact lens wearers, providing non-invasive, and functional information 

about the quality of vision. 

Both contact lenses caused more tear film instability when compared to naked eye 

assessment when subjects blinked naturally without artificial tears and every 12 

seconds. Likewise, the dual-focus contact lens induced greater tear film instability than 

the single-vision contact lens and naked eye condition. Despite no differences were 

found in auto Tear Break-Up Time between the single-vision contact lens and the 

naked eye; these differences are clinically significant since there is a huge difference 
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between both conditions that could affect clinically. Previous works also found lower 

pre-lens tear film stability after contact lens fitting (Nichols and Sinnot, 2006; Szczesna-

Iskander, 2014; García-Montero et al., 2019c; García-Marqués et al., 2021b). 

Moreover, when subjects blinked every 6 seconds, no changes were found between 

the naked eye and single-vision for TFSQ and TFSQ area, suggesting that blinking with 

more frequency can prevent the tear film from drying out and becoming unstable with 

a single-vision contact lens. 

For the delayed blinking, statistically significant differences were found in light 

disturbance size between all paired conditions (naked eye, single-vision contact lens 

and dual-focus contact lens) since during suppressed blinking in contact lens wearers 

the pre-lens tear film dynamics lose their stability and induce dewetting, causing the 

loss of the tear film and optical quality (Szczesna-Iskander, Alonso-Caneiro and 

Iskander, 2016). Higher light disturbance size was found in the dual-focus contact lens 

than in the naked eye and single-vision contact lens when subjects blink naturally and 

every 6 seconds. Thus, light disturbance was higher in the single-vision contact lens 

when subjects blink every 12 seconds but no differences in light disturbance were 

found between the naked eye and the single-vision contact lens when subjects blink 

naturally and in 6 seconds interval conditions. This suggests that blinking with more 

frequency can prevent the ocular surface from light disturbance with a single-vision 

contact lens since light disturbance was not different from the naked eye condition 

(without contact lens). When artificial tears were instilled, tear stability and light 

disturbance size and irregularity improved in the naked eye and single-vision contact 

lens in comparison with the dual-focus contact lens. Thus, despite the fact that 
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artificial tears instillation improved tear film stability and light disturbance in the dual 

focus contact lens, the dual-focus design still showed worse values than the naked eye 

and the single-vision contact lens. 

This study has some limitations to consider. First, the sample was young adults 

while the target population for the dual-focus contact lens is young children and 

adolescents. Second, short-term results of the contact lenses were shown. Thus, light 

disturbance and tear film stability might be worse after more hours of wear. Although 

some studies (Efron et al., 1987; Brennan et al., 1990; Paugh et al., 2001; Nichols and 

King-Smith, 2003) reported that this period is adequate to assess the short-term 

performance of contact lenses because the tear film changes in the first 20 minutes of 

contact lens wear, other studies (Little and Bruce, 1994; Nichols and King-Smith, 2004) 

claimed that the pre-lens tear film thinned over the first 30 minutes. Therefore, there 

is still controversy on this topic. This issue is not expected to influence the comparison 

between conditions after the same time and after the same washout period. 

Moreover, Efron et al. (1987) argued that the majority of dehydration takes place 

within the first 5 minutes of wear.  

Conditions were assessed in a random order to avoid bias but artificial tears 

instillation was always evaluated at the end of the visit to prevent altering the tear 

film. Besides, subjects were not classified as healthy or DED. Finally, it is also important 

to comment that not only pre-lens tear film may be altered by the dual-focus design of 

contact lens, but the Medmont system might be very sensitive and detect non-tear 

film-related changes on the dual-focus surface.  
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Overall, low blinking frequency caused higher size and shape light disturbance 

when subjects were wearing contact lenses. Nonetheless, light disturbance and tear 

stability improved after artificial tears instillation, suggesting that artificial tears 

instillation can improve tear film stability and optical quality in subjects with a delayed 

blinking pattern. Nevertheless, despite artificial tears instillation improved tear film 

stability and light disturbance in the dual-focus contact lens, the dual-focus contact 

lens still showed worse values than the naked eye and the single-vision contact lens. 

Monitoring blinking to blink with more frequency or using artificial tears might 

decrease the light disturbance and could be an option to manage subjects with short 

BUT. The measurement of light disturbance might help in the assessment, grading the 

severity and managing DED subjects, increasing clinicians’ knowledge on the impact of 

DED on visual quality. Moreover, it might be also used as a quick and non-invasive tool 

to monitor the quality of the tear film over a contact lens and to assess in-vivo the 

wettability of the lens. Thus, these new metrics could be included in a battery of 

clinical tests to improve the assessment and monitoring of DED. Further research is 

needed to assess the performance of light disturbance metrics in subjects diagnosed 

with DED or MGD, and to study the repeatability of these measurements to assess 

optical quality related to tear film changes. 
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9.4 ASSESSMENT OF MEIBOMIAN GLAND DROP-OUT AND VISIBILITY THROUGH A 

NEW QUANTITATIVE METHOD IN SCLERAL LENS WEARERS: A ONE-YEAR FOLLOW-UP 

STUDY 

In this chapter, the method developed in Chapter 8.1 will be applied to scleral lens 

wearers to assess the meibomian gland drop-out and visibility after one year of lens 

wear. 

9.4.1 Introduction 

Scleral lenses are large-diameter contact lenses that rest on the bulbar conjunctiva 

overlying the sclera. As scleral lenses are inserted with liquid (preservative-free saline 

solution), they create a tear reservoir that keeps the cornea moistened. This 

characteristic along with correcting anterior corneal aberrations allows these devices 

to often deliver clear as well as minimize dry eye-related symptoms in patients with 

irregular corneas and/or severe ocular surface disease (Pullum and Buckley, 1997; 

Rosenthal and Cotter, 2003; Schornack, Pyle and Patel, 2014; van der Worp et al., 

2014; Gemoules, 2015; Porcar et al., 2017; Macedo-de-Araújo et al., 2019; Montalt et 

al., 2019; Macedo-de-Araújo et al., 2020; Barnett et al., 2021).   

Nevertheless, despite the use of scleral lenses is increasing little is known about 

their effect on meibomian gland structure and function (Walker, Schornack and 

Vincent, 2021). Some studies concluded that soft and rigid contact lens wear may 

potentiate meibomian gland drop-out, alter gland morphology such as length and 

width, alter meibum expressibility and quality, and induce dry eye symptoms, 
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ultimately classified as MGD (Arita et al., 2008; Alghamdi et al., 2016; Arita, Fukuoka 

and Morishige, 2017d; Gu et al., 2020b; Llorens-Quintana, Garaszczuk and Szczesna-

Iskander, 2020; Iqbal, Thomas and Mahadevan, 2021; Harbiyeli et al., 2022). 

A new method based on the visibility of meibomian glands has been validated for 

Keratograph 5M in Chapter 8.1 (García-Marqués et al., 2021a). This method is similar 

to the meibomian gland contrast measurement (Yeh and Lin, 2018). It was proven that, 

as meibomian glands are lighter than the background in a meibography, the visibility of 

meibomian glands could be used as a feature to aid in the assessment of those 

secretory structures. As previously defined in Chapter 8.1 (García-Marqués et al., 

2021a; García-Marqués et al., 2021c), visibility is defined as the grade in which 

meibomian glands are seen. Thus, in a subject with high gland drop-out, the glands 

have totally lost their visibility. With this premise, a new method was developed, based 

on image analysis, to objectively assess the visibility of meibomian glands. It was also 

demonstrated in Chapter 8.1 that gland visibility metrics are different from gland drop-

out since gland visibility was different in subjects with similar gland drop-out 

percentages (García-Marqués et al., 2021a). Thus, these metrics were useful to grade 

the level of visibility of the glands. Moreover, in Chapter 8.1 (García-Marqués et al., 

2021c), it has been found that meibomian gland visibility metrics have good sensitivity 

and specificity to diagnose MGD, having higher diagnostic capability than current 

diagnostic metrics such as meibomian gland drop-out. Moreover, gland visibility 

metrics are correlated with gland expressibility, tear film stability, TMH and bulbar 

redness. 
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There is no previous study assessing the effect of scleral lenses on meibomian 

gland drop-out. Moreover, it has been recognized the need for assessing meibomian 

glands in subjects fitted with these lenses (Stapleton et al., 2017). Since scleral lenses 

are usually fitted in subjects with irregular corneas, namely patients with keratoconus 

who are more likely to suffer from DED and MGD (Carracedo et al., 2014; Mostovoy et 

al., 2018; Mohamed-Mostafa et al., 2019; Macedo-de-Araújo, van der Worp and 

González-Méijome, 2020), understanding their effect on meibomian glands is clinically 

relevant. The present study has two main aims: The first one is to validate a previously 

developed method based on the visibility of meibomian glands with a commercial 

fundus camera, which might help to further validate this method, suggesting that it is 

not instrument-specific. The second aim is to assess dry eye symptoms and meibomian 

gland alterations in scleral lens wearers after one year of lens wear. The hypothesis is 

that as both eyelids and the tear film interact directly with scleral lenses, they might be 

affected by scleral lens wear (Walker, Schornack and Vincent, 2011). 

9.4.2 Methodology 

Validation of an objective method to quantify meibomian gland visibility 

The data from forty-three subjects participating in a prospective clinical study 

involving scleral lens fitting (Macedo-de-Araújo et al., 2019; Macedo-de-Araújo et al., 

2020; Macedo-de-Araújo, van der Worp and González-Méijome, 2020) was also used in 

the present study. The mean age of the participants was 34.2 ± 10.1 years old (ranging 

between 18 and 65 years). Subjects were not required to be previous soft or rigid 

contact lens wearers. No exclusion based on the state of the meibomian glands of 
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subjects was made. A random eye was chosen for the analysis. Written consent of 

each subject was obtained after the explanation of the study purpose and clinical 

protocol. The study procedures were approved by the Ethics Subcommittee for Life 

and Health Sciences of the University of Minho and following the tenets of the 

Declaration of Helsinki. 

Measurements 

Non-contact infrared meibography of the upper eyelid was obtained using the 

Cobra fundus camera (CSO, Scandicci, Firenze, Italy) by the same experienced and 

masked researcher, as explained in Chapter 3 General Methodology. Meibographies 

were obtained in the same laboratory under constant conditions of illumination. 

Illuminance was measured using an illuminance meter (T-10, Minolta Sensing Inc, 

Tokyo, Japan). The varying daylight was removed using black-out curtains. The 

illuminance was 254.65 ± 8.19 lux.  

Method validation for the measurement of meibomian gland visibility 

Meibographies were subjectively classified into 3 groups (Figure 9.4.1), by a 

masked researcher, as follows: Group 1 = Patients with good subjective glands visibility 

and an Image J gland drop-out percentage less than one-third of the total area of 

meibomian glands; Group 2 = Patients with low subjective glands visibility and an 

Image J gland drop-out percentage lower than one-third of the total area; and Group 3 

= Patients with low subjective glands visibility and an Image J gland drop-out 

percentage higher than one-third of the total area. This classification into groups is not 
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based on any previous criterion, but subjects were classified into groups to validate the 

method. However, the cut-off value of 1/3 of gland drop-out is similar to Arita’s scale 

(Arita et al., 2008). 

 

Fig. 9.4.1. Examples of the 3 meibography groups. From left to right: Group 1, 

Group 2 and Group 3. 

Once meibographies were classified into these 3 groups, they were analysed using 

the developed method based on the grey level intensity of pixels. Examiner was 

masked to the study group allocation of meibographies during image processing 

analysis. The present method was developed using Matlab© R2018a software 

(MathWorks, Natick, MA) as explained in Chapter 8.1 (García-Marqués et al., 2021a) 

for Keratograph 5M. Meibographies obtained with Cobra fundus camera were lighter 

than ones obtained with Keratograph 5M. Therefore, in this case, the method included 

a reduction of 50% in the brightness of the meibography to avoid pixels saturation in 

the image processing. 

Effect of scleral lenses on ocular surface symptoms, gland drop-out and visibility 

Out of 43 subjects, data from 29 of them (25.6 ± 11.03 years old, ranging from 18 

until 65 years) was available to assess the effect of scleral lens wear after one year. 

Thus, meibographies were again obtained and analysed with Image J and the 
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developed method to assess differences in meibomian gland drop-out and visibility 

after one year of scleral lens wear. Ocular surface symptoms were also assessed at 

baseline and after one year of scleral lens wear using the OSDI questionnaire. 

All volunteers were fitted with Senso MiniScleral lenses from Procornea (Eerbeek, 

The Netherlands) made of Boston XO material (DK 100 ISO/Fatt). Lenses were fitted by 

an experienced practitioner using a diagnostic fitting set. Other technical 

characteristics of the lenses and fitting procedure were previously described (Macedo-

de-Araújo, van der Worp and González-Méijome, 2018; Macedo-de-Araújo et al., 2019; 

Macedo-de-Araújo et al., 2020; Macedo-de-Araújo, van der Worp and González-

Méijome, 2020). The lens should align evenly with the conjunctival surface and vault 

the entire corneal surface and limbus. If the fit was not satisfactory, another diagnostic 

lens was applied. When the best diagnostic lens fitting was achieved, participants were 

asked to continue with the diagnostic lens for another 90 min and then to return for a 

new assessment and to perform over-refraction. After the final assessment, minor 

adjustments were made and the final lenses were ordered (Macedo-de-Araújo, van der 

Worp and González-Méijome, 2019). 

Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results were displayed as the mean ± SD and Shapiro-Wilk 

test was used to check the normality distribution for each group. 
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Differences between meibography groups for each metric were assessed using the 

Kruskal-Wallis test, while the Bonferroni test was used to evaluate the post-hoc 

differences between paired groups and p-values were shown according to the 

Bonferroni correction. A p-value less than 0.05 was defined as statistically significant. 

Correlations between each gland visibility metric and meibomian gland drop-out 

percentage were assessed by means of the Rho Spearman test; with the entire sample 

and after excluding group 2 from the analysis to not take into account the cases in 

which low visibility was not related to high gland drop-out. Thus, group 2 was excluded 

to further prove that not only was the method measuring gland drop-out, but it also 

measured the visibility of the glands. 

Since the method was semiautomatic, the repeatability of the method to calculate 

each metric was obtained by analyzing each meibography three times with the 

developed method. Sw, CoV and CoR were calculated to assess the repeatability of 

each new metric, as explained in Chapter 3 General Methodology. Finally, either paired 

t-test or Wilcoxon test were used to assess the effect of scleral lenses in meibomian 

glands and ocular surface symptoms after one year of wear. 

9.4.3 Results 

Validation of the method in Cobra fundus camera (CSO)  

The new method was applied to forty-three meibographies from the eyes of 43 

subjects. Twenty were female (46.5 %) and 23 male (53.5 %), while the mean age was 

34.2 ± 10.1 years (ranging from 18 to 65 years). From the total sample, 24 volunteers 
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were classified in group 1 (34.3 ± 12.0 years), 12 in group 2 (34.2 ± 7.1 years) and 7 in 

group 3 (34.0 ± 6.7 years). No statistically significant differences in age were found 

between groups (p = 0.998). Table 9.4.1 shows the main results obtained for each 

metric per group and the statistical comparison between them. The method 

performed properly in all meibographies.  

Table 9.4.1. Mean values for each group and comparison between them. 

 

(Where ROI: Region of Interest; SD: Standard Deviation; Group 1: Patients with good 

subjective gland visibility and gland drop-out less than one-third of the total 

Metric Group Mean±SD 
Significance level 

(p-value) 
Comparison between groups 

(p-value) 

Gland drop-out 
percentage (%) 

Group 1 25.51±7.09 

<0.001
1
*

 
1-2= 0.464 

1-3= <0.001* 
2-3= 0.004* 

Group 2 27.03±5.80 

Group 3 60.19±20.57 

Relative energy 

Group 1 0.34±0.07 

<0.001
1
* 

1-2= 0.008* 
1-3= <0.001* 

2-3= 0.522 
Group 2 0.24±0.05 

Group 3 0.12±0.10 

Energy 

Group 1 226.79±9.93 

<0.001
1
* 

1-2= 0.047* 
1-3= <0.001* 

2-3= 0.296 
Group 2 210.57±7.92 

Group 3 187.22±12.89 

SD Irregularity 

Group 1 0.28±0.08 

<0.001
1
* 

1-2= 0.006* 
1-3= <0.001* 

2-3= 0.573 
Group 2 0.17±0.05 

Group 3 0.09±0.10 

Mean ROI 
pixels intensity 

Group 1 95.77±14.30 

<0.001
1
* 

1-2= 0.006* 
1-3= <0.001* 

2-3= 0.573 
Group 2 77.03±9.62 

Group 3 49.07±21.85 

SD ROI  pixels 
intensity 

Group 1 81.67±5.99 

<0.001
1
* 

1-2= 0.012* 
1-3= <0.001* 

2-3= 0.600 
Group 2 72.74±6.95 

Group 3 53.69±15.62 

Median ROI  
pixels intensity 

Group 1 72.08±20.72 

<0.001
1
* 

1-2= 0.013* 
1-3= <0.001* 

2-3= 0.339 
Group 2 49.50±10.13 

Group 3 28.43±16.72 

Kurtosis 

Group 1 0.0107±0.0010 

<0.001
1
* 

1-2= 0.015* 
1-3= <0.001* 

2-3= 0.455 
Group 2 0.0120±0.0009 

Group 3 0.0167±0.0029 

Skewness 

Group 1 0.105±0.006 

<0.001
1
* 

1-2= 0.016* 
1-3= <0.001* 

2-3= 0.443 
Group 2 0.112±0.004 

Group 3 0.133±0.014 
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meibomian gland area; Group 2: Patients with low subjective gland visibility and gland 

drop-out less than one-third of the total meibomian gland area; Group 3: patients with 

low subjective gland visibility and gland drop-out higher than one-third of the total 

meibomian gland area; 1Kruskal-Wallis Test; *Statistically significant values) 

Meibomian gland visibility metrics did not reveal statistically significant differences 

in gland drop-out percentage between groups 1 and 2. Nevertheless, meibographies of 

group 1 showed higher grey pixel intensity values than the other groups, which is 

reflected in relative energy, energy, SD irregularity, mean, SD, median, kurtosis and 

skewness. This suggests that the method can distinguish between different types of 

meibographies. 

Statistically significant correlations were found between the meibomian gland 

visibility metrics, based on grey level intensity pixels of meibographies, and gland drop-

out percentage with the entire sample and after excluding group 2 (Table 9.4.2). 

Moreover, correlations were stronger after excluding group 2. Group 2 was excluded 

from the analysis to further prove that the software was not only measuring gland 

drop-out, but also able to detect differences in gland visibility. 

All metrics showed moderate-acceptable repeatability since Sw and CoR values 

were low and the variability between the three measurements was not high, CoV 

achieving values between 0.52 and 3.18 (Table 9.4.3). 
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Table 9.4.2. Rho Spearman correlations between the developed metrics based on grey 

intensity pixels of meibographies and gland drop-out percentage with the entire 

sample and after excluding group 2. 

Metric Groups 
Spearman’s correlation 

coefficient (r) 
Significance level (p-value) 

Relative energy 
All the sample -0.606 <0.001* 

Without group 2 -0.682 <0.001* 

Energy 
All the sample -0.564 <0.001* 

Without group 2 -0.602 <0.001* 

SD Irregularity 
All the sample -0.589 <0.001* 

Without group 2 -0.663 <0.001* 

Mean ROI pixels intensity 
All the sample -0.594 <0.001* 

Without group 2 -0.674 <0.001* 

SD ROI pixels intensity 
All the sample -0.502 0.001* 

Without group 2 -0.538 0.002* 

Median ROI pixels intensity 
All the sample -0.620 <0.001* 

Without group 2 -0.714 <0.001* 

Kurtosis 
All the sample 0.605 <0.001* 

Without group 2 0.674 <0.001* 

Skewness 
All the sample 0.603 <0.001* 

Without group 2 0.668 <0.001* 

(Where ROI: Region of Interest; SD: Standard Deviation; Group 2: Patients with low 

subjective gland visibility and gland drop-out less than one-third of the total 

meibomian gland area; *Statistically significant values) 

Table 9.4.3. Repeatability of each metric. 

Metric Sw CoR CoV (%) 

Relative energy 0.006 0.017 2.04 

Energy 1.35 3.74 0.63 

SD Irregularity 0.006 0.017 2.63 

Mean ROI pixels intensity 1.29 3.56 1.46 

SD ROI pixels intensity 0.54 1.5 0.70 

Median ROI pixels intensity 2.04 5.65 3.18 

Kurtosis 0.00012 0.0003 1.02 

Skewness 0.0006 0.002 0.52 

(Where CoR: Repeatability Coefficient; CoV: Coefficient of Variation; ROI: Region of 

Interest; SD: Standard Deviation; Sw: Within-subject standard deviation) 
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Differences in ocular surface symptoms and meibomian glands after 1 year of 

scleral lens wear 

Twenty-nine subjects were fitted with scleral lenses and meibographies were 

assessed at baseline and after one year of scleral lens wear. The mean age was 25.6 ± 

11.03, ranging from 18 to 65 years old. Fifteen were female (51.7 %) and fourteen 

were male (48.3 %). One eye of each patient was randomly chosen for the meibomian 

gland evaluation before fitting and 1 year after lens wear:  Eighteen eyes had 

keratoconus (62.1%), four eyes with healthy cornea but high refractive error (13.8 %), 

four eyes had undergone penetrating keratoplasty (13.8 %) and three eyes had post-

Laser Assisted In-Situ Keratomileusis ectasia (10.3 %). 

No statistically significant differences were found in meibomian gland drop-out 

percentage and gland visibility metrics between baseline and after one year of scleral 

lens wear (Table 9.4.4). Nevertheless, an average improvement in OSDI of 24.5 was 

found after one year of scleral lens wear. Thus, this might suggest that scleral lens 

wear appears to not adversely affect the meibomian gland drop-out and visibility while 

promoting comfortable wear. 
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Table 9.4.4. Comparison of OSDI, gland drop-out and gland visibility in baseline and 

after one year of scleral lens fitting. 

Metric Groups Mean±SD Significance level (p-value) 

Gland drop-out percentage (%) 
Pre 29.29±12.10 

0.157
2 

Post 30.44±11.84 

Relative energy 
Pre 0.30±0.10 

0.525
1 

Post 0.29±0.10 

Energy 
Pre 213.88±12.73 

0.217
1
 

Post 211.05±12.59 

SD Irregularity 
Pre 0.25±0.10 

0.411
1
 

Post 0.23±0.09 

Mean ROI pixels intensity 
Pre 89.09±19.82 

0.369
1
 

Post 85.12±20.34 

SD ROI pixels intensity 
Pre 78.13±10.54 

0.539
2
 

Post 76.57±9.70 

Median ROI pixels intensity 
Pre 64.62±23.93 

0.539
1
 

Post 60.97±25.84 

Kurtosis 
Pre 0.0114±0.0020 

0.539
2
 

Post 0.0117±0.0022 

Skewness 
Pre 0.108±0.010 

0.569
2
 

Post 0.109±0.010 

OSDI 
Pre 50.17±22.40 

<0.001
2
*

 

Post 25.69±14.34 

(Where OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: Standard 

Deviation; 1Paired T-test; 2Wilcoxon Test; *Statistically significant values) 

9.4.4 Discussion 

Validation of the method in Cobra fundus camera (CSO) 

In the present study, an objective, semiautomatic method based on the analysis of 

the visibility of meibomian glands, which was previously developed for Keratograph 

5M, was validated for a commercial fundus camera. Meibomian gland visibility 

assessment could be relevant because the link between gland drop-out and gland 

function is not clear (Llorens-Quintana et al., 2019b). 
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The results in this study were similar to those found in Chapter 8.1 (García-

Marqués et al., 2021a) in the Keratograph 5M, suggesting that the method is not 

instrument-dependent. The only modification performed was a reduction of 50% in 

the brightness of the meibography to avoid pixels saturation since meibographies 

obtained with the Cobra fundus camera were lighter. As in Chapter 8.1 (García-

Marqués et al., 2021a), results showed lower pixel intensity values for group 2, which 

had lower gland visibility than group 1 but similar gland drop-out. This evidences that 

the method was not only able to detect gland drop-out, but it can also objectively 

assess meibomian gland visibility. Moreover, this was even more evident when 

correlations between gland visibility metrics and gland drop-out percentage were 

stronger after excluding group 2 from the analysis. As reported in Chapter 8.1.2 

(García-Marqués et al., 2021c), gland visibility metrics had higher diagnostic ability 

than current metrics such as meibomian gland drop-out and were correlated with 

different ocular surface metrics. 

Despite the method being semiautomatic - since the region of interest of glands 

needs to be manually delimited -, repeatability of gland visibility metrics showed to be 

moderate-acceptable because Sw, CoR and CoV indicate good repeatability when its 

values are near zero (Bland and Altman, 2010; Cerviño et al., 2015; Martínez-Albert et 

al., 2018; McAlinden, Khadka and Pesudovs, 2015). 

Effect of scleral lenses on ocular surface symptoms, gland drop-out and visibility 

Visual rehabilitation of subjects with irregular corneas is usually achieved with 

scleral lenses. Both eyelids and the tear film interact directly with scleral lenses and 
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they might be affected by scleral lens wear (Walker, Schornack and Vincent, 2021). For 

instance, changes in meibomian gland secretion could increase deposits on the 

anterior surface of scleral lenses (Walker, Schornack and Vincent, 2021). Also, scleral 

lenses might increase the mechanical interaction with the tarsal structures on 

repeated blinking due to the thickness and space that occupy. However, few studies 

assessed the effect of scleral lenses on the tear film and meibomian glands (Romero-

Rangel et al., 2000; La Porta Weber et al., 2016; Walker, Schornack and Vincent, 2021). 

The sample of this study represented irregular corneas, except for four of them. Since 

scleral lenses are usually fitted in subjects with irregular corneas, who are more likely 

to suffer from DED (Carracedo et al., 2014; Mostovoy et al., 2018; Mohamed-Mostafa 

et al., 2019), assessing the effect of these lenses on meibomian glands is vital. Thus, a 

recent review confirmed that there is a need for prospective evaluation of meibomian 

gland appearance and function during scleral lens wear (Walker, Schornack and 

Vincent, 2021). 

To my knowledge, only one study (La Porta Weber et al., 2016) attempted to 

measure some features related to meibomian glands after scleral lens wearing. The 

authors did not find statistically significant differences in meibum expression after 1 

year of scleral lens wear in moderate-severe DED subjects. These results are aligned 

with ones found in the present study since no statistically significant differences were 

found in meibomian gland drop-out and meibomian gland visibility after one year of 

scleral lens wearing. This is the first study evaluating the effect of scleral lenses on the 

structural aspects of MGD evaluated objectively. 
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Regarding ocular surface symptoms, it was already shown that scleral lenses can 

improve OSDI scores compared to other treatment options and that this improvement 

was maintained over 12 months of lens wear (Macedo-de-Araújo et al., 2019). In the 

present study a clinically and statistically significant reduction from 50.17 ± 22.40 to 

25.69 ± 14.34 was found between Baseline (prior scleral lens fitting) and after 1 year of 

scleral lens wear (p < 0.001). Furthermore, these results are also in agreement with 

previous studies that claimed that tear film stability, tear film volume, tear film 

osmolarity, dry eye symptoms, tear film temperature and volume are not altered or 

are even improved after scleral lens fitting (Romero-Rangel et al., 2000; La Porta 

Weber et al., 2016; Walker, Schornack and Vincent, 2021). 

The present study had some limitations that must be taken into accounts such as 

the sample size and the lack of a control group. No control group was included in the 

study and results were only compared with the baseline. Three cases could have 

happened if a control group was included. First, no differences in the control and 

scleral lens group would mean that scleral lens did not affect positively and negatively 

meibomian glands. Second, the control group showed a negative impact on 

meibomian glands whilst the scleral group did not show changes would mean that 

scleral lenses prevent the alteration of meibomian glands. Third, the control group 

improved meibomian glands while the scleral lens group did not show changes would 

mean that scleral lenses negatively impacted meibomian glands. Nonetheless, this last 

case might be improbable since it is not expected that meibomian glands improved in 

the control group without any treatment. 
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As there is no control group, it cannot be concluded whether the meibomian 

glands improved after scleral lens wear. Nevertheless, what it can be claimed is that 

scleral lenses did not affect negatively the structure and visibility of meibomian glands. 

Future research with a larger sample, with a longer follow-up and with a control group 

would be required in aged subjects in order to confirm these findings. This work 

represents the first step in the study of meibomian glands linked to scleral lens wear 

and further studies with a control group should confirm these preliminary results. In 

any case, the results of the present study allow a hypothesis to be built for testing in 

future studies. 

Another limitation was that this study focused on the anatomical characteristics of 

meibomian glands rather than their function. Nevertheless, it has been previously 

reported (in Chapter 8.1.2) that meibomian gland visibility is correlated with gland 

expressiveness, tear film stability, TMH and bulbar redness (García-Marqués et al., 

2021c). Moreover, in this study, the DED status was not taken into account. The 

procedure was semiautomatic since the clinician still has to manually eliminate the 

reflexes and delineate the region of interest of glands. However, despite it being 

semiautomatic, repeatability was moderate-acceptable. Besides, this study was only 

focused on meibographies of the upper eyelids because it was easier to capture a 

uniformly focused image of the tarsal plate (Koh et al., 2012). 

Overall, the new method based on grey level intensity pixels of meibographies is 

also able to assess meibomian gland visibility in an objective and repeatable way in the 

Cobra fundus camera. This might suggest that the method is not instrument-specific. 
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Moreover, gland visibility metrics might help to assess the follow-up of meibomian 

glands after scleral lens wear. The present work adds valuable information regarding 

the effect of scleral lenses on meibomian gland drop-out and visibility. Scleral lens 

wear appears to not adversely affect meibomian gland drop-out and visibility while 

promoting comfortable wear and might improve dry eye symptoms after one year of 

lens wear. All of this may suggest that scleral lenses are not only preferable for visual 

rehabilitation of subjects with irregular cornea (86.2 % of the sample) but might also 

benefit their ocular surface comfort as these patients may be predisposed to DED and 

MGD. Further studies are needed to confirm this preliminary results with a control 

group and to assess the effect of scleral lenses on meibomian glands depending on 

DED diagnosis, in different age groups and with longer follow-up periods. 
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9.5 THE EFFECTS OF SOFT CONTACT LENS WEAR ON THE TEAR FILM AND MEIBOMIAN 

GLAND DROP-OUT AND VISIBILITY 

Due to the effect of contact lenses on the tear film and the ocular surface (Korb, 

Greiner and Glonek, 1996), in this chapter, the effect of soft contact lens wear and 

duration on the tear film and meibomian glands will be assessed. Thus, the method 

developed in the Chapter 8.1 will be applied to soft contact lens wearers to assess the 

meibomian gland drop-out and visibility. Likewise, it will be studied whether this new 

method based on the analysis of the visibility of meibomian glands is able to assess 

changes in glands between contact lens wearers and non-wearers. 

9.5.1 Introduction 

As explained in Chapter 1 Introduction, contact lens use has been acknowledged as 

a consistent risk factor for DED according to the TFOS DEWS II Epidemiology Report 

(Stapleton et al., 2017). The alteration of meibomian glands is a possible cause of 

contact lens-related dry eye (Arita et al., 2009a; Pucker and Tichenor, 2020). Some 

studies have assessed the effects of contact lens wear on meibomian glands and have 

reported lid margin abnormalities, gland obstruction, meibum abnormalities, and 

morphological and functional alterations of meibomian glands with contact lens wear, 

consequently leading to an increase in ocular symptoms (Korb and Henriquez, 1980; 

Henriquez and Korb, 1981; Arita et al., 2009a; Machalińska et al., 2015; Alghamdi et al., 

2016; Arita, Fukuoka and Morishige, 2017d). Nevertheless, other studies have found 
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no association between contact lens wear and meibomian glands (Marren, 1994; Ong, 

1996; Schaumberg et al., 2011; Nichols et al., 2013a).  

Likewise, the association between MGD and contact lens wear is still controversial 

and demonstrating a relationship between contact lens discomfort and MGD is 

challenging (Ong, 1996; Nichols et al., 2013a; Machalińska et al., 2015; Arita, Fukuoka 

and Morishige, 2017d; Pucker et al., 2019b). In this way, the effect of contact lenses on 

meibomian glands, the tear film and the ocular surface is still unclear and some 

controversy remains. Moreover, it is not completely clear how the duration of contact 

lens wear impacts the ocular surface (Dumbleton et al., 2013a; Stapleton et al., 2017; 

Pucker et al., 2019b). Overall, further studies are required to clarify this topic 

(Dumbleton et al., 2013a; Stapleton et al., 2017; Kojima, 2018).  

A new objective image-based method based on the visibility of meibomian glands 

has been developed in Chapter 8.1 (García-Marqués et al., 2021a). Gland visibility has 

been proven to be used as a feature to aid in meibomian gland assessment. This 

method is based on the analysis of the grey intensity pixels of meibographies. As 

meibomian glands are lighter than the background, visibility is defined as the grade in 

which meibomian glands are seen, being low in individuals with high gland drop-out 

since glands have lost totally their visibility. Nevertheless, it has been demonstrated in 

Chapter 8.1.1 that meibomian gland visibility is not the same as meibomian gland 

drop-out since the authors of a recent study found different gland visibilities in groups 

with similar gland drop-out (García-Marqués et al., 2021a). Thus, not only are gland 
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visibility metrics useful in detecting gland drop-out, but they also grade the level of 

gland visibility in individuals that have similar gland drop-out.  

As found in Chaper 8.1.2, gland visibility metrics are significantly correlated with 

gland expressibility, tear film stability, tear meniscus and bulbar redness (García-

Marqués et al., 2021c). Moreover, in Chapter 8.1.2 (García-Marqués et al., 2021c), it 

was also found that meibomian gland visibility metrics have good diagnostic capability 

to diagnose MGD, being higher than current diagnostic metrics such as meibomian 

gland drop-out. The present study goes one step further by analyzing, for the first 

time, the effect of soft contact lenses on meibomian gland visibility. It is hypothesized 

that these new metrics could be used as an objective and complementary tool to 

assess the effect of contact lenses on meibomian glands. 

Due to the effect of contact lenses on the tear film and the ocular surface (Korb, 

Greiner and Glonek, 1996), the relevance of the tear film in contact lens fitting (Foulks 

et al., 2013) and the controversy found in the effect of contact lenses on meibomian 

glands (Dumbleton et al., 2013a; Stapleton et al., 2017; Pucker et al., 2019b), the 

present study aims to assess the effect of soft contact lens wear and duration on 

meibomian glands, the tear film and ocular surface parameters. Furthermore, it will be 

studied whether a new method based on the analysis of the visibility of meibomian 

glands is able to assess changes in glands between contact lens wearers and non-

wearers. 
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9.5.2 Methodology 

Thirty healthy, non-contact lens wearers ranging in age between 18 to 30 years 

(22.5 ± 2.3 years) and twenty-four healthy, long-term soft contact lens wearers, with a 

duration of contact lens wear of at least 3 years, and ranging in age between 19 to 27 

years (23.8 ± 2.2) participated in this study. Participants who had never worn contact 

lenses made up the control group. No exclusion based on the tear film or meibomian 

gland parameters was made to assess different ocular surface and tear film status. 

Participants with ocular surface complications in the last 6 months were excluded from 

the study (Uçakhan and Arslanturk-Eren, 2019). Contact lens wearers were instructed 

to remove their contact lenses on the night before the study and to attend the visit 

without wearing their contact lenses (Machalińska et al., 2015; Pucker et al., 2015; 

Alghamdi et al., 2016; Uçakhan and Arslanturk-Eren, 2019; Harbiyeli et al., 2022). Only 

the right eye of each participant was assessed to avoid data bias (Arita et al., 2009a; 

Harbiyeli et al., 2022). The study was carried out following the tenets of the 

Declaration of Helsinki and was approved by the Ethics Committee of the University of 

Valencia. Written consent from each participant was obtained after a verbal 

explanation of the protocol, nature and possible consequences of the study. 

Measurements 

The ocular surface of participants was assessed using the Oculus Keratograph 5M 

(K5 M; Oculus GmbH, Wetzlar, Germany) by the same experienced examiner within a 

single visit, as explained in Chapter 3 General Methodology. Examiner was masked as 

to the group each participant belonged to. Measurements were performed following 
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the guidelines of the TFOS DEWS II Diagnostic Methodology Report, to avoid the 

destabilization of the tear film, in the following order (Wolffsohn et al., 2017): OSDI, 

DEQ-5, total bulbar redness, TMH, NIKBUT and upper eyelid meibography. All 

measurements were performed at the same time of the day to avoid the influence of 

diurnal variations (Gu et al., 2020a) and the temperature and humidity of the room 

were maintained at 24.4 ± 1.5 °C and 44.8 ± 4.3 %, respectively. 

Contact lens users were surveyed on their wearing habits, including years of 

contact lens wear and days per week and hours per day of contact lens wear on 

average. The hours of contact lens wear per week was calculated by multiplying days 

per week and hours per day. 

Meibomian gland visibility was assessed using the validated method in Chapter 8.1 

(Figure 9.5.1) (García-Marqués et al., 2021a; García-Marqués et al., 2021c). The 

mentioned method was developed using Matlab© R2018a software (MathWorks, 

Natick, MA) and different metrics based on the grey level intensity of pixel of 

meibographies were calculated: Relative energy, energy, entropy, SD irregularity, 

mean pixels intensity, SD pixels intensity, median pixels intensity, kurtosis and 

skewness. Further details on these parameters and their rationale can be found in 

Chapter 8.1 (García-Marqués et al., 2021a; García-Marqués et al., 2021c). Examiner 

was masked to the study group allocation of meibographies during analysis. 
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Fig. 9.5.1. Meibography without image processing (top left), meibography after image 

processing (top right) and histogram of grey level intensity pixels of the processed 

meibography (down). 

Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results are shown as the mean ± SD. Normality distribution 

for each group and the total sample were assessed through the Shapiro-Wilk test. 

Differences in ocular surface parameters between groups (contact lens wearers and 

controls) were assessed by means of T-Test for independent samples or Mann-

Whitney U test, depending on sample distribution. Sex differences between groups 

were evaluated using the Chi-square test. Moreover, participants with a gland drop-

out higher than one-third of the total meibomian gland area (Arita et al., 2008) were 
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excluded from the analysis to prove whether differences in gland visibility metrics 

were a consequence of gland drop-out. 

Furthermore, univariate logistic regression was initially performed to identify 

potential predictors of contact lens wear. Parameters with a p-value less than 0.15 

were incorporated into the multivariate logistic regression analysis (Wang et al., 2020; 

Wang et al., 2021). Collinearity assumption was checked among variables. In the case 

that some variables achieved a p-value < 0.15 but did not follow the assumption of 

collinearity, the parameter with the lowest p-value was included in the multivariate 

logistic regression analysis. 

Correlations between ocular surface signs and symptoms and hours of contact 

lens use per week and years of contact lens use were analyzed using Pearson or Rho 

Spearman correlations for the contact lens group.  

Contact lens group was also divided into two groups depending on the years of 

contact lens wear and the hours of contact lens use per week. The median value was 

used as the cut-off value to divide the sample into two groups. The cut-off value for 

years of contact lens wear was 8 years, and the cut-off value for hours of contact lens 

use per week was 60 hours. Differences in ocular surface parameters between groups 

(high use of contact lenses or low use of contact lenses) were assessed by means of T-

Test for independent samples or Mann-Whitney U test, depending on sample 

distribution. Sex differences between groups were evaluated using the Chi-square test. 

Finally, binomial logistic regression was performed to assess the predictability of ocular 
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surface parameters to the duration of contact lens use. A p-value less than 0.05 was 

defined as statistically significant. 

9.5.3 Results 

Thirty non-contact lens wearers (21 females and 9 males) and twenty-four long-

term soft contact lens wearers (14 females and 10 males) were assessed in the present 

study. Mean age was 22.5 ± 2.3 years (ranging from 18 to 30 years old) and 23.8 ± 2.2 

years (ranging from 19 to 27 years old) for the control and contact lens groups, 

respectively. No statistically significant differences in age or sex were found between 

groups (p = 0.254 and p = 0.650, respectively). 

Differences between contact lens and non-contact lens wearers 

 Table 9.5.1 shows the main results obtained for each group. The contact lens 

group showed statistically and clinically higher gland drop-out and lower values in 

gland visibility metrics, except for SD irregularity and SD of ROI grey pixels intensity. 

Nevertheless, contact lens use had no impact on dry eye symptoms, TMH, bulbar 

redness and NIKBUT (p > 0.005). 
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Table 9.5.1. Mean values for each group and comparison between them. 

 (Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: 

Standard Deviation; TMH: Tear Meniscus Height; 1T-Test.; 2Mann-Whitney U test; 

*Statistically significant values) 

Differences between groups without participants with high gland drop-out 

Twelve participants in the contact lens group and two in the control group had a 

gland drop-out higher than one third. The Chi-square test revealed that the proportion 

of participants with high gland drop-out was higher in the contact lens group than in 

the control (p = 0.008). No statistically significant differences were found in age 

between groups (p = 0.241). 

Table 9.5.2 shows the mean values for each group and the comparison between 

them after excluding participants with high gland drop-out. No statistically significant 

Metric 
Control group 

(Mean±SD) 

Contact lens group 

(Mean±SD) 

Significance level 

 (p-value) 

OSDI 14.89±12.62 18.30±16.70 0.978
2 

DEQ-5 6.21±5.10 7.14±4.41 0.687
1 

TMH (mm) 0.22±0.053 0.20±0.07 0.292
1
 

Bulbar redness 0.50±0.24 0.60±0.26 0.381
2
 

NIKBUT (seconds) 14.87±8.01 16.87±8.47 0.526
2
 

Drop-out percentage (%) 25.50±6.77 37.74±11.42 <0.001
1
* 

Relative energy 0.38±0.06 0.30±0.09 <0.001
1
* 

Energy 245.07±4.93 238.60±7.32 0.012
1
* 

Entropy 3.8 x 10
-5

±9.2 x 10
-6

 4.6 x 10
-5

±1.0 x 10
-5

 0.022
2
* 

SD Irregularity 0.28±0.07 0.23±0.08 0.069
1
 

Mean ROI pixels intensity 109.39±11.76 95.66±17.25 0.004
1
* 

SD ROI pixels intensity 76.43±5.72 74.36±8.41 0.283
1
 

Median ROI pixels intensity 92.36±17.84 72.17±21.43 <0.001
1
* 

Kurtosis 0.0103±0.0006 0.0116±0.019 0.001
1
* 

Skewness 0.103±0.004 0.109±0.009 0.001
1
* 
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differences were found between groups in any parameter (p > 0.05), suggesting that 

differences in gland visibility between groups were due to the higher gland drop-out in 

contact lens wearers. 

Table 9.5.2. Mean values for the control and the contact lens groups and comparison 

between them after excluding participants with a gland-out higher than one-third of 

the total meibomian gland area. 

Metric 
Control group 

(Mean±SD) 

Contact lens group 

(Mean±SD) 

Significance level 

 (p-value) 

Age (years) 22.5 ± 2.4 23.7 ± 3.1 0.241
1 

OSDI 14.90±12.62 10.03±9.35 0.398
2 

DEQ-5 6.21±5.10 4.75±3.59 0.602
1
 

TMH (mm) 0.22±0.05 0.18±0.06 0.109
1
 

Bulbar redness 0.50±0.23 0.53±0.0.22 0.752
1
 

NIKBUT (seconds) 14.28±8.06 13.94±9.27 0.887
2
 

Drop-out percentage (%) 24.52±6.11 28.82±4.86 0.124
1
 

Relative energy 0.39±0.60 0.36±0.67 0.313
1
 

Energy 245.02±5.15 242.98±9.70 0.482
1
 

Entropy 4.5 x 10
-5

±9.6 x 10
-6

 4.3 x 10
-5

±8.2 x 10
-6

 0.606
1
 

SD Irregularity 0.28±0.08 0.27±0.08 0.670
1
 

Mean ROI pixels intensity 109.85±12.17 104.65±13.67 0.371
1
 

SD ROI pixels intensity 76.13±5.76 76.56±6.51 0.874
1
 

Median ROI pixels intensity 93.70±17.90 85.00±19.81 0.308
1
 

Kurtosis 0.0102±0.0006 0.0107±0.0012 0.216
1
 

Skewness 0.103±0.003 0.105±0.005 0.249
1
 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: 

Standard Deviation; TMH: Tear Meniscus Height; 1T-Test; 2Mann-Whitney U test) 

Binomial logistic regression 

Table 9.5.3 shows the univariate and multivariate-adjusted logistic regression 

analysis, along with the odds ratios of contact lens use for each parameter. Univariate 
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logistic regression identified the following parameters as potential predictors of 

contact lens wear: gland drop-out, relative energy, energy, entropy, SD irregularity, 

mean pixels intensity, median pixels intensity, kurtosis and skewness. The interaction 

between them in the multivariate logistic regression revealed that gland drop-out 

percentage was independently associated with the use of contact lenses (p = 0.006). 

When gland drop-out was excluded from the analysis (Table 9.5.4), relative energy 

showed an independent association with contact lens wear (p = 0.005). 

Table 9.5.3. Univariate and multivariate logistic regressions and odds ratios of contact 

lens wear for demographic and clinical characteristics. 

Characteristic 
Univariate logistic regression Multivariate logistic regression 

Odd ratio Lower CI  Upper CI p-value Odd ratio Lower CI  Upper CI p-value 

Age 1.054 0.995 1.029 0.284     

Sex 1.050 0.164 6.724 0.959     

OSDI 1.018 0.960 1.080 0.553     

DEQ-5 1.043 0.860 1.264 0.669     

TMH (mm) 0.001 0.000 326.650 0.284     

Bulbar redness 4.779 0.274 83.313 0.283     

NIKBUT (seconds) 1.032 0.945 1.127 0.486     

Drop-out percentage (%) 1.203 1.051 1.376 0.007* 1.207 1.053 1.382 0.006* 

Relative energy 0.000 0.000 0.029 0.013* 0.000 0.000 5.235 0.521 

Energy 0.829 0.823 1.049 0.029*     

Entropy 1.182 1.094 2.084 0.015* 1.152 1.052 1.810 0.282 

SD Irregularity 0.000 0.000 3.321 0.081     

Mean ROI pixels intensity 0.927 0.869 0.989 0.022*     

SD ROI pixels intensity 0.954 0.860 1.058 0.375     

Median ROI pixels intensity 0.944 0.902 0.988 0.014*     

Kurtosis 1.782 1.098 8.698 0.022*     

Skewness 1.487 1.424 1.553 0.024*     

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: 

Standard Deviation; TMH: Tear Meniscus Height; CI: 95 % Confidence Interval; 
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*Statistically significant values; Bold: Variables included in the multivariate analysis (p 

< 0.15)) 

Table 9.5.4. Multivariate logistic regressions and odds ratios of contact lens use after 

excluding gland drop-out percentage. 

 
Multivariate logistic regression 

 Odd ratio Lower CI Upper CI p-value 

Relative energy 0.000 0.000 0.021 0.005* 

Entropy 1.224 1.119 1.523 0.213 

(Where CI: 95 % Confidence Interval. *Statistically significant values) 

Relationship between ocular surface parameters and duration of contact lens wear 

Table 9.5.5 shows the correlations between ocular surface parameters and hours 

of contact lens wear per week and years of contact lens wear, respectively. Statistically 

significant correlations were found between hours of contact lens wear and DEQ-5 

score, TMH and entropy of grey pixels intensity. Likewise, years of contact lens wear 

was positively correlated with the entropy of grey pixels intensity and negatively with 

NIKBUT. No other significant correlation was found with other ocular surface 

parameters. 
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Table 9.5.5. Correlations between ocular surface parameters and hours of contact lens 

wear per week and years of contact lens wear. 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: 

Standard Deviation; TMH: Tear Meniscus Height; 1Pearson coefficient; 2Spearman 

coefficient; *Statistically significant values) 

 Metric Correlation coefficient (r) 
Significance level 

(p-value) 

Hours of contact lens 

use per week 

OSDI 0.292 0.111
2 

DEQ-5 0.387 0.031
1
* 

TMH (mm) -0.357 0.049
2
* 

Bulbar redness 0.182 0.328
1
 

NIKBUT (seconds) -0.254 0.169
2
 

Drop-out percentage (%) 0.053 0.778
1
 

Relative energy -0.203 0.274
1
 

Energy -0.176 0.345
2
 

Entropy 0.436 0.014
2
* 

SD Irregularity -0.213 0.251
1
 

Mean ROI pixels intensity -0.235 0.203
1
 

SD ROI pixels intensity -0.272 0.138
1
 

Median ROI pixels intensity -0.212 0.253
1
 

Kurtosis 0.254 0.168
1
 

Skewness 0.248 0.179
1
 

Years wearing 

contact lenses 

OSDI 0.269 0.144
2
 

DEQ-5 0.089 0.635
2
 

TMH (mm) -0.069 0.710
2
 

Bulbar redness 0.038 0.838
2
 

NIKBUT (seconds) -0.355 0.045
2
* 

Drop-out percentage (%) 0.037 0.842
2
 

Relative energy -0.073 0.697
2
 

Energy -0.210 0.258
2
 

Entropy 0.382 0.034
2
* 

SD Irregularity -0.116 0.533
2
 

Mean ROI pixels intensity -0.120 0.521
2
 

SD ROI pixels intensity -0.161 0.387
2
 

Median ROI pixels intensity -0.008 0.965
2
 

Kurtosis 0.016 0.934
2
 

Skewness 0.032 0.865
2
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Participants were also classified depending on the years of contact lens wear 

(Table 9.5.6). Twelve participants (7 females and 5 males) were classified into the 

group of contact lens wear < 60 hours per week and twelve (7 females and 5 males) in 

the group of contact lens wear ≥ 60 hours per week. Mean age was 23.6 ± 2.2 and 23.9 

± 2.4 years old for participants wearing contact lenses < 60 hours per week and ≥ 60 

hours per week, respectively (p = 0.720). Moreover, eleven participants (6 females and 

5 males) were classified into the group of contact lens wear < 8 years and thirteen (8 

females and 5 males) in the group of contact lens wear ≥ 8 years. Mean age was 23.4 ± 

2.4 and 24.0 ± 2.3 years old for participants wearing contact lenses < 8 years and ≥ 8 

years, respectively (p = 0.654). The Chi-square test did not reveal statistically 

significant differences in sex between groups for hours per week (p = 0.685) and years 

of contact lens wear (p = 0.625). 

Participants wearing contact lenses for more hours per week showed higher DEQ-

5 and entropy values; whilst participants wearing contact lenses more years had higher 

OSDI and entropy and lower NIKBUT. No statistically significant differences were found 

for the rest of the parameters assessed. 
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Table 9.5.6. Comparison of ocular surface parameters depending on hours of contact 

lens wear per week and years of contact lens wear. 

Metric 
< 60 hours per week 

(Mean±SD) 

≥ 60 hours per week 

(Mean±SD) 

Significance level 

(p-value) 

Weekly hours wearing contact 

lenses 
29.07±17.24 77.19±13.00 <0.001

2
* 

OSDI 12.87±10.84 19.89±21.03 0.423
2
 

DEQ-5 5.27±3.51 8.31±3.59 0.028
1
* 

TMH (mm) 0.22±0.06 0.18±0.06 0.167
1
 

Bulbar redness 0.62±0.27 0.65±0.34 0.758
1
 

NIKBUT (seconds) 16.58±5.50 15.03±5.27 0.379
2
 

Drop-out percentage (%) 35.10±9.39 37.40±10.24 0.095
1
 

Relative energy 0.34±0.06 0.30±0.08 0.105
1
 

Energy 239.04±2.93 237.47±5.12 0.626
2
 

Entropy 3.8 x 10
-5

±6.0 x 10
-6

 4.6 x 10
-5

±1.2 x 10
-5

 0.027
2
* 

SD Irregularity 0.23±0.08 0.21±0.09 0.142
1
 

Mean ROI pixels intensity 99.00±11.70 90.91±15.32 0.108
1
 

SD ROI pixels intensity 74.91±6.03 74.50±5.35 0.251
1
 

Median ROI pixels intensity 78.69±16.74 70.67±23.14 0.082
1
 

Kurtosis 0.0113±0.0018 0.0116±0.0019 0.051
1
 

Skewness 0.106±0.004 0.109±0.008 0.057
1
 

Metric 
< 8 years of contact 

lens wear (Mean±SD) 

≥ 8 years of contact 

lens wear (Mean±SD) 

Significance level 

(p-value) 

Years wearing contact lenses 5.0±1.0 11.9±2.5 <0.001
1
* 

OSDI 18.60±17.86 26.35±13.85 0.048
2
* 

DEQ-5 7.57±2.85 7.88±4.53 0.852
1
 

TMH (mm) 0.20±0.09 0.19±0.07 0.544
2
 

Bulbar redness 0.62±0.27 0.65±0.34 0.732
1
 

NIKBUT (seconds) 17.00±6.10 10.07±2.42 0.008
1
* 

Drop-out percentage (%) 36.68±10.73 37.62±10.83 0.729
1
 

Relative energy 0.30±0.08 0.29±0.07 0.728
1
 

Energy 238.49±3.06 238.02±5.29 0.570
2
 

Entropy 3.9 x 10
-5

±1.0 x 10
-5 

4.6 x 10
-5

±1.0 x 10
-5 

0.039
2
* 

SD Irregularity 0.23±0.09 0.21±0.09 0.523
1
 

Mean ROI pixels intensity 96.26±17.75 94.12±16.72 0.679
1
 

SD ROI pixels intensity 76.30±7.67 73.25±6.93 0.450
1
 

Median ROI pixels intensity 75.29±23.24 70.65±19.31 0.832
1
 

Kurtosis 0.0116±0.0018 0.0116±0.0019 0.940
1
 

Skewness 0.109±0.008 0.109±0.009 0.897
1
 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: 
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Standard Deviation; TMH: Tear Meniscus Height; 1T-Test; 2Mann-Whitney U test; 

*Statistically significant values) 

Table 9.5.7 shows the univariate and multivariate-adjusted logistic regression 

analysis, along with the odds ratios of ≥ 60 hours of contact lens use per week and ≥ 8 

years of contact lens use. Univariate logistic regression identified the following 

parameters as potential predictors of ≥ 60 hours of contact lens use per week: DEQ-5, 

gland drop-out percentage, relative energy, entropy, SD irregularity, mean pixels 

intensity, median pixels intensity, kurtosis and skewness. The interaction between 

them in the multivariate logistic regression revealed that DEQ-5 and entropy were 

independently associated with the use of contact lenses ≥ 60 hours per week (p < 

0.029). 

Univariate logistic regression identified the following parameters as potential 

predictors of ≥ 8 years of contact lens use: OSDI, NIKBUT and entropy. The interaction 

between them in the multivariate logistic regression revealed that NIKBUT was 

independently associated with the use of contact lenses ≥ 8 years (p = 0.030). 
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Table 9.5.7. Univariate and multivariate logistic regressions and odds ratios of contact 

lens use ≥ 60 hours per week and of contact lens use ≥ 8 years for demographic and 

clinical characteristics. 

Contact lens use ≥ 60 hours 

Characteristic 
Univariate logistic regression Multivariate logistic regression 

Odd ratio Lower CI  Upper CI p-value Odd ratio Lower CI  Upper CI p-value 

Age 1.074 0.894 1.292 0.446     

Sex 1.818 0.350 9.455 0.477     

OSDI 1.017 0.922 1.098 0.197     

DEQ-5 1.027 1.012 1.595 0.039* 1.330 1.028 1.718 0.029* 

TMH (mm) 0.001 0.000 28.250 0.176     

Bulbar redness 1.477 0.136 16.130 0.749     

NIKBUT (seconds) 0.944 0.822 1.085 0.418     

Drop-out percentage (%) 1.100 0.980 1.234 0.105 1.044 0.789 1.382 0.762 

Relative energy 0.000 0.000 8.264 0.111     

Energy 0.905 0.752 1.091 0.296     

Entropy 2.837 1.390 57.890 0.044* 1.298 1.194 2.857 0.042* 

SD Irregularity 0.000 0.000 9.524 0.105     

Mean ROI pixels intensity 0.955 0.902 1.011 0.113     

SD ROI pixels intensity 0.888 0.728 1.085 0.244     

Median ROI pixels intensity 0.966 0.929 1.006 0.092     

Kurtosis 1.182 1.088 6.698 0.064 1.222 0.935 1.423 0.188 

Skewness 1.492 1.399 6.501 0.068     

Contact lens use ≥ 8 years 

Characteristic 
Univariate logistic regression Multivariate logistic regression 

Odd ratio Lower CI  Upper CI p-value Odd ratio Lower CI  Upper CI p-value 

Age 1.135 0.934 1.379 0.204     

Sex 1.152 0.958 8.480 0.421     

OSDI 1.223 0.976 1.973 0.123 1.012 0.959 1.068 0.662 

DEQ-5 1.023 0.846 1.236 0.818     

TMH (mm) 0.027 0.000 442.450 0.466     

Bulbar redness 1.546 0.142 16.949 0.721     

NIKBUT (seconds) 0.766 0.607 0.967 0.025* 0.745 0.570 0.972 0.030* 

Drop-out percentage (%) 1.019 0.921 1.128 0.718     

Relative energy 0.152 0.000 4094.118 0.718     

Energy 0.972 0.817 1.156 0.748     

Entropy 1.481 1.290 3.210 0.089 1.431 1.105 1.673 0.216 

SD Irregularity 0.059 0.000 260.172 0.508     

Mean ROI pixels intensity 0.989 0.939 1.041 0.668     
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(continuation) 

Contact lens use ≥ 8 years 

Characteristic 
Univariate logistic regression Multivariate logistic regression 

Odd ratio Lower CI  Upper CI p-value Odd ratio Lower CI  Upper CI p-value 

SD ROI pixels intensity 0.926 0.763 1.124 0.436     

Median ROI pixels intensity 0.996 0.962 1.031 0.825     

Kurtosis 1.186 1.018 1.526 0.937     

Skewness 1.158 1.025 1.516 0.892     

 (Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; ROI: Region of Interest; SD: 

Standard Deviation; TMH: Tear Meniscus Height; CI: 95 % Confidence Interval; 

*Statistically significant values; Bold = Variables included in the multivariate analysis (p 

< 0.15)) 

9.5.4 Discussion 

Ocular surface and contact lens wear 

To the authors’ knowledge, this is the first study that objectively assessed 

meibomian gland visibility in contact lens wearers as well as its relationship with the 

time of contact lens wear and other ocular surface parameters. In the present study, 

meibomian gland drop-out was higher in the contact lens group. These results are in 

line with previous research that found alterations in meibomian glands in contact lens 

wearers (Arita et al., 2009a; Machalińska et al., 2015; Kojima, 2018; Siddireddy et al., 

2018a; Pucker et al., 2019a; Pucker et al., 2019b; Uçakhan and Arslanturk-Eren, 2019; 

Gu et al., 2020a; Llorens-Quintana, Garaszczuk and Szczesna-Iskander, 2020; Harbiyeli 

et al., 2022). Moreover, as meibomian gland drop-out is linked with meibomian gland 

visibility (Chapter 8.1) (García-Marqués et al., 2021a; García-Marqués et al., 2021c), 
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lower gland visibility was also found in contact lens wearers. When participants with a 

gland drop-out higher than one-third were excluded from the analysis, it was proved 

that the low gland visibility found in contact lens wearers was a consequence of the 

gland drop-out in these participants, since no differences were found between groups.  

Multivariate logistic regression revealed that gland drop-out percentage was 

independently associated with the use of contact lenses. Each additional percentage of 

gland drop-out increased the probability of being in the contact lens group by 1.2 

times. As changes in gland visibility were a consequence of gland drop-out in contact 

lens wearers, gland drop-out was excluded to assess whether gland visibility metrics 

were independently associated with the use of contact lenses. When gland drop-out 

was excluded from the analysis, relative energy was independently associated with the 

use of contact lenses. In another work (Pucker et al., 2015), authors found that a 

higher meiboscore was independently associated with being a contact lens wearer, but 

not gland atrophy percentage.  

This does not mean that gland drop-out is a more powerful metric than gland 

visibility metrics, but that gland visibility does not change independently of gland drop-

out in contact lens wearers. Nevertheless, not only are gland visibility metrics useful to 

detect gland drop-out, but they also measure the visibility of glands. According to 

Chapter 8.1, gland visibility metrics are different from gland drop-out because gland 

visibility could achieve different values depending on the visibility of glands in 

participants with similar gland drop-out (García-Marqués et al., 2021a). Moreover, 

meibomian gland visibility metrics have good sensitivity and specificity to diagnose 
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MGD, having higher diagnostic capability than current diagnostic metrics such as 

meibomian gland drop-out (García-Marqués et al., 2021c). Results of the present study 

suggest that new metrics based on the visibility of meibomian glands can detect 

changes in the meibomian glands of contat lens wearers. However, despite gland 

visibility being different from gland drop-out (as found in Chapter 8.1) (García-Marqués 

et al., 2021a), the changes in gland visibility in the present study are attributed to 

gland drop-out. Thus, gland visibility does not change independently of gland drop-out 

in contact lens wearers. Despite this, gland visibility metrics can detect alterations in 

meibomian glands in contact lens wearers and they might be used in the follow-up of 

meibomian glands in these individuals as a quick, patient-friendly and objective 

method.  

Dry eye symptoms, TMH, bulbar redness and NIKBUT showed a tendency to be 

worse in contact lens wearers but the difference was not statistically significant 

between groups. Therefore, in the present study, contact lens wear did not cause 

changes in these parameters. This is in opposition with the results found in previous 

studies, which found lower tear meniscus (Alghamdi et al., 2016; Gu et al., 2020b) and 

more dry eye symptoms (Muselier-Mathieu et al., 2013; Uçakhan and Arslanturk-Eren, 

2019; Gu et al., 2020a; Gu et al., 2020b; Harbiyeli et al., 2022), bulbar redness 

(Machalińska et al., 2015) and tear film instability (Arita et al., 2009a; Muselier-

Mathieu et al., 2013; Alghamdi et al., 2016; Siddireddy et al., 2018a; Uçakhan and 

Arslanturk-Eren, 2019; Gu et al., 2020a; Gu et al., 2020b) in contact lens wearers as 

compared to non-wearers. In agreement with the results found in the present study, 

Arita et al. (2009a), Machalińska et al. (2015) and Iqbal, Thomas and Mahadevan 
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(2021) did not find differences in tear volume between contact lens and non-contact 

lens wearers. Likewise, other authors did not find statistically significant differences 

between contact lens and non-contact lens wearers for OSDI (Machalińska et al., 

2015), break-up time (Machalińska et al., 2015; Pucker et al., 2015; Iqbal, Thomas and 

Mahadevan, 2021; Harbiyeli et al., 2022), TMH, bulbar redness and tear osmolarity 

(Pucker et al., 2015). Differences between studies might be caused by differences in 

the methodological procedure since in some studies measurements were taken only a 

few hours after contact lens removal, which could have caused changes in ocular 

surface parameters. Moreover, there are also differences in the minimum period of 

years of contact lens wear to include a subject in the contact lens group. In the present 

work, contact lens wearers used contact lenses for at least 3 years and were instructed 

to remove their contact lenses on the night before the examination, following the 

methodology of previous works (Machalińska et al., 2015; Pucker et al., 2015; 

Alghamdi et al., 2016; Uçakhan and Arslanturk-Eren, 2019; Harbiyeli et al., 2022).  

Relationship between ocular surface parameters and duration of contact lens wear 

The effect of the duration of contact lens wear on meibomian glands and tear film 

has also some controversy (Arita et al., 2009a; Schaumberg et al., 2011; Alghamdi et 

al., 2016; Pucker et al., 2019b). In the present work, hours of contact lens wear per 

week was positively correlated with DEQ-5 and entropy, and negatively correlated with 

TMH. Thus, participants who used contact lenses for more hours per week had less 

TMH and higher dry eye symptoms and entropy in meibomian glands. Years of contact 

lens wear was also negatively correlated with NIKBUT and positively correlated with 
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entropy. Entropy measures the randomness of the grey level distribution (Haralick, 

1979; Alonso-Caneiro et al., 2013), which might be useful for the analysis of 

parameters related to meibography arrangement such as tortuosity of glands (García-

Marqués et al., 2021a). This might suggest that participants that used contact lenses 

for more hours per week and for more years had higher tortuosity in meibomian 

glands. A previous work (Siddireddy et al., 2018a) also found morphological 

irregularities in meibomian glands in symptomatic contact lens wearers. 

In the present study, no association was found between contact lens duration and 

gland drop-out and visibility. In agreement with the results of this study, other authors 

(Alghamdi et al., 2016; Llorens-Quintana, Garaszczuk and Szczesna-Iskander, 2020) 

found that alterations in meibomian glands are either long-term or take place in an 

early phase of contact lens wear. Thus, Alghamdi et al. (2016) found changes in 

meibomian glands during the first 2 years of contact lens wear, but prolonged 

exposure to contact lens beyond this point was not associated with further changes in 

meibomian glands. This might be explained by some adaptive mechanism in the eyelid 

tissues (Alghamdi et al., 2016). Therefore, this might explain why no differences were 

found in gland drop-out in this study. As contact lens wearers in the present study 

reported using contact lenses for at least 3 years, meibomian gland drop-out might 

have taken place in the first years of contact lens wear, being stable after that early 

phase of contact lens use. On the other hand, these results suggest that gland 

tortuosity might increase with contact lens duration since the entropy of glands 

increased. 
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This is in opposition with the results of some authors that found that meibomian 

glands function and morphology is related to the duration of contact lens wear (Arita 

et al., 2009a; Machalińska et al., 2015; Uçakhan and Arslanturk-Eren, 2019; gu et al., 

2020b; Harbiyeli et al., 2022). For instance, Arita et al. (2009a) found a significant 

positive correlation between meiboscore and the duration of contact lens wear. 

Nevertheless, both soft and rigid contact lens wearers were included in the study and 

participants with at least 1 year of contact lens wear were included, which is lower 

than the minimum years of lens wear in the present study. In another work (Uçakhan 

and Arslanturk-Eren, 2019), authors claimed that the meibomian glands of contact lens 

wearers deteriorate after 6 years of wear, but remain stable thereafter. Harbiyeli et al. 

(2022) also found that the hours of soft contact lens use was associated with the loss 

of meibomian glands in multivariate analysis. However, the duration of contact lens 

use was less than 5 years in more than half of the sample and they mixed soft and rigid 

contact lens wearers, the latter being more likely to experience more pronounced 

MGD. Therefore, this study might also confirm that changes in meibomian gland drop-

out take place in the first years of contact lens use, which is in agreement with the 

results found in the present work. Moreover, the present study adds that the duration 

of contact lens wear might be related to gland tortuosity. 

In the present work, the median of pixel intensity, kurtosis and skewness were 

almost statistically significant and showed a tendency to be worse in the group with 

more ≥ 60 hours of contact lens use per week. Thus, despite contact lens wearers 

having higher gland drop-out and lower gland visibility, no relationship was found 

between the time of contact lens use and gland drop-out and gland visibility, except 
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for entropy. This suggests that from three years of contact lens use, no changes in 

gland drop-out and gland visibility occur. Nevertheless, gland drop-out and kurtosis 

were identified as potential predictors of using contact lenses for ≥ 60 hours per week. 

Multivariate logistic regression revealed that DEQ-5 score and entropy were 

independently associated with the use of contact lenses for ≥ 60 hours per week. Each 

additional score in DEQ-5 and entropy increased the probability of being in the group 

with high contact lens use by 1.33 and 1.30 times, respectively.  

Moreover, OSDI score, NIKBUT and entropy were identified as potential predictors 

of being a contact lens wearer for ≥ 8 years. A previous work (Uçakhan and Arslanturk-

Eren, 2019) also found a higher OSDI score in individuals wearing contact lenses for 

more than 7 years and a lower break-up time in those wearing contact lenses for more 

than 7 years and between 3 and 7 years in comparison with a control group. 

Furthermore, tear film break-up time also worsened after 3 years of wear but seemed 

to remain stable after 6 years. In the present study, multivariate logistic regression 

revealed that NIKBUT was independently associated with being a contact lens wearer 

for ≥ 8 years. Every one second decrease in NIKBUT, increased the probability of being 

in the group with the high use of contact lenses 1.34 times. 

The present study had some limitations to consider. First, participants were 

instructed to remove their contact lenses the night before the study and to attend the 

visit without wearing their contact lenses (Machalińska et al., 2015; Pucker et al., 2015; 

Alghamdi et al., 2016; Uçakhan and Arslanturk-Eren, 2019; Harbiyeli et al., 2022). This 

could have caused no statistically significant differences between groups in some 
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parameters such as NIKBUT, TMH or bulbar redness. Moreover, studies with different 

methodological procedures are not directly comparable. In addition, the method to 

measure gland visibility is semiautomatic and the clinician still has to manually 

eliminate reflexes and delineate the area of the glands. Nevertheless, the method is 

not instrument-specific and despite being semiautomatic, the repeatability was found 

to be acceptable (in Chapter 8.1) (García-Marqués et al., 2021a). Furthermore, only the 

upper eyelids were assessed since it was easier to capture an uniformly focused image 

of the tarsal plate (Koh et al., 2012). Arita et al. (2009a) found that the meiboscore in 

the upper eyelid was higher than in the lower eyelid in contact lens wearers. This 

might be because the upper eyelid becomes more irritated as it makes longer 

movements during blinking (Arita et al., 2009a). In another study (Uçakhan and 

Arslanturk-Eren, 2019), authors found that contact lenses influence upper eyelids in 

the early years of contact lens wear, but both eyelids were equally affected after 3 

years. Therefore, in the present study, no differences between upper and lower eyelids 

are expected since all participants were contact lens wearers for at least 3 years. The 

present work was limited to soft contact lens wearers and differences with other 

contact lens designs or materials were not assessed, which might be studied in future 

studies. Finally, meibomian gland expressibility and lid margin abnormalities were not 

assessed in this work. However, in Chapter 8.1, gland visibility metrics were reported 

to be correlated with gland expressibility (García-Marqués et al., 2021c).  

Overall, the present work adds valuable information regarding the effect of soft 

contact lens wear on the tear film, meibomian gland drop-out and meibomian gland 

visibility. Gland drop-out was higher and gland visibility lower in long-term soft contact 
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lens wearers in comparison to controls. Nevertheless, gland visibility changed in 

contact lens wearers as a consequence of gland drop-out. Prolonged hours of contact 

lens wear is associated with higher dry eye symptoms and entropy of meibomian 

glands, which might be a measurement of gland tortuosity; whilst more years of 

contact lens use is related to a reduction in NIKBUT. Therefore, contact lens wear 

might aggravate dryness and the alterations in meibomian glands that take place in 

advanced ages even more. Clinicians should assess the ocular surface in contact lens 

wearers and educate them to use contact lenses properly to maintain healthy 

meibomian glands and ocular surface. New gland visibility metrics might help to assess 

the follow-up of meibomian glands in soft contact lens wearers in a quick and objective 

way. Further studies are needed to confirm these preliminary results and to assess the 

effect of different soft contact lenses with other materials and designs on meibomian 

glands depending on DED diagnosis, in different age groups and with longer follow-up 

periods. A prospective, longitudinal study is required to understand associations 

between meibomian glands alterations and contact lens wear. 
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9.6 ASSESSMENT OF CONDITION INDUCED CHANGES ON THE OCULAR SURFACE 

USING NOVEL METHODS TO ASSESS THE TEAR FILM DYNAMICS AND THE LIPID LAYER 

In this chapter, the effect of computer use, contact lens wear and artificial tears on 

new metrics developed in Chapters 8.2 and 8.3 and current ones will be assessed. 

Digital devices and contact lenses have been identified as potential risk factors for DED 

according to the TFOS DEWS II Epidemiology Report (Stapleton et al., 2017). Moreover, 

the instillation of artificial tears is generally accepted as one of the main management 

strategies for DED (Jones et al., 2017). Thus, it will be studied whether these new 

metrics are able to detect changes in the tear film and the ocular surface in a non-

invasive and objective way, which might help to further validate these metrics and find 

clinical applications for them. 

9.6.1 Introduction 

As explained in Chapter 2 Justification, the TFOS DEWS II Diagnostic Methodology 

Report acknowledged the need of developing new, non-invasive and objective metrics 

to assess the tear film (Abdelfattah et al., 2015; Ji et al., 2017; Wolffsohn et al., 2017; 

King-Smith, Begley and Braun, 2018). Two methods have been validated in Chapters 

8.2 and 8.3 to non-invasively assess the tear film in an objective manner (García-

Marqués et al., 2021d; García-Marqués et al., 2021e). The first method tried to 

overcome the issues of the NIKBUT procedure. NIKBUT does not allow the assessment 

of the tear film under completely natural conditions because subjects must keep their 

eyes open forcefully and this might cause reflex tearing (King-Smith, Begley and Braun, 
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2018; Lai et al., 2019). Thus, a method to assess tear film-dynamic in natural conditions 

was developed. As explained in Chapter 8.2, the method is based on the in vivo 

measurement of the speed of tear film particles post-blink (García-Marqués et al., 

2021d). These particles are a combination of eroded epithelial corneal cells, tarsal 

conjunctival cells, mucin-contaminated lipid particles and small air bubbles (Owens 

and Phillips, 2001; Khanal and Millar, 2010; Varikooty, Keir and Simpson, 2012; Lai et 

al., 2019). In Chapter 8.2, it was found to provide emerging homeostasis parameters 

for assessing indirectly the tear film quality in natural conditions with acceptable 

repeatability (García-Marqués et al., 2021d).  

On the other hand, the method developed in Chapter 8.3, attempted to measure 

the lipid layer thickness in an objective way without the need for an interferometer 

through the analysis of the grey intensity values obtained from the Placido disk pattern 

reflected onto the tear film. In Chapter 8.3, it was found that it can be used as an 

objective tool to measure the lipid layer thickness with acceptable repeatability, 

accuracy and diagnostic capability (García-Marqués et al., 2021e).  

The present work goes one step further by assessing the effect of computer use, 

contact lens wear and artificial tears on these new metrics and current ones. It is 

widely known that the tear film and ocular surface parameters are affected by the use 

of digital devices (Stapleton et al., 2017; Talens-Estarelles et al., 2020; Talens-Estarelles 

et al., 2021a) and contact lenses (Gomes et al., 2017; Stapleton et al., 2017). Thus, 

both have been identified as potential risk factors for DED according to the TFOS DEWS 

II Epidemiology Report (Stapleton et al., 2017). Moreover, the instillation of artificial 
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tears is generally accepted as one of the main management strategies for DED (Jones 

et al., 2017).  

The present study aims to assess the effect of computer use, contact lenses and 

artificial tears on the newly developed metrics and current ones. The hypothesis is that 

new metrics are able to detect changes in the tear film and the ocular surface in a non-

invasive and objective way. The present study might help to further validate these 

metrics and find clinical applications for them such as the assessment of the ocular 

surface in contact lens wearers, computer users or in subjects under artificial tears 

treatment. 

9.6.2 Methodology 

Eighty-four healthy volunteers ranging in age from 18 to 27 years (22.4 ± 2.6 years) 

participated in this study. Participants had no prior history of ocular disease or injury in 

the last three months. Refraction and visual acuity were obtained and participants with 

an astigmatism > 0.75 dioptres or with a monocular or binocular near and distance 

visual acuity > 0.00 logMAR were excluded from the study. Contact lens users were 

instructed not to wear their contact lenses within a day before the first visit. Only the 

right eye of participants was measured to avoid data duplication. The study was 

performed following the tenets of the Declaration of Helsinki and was approved by the 

Ethics Committee of the University of Valencia. Written consent of each participant 

was obtained after a verbal explanation of the study protocol. 
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Experimental design  

Figure 9.6.1 summarizes the experimental design of the study in both visits. 

 

Fig. 9.6.1. Experimental design of the study. 

The ocular surface and tear film of participants were assessed at (1) baseline, (2) 

after reading on a modern laptop computer for 20 minutes, (3) after the insertion of a 

contact lens and (4) after reading on a computer with contact lenses and initial 

artificial tears instillation. Participants completed a total of two visits. In the first visit, 

the participants’ ocular surface and tear film were assessed at baseline. To minimize 

the effects of outdoor conditions on the way to the laboratory, a 15-minute 

acclimatization period was left between the entry into the room of the participants 

and the measurements. Then participants performed a reading task on a modern 

laptop computer for 20 minutes. After the 20-minute reading task, the battery of 

standard clinical tests was repeated. After the visit, contact lens wearers were fitted 

with contact lenses and were instructed to put in the contact lenses 1 hour previous to 

the second visit. In the second visit, measurements were repeated (with the contact 

lenses). Next, participants were instructed to read on the computer for 20 minutes 
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while wearing the contact lenses. One drop of Systane® Ultra (Alcon SL, Geneva, 

Switzerland) single-dose artificial tears were instilled on each eye, 2 minutes before 

the reading. Finally, after the 20-minute reading task, the ocular surface and the tear 

film were assessed for one last time. Participants were instructed not to use other 

digital devices 30 minutes previous to the visits. A rest period of 7 days between 

sessions was established. The approximate duration of each session was 45 minutes. 

Moreover, each session was performed at the same time of the day and the same day 

of the week. 

The text material was Allan Poe's full stories, displayed using Kindle (2021) reading 

application (Amazon Inc., Seattle, WA). The font style was Georgia with black letters on 

a white background, with a 0.15 logMAR visual acuity, angular line spacing, a limited 

number of words per line and page, page angular width of 25° width, and the text was 

left-justified. The display was a MacBook Air Retina 2020 laptop computer (Apple Inc., 

Cupertino, CA) with a 13-inch screen, a resolution of 227 pixels per inch, a refresh rate 

of 60 Hz and a contrast ratio of 1350:1. The device was placed at 60 cm and a 10º 

angle below the eyes since it is the usual distance to work with a computer. 

Participants performed the task with the head fixed in a chin and forehead to minimize 

head movements. The illuminance, temperature and humidity of the room were 

maintained at 200 lux, 24.4 ± 1.3 °C and 44.7 ± 5.2 %, respectively. 

Contact lenses 

After the first visit, participants who were contact lens wearers were binocularly 

fitted with a daily-disposable contact lens (Dailies Total One®, Alcon Laboratories Inc. 
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Fort Worth TX, USA), according to the manufacturer’s guidelines for the initial lens 

selection. These contact lenses are made of Delefilcon A with a water content of 33 % 

in the nucleus and > 80 % in the surface. After a set period of 5 minutes, distance and 

near logMAR visual acuity was assessed and contact lens correct movement and 

centration were checked using a slit-lamp. 

Measurements 

The ocular surface was assessed using Oculus Keratograph 5M (K5 M; Oculus 

GmbH, Wetzlar, Germany), as explained in Chapter 3 General Methodology. 

Measurements were obtained by the same masked and experienced examiner 

following the guidelines of the TFOS DEWS II Diagnostic Methodology Report 

(Wolffsohn et al., 2017) in the following order to prevent the tear film from 

destabilization: OSDI, DEQ-5, total bulbar redness, TMH, tear film-dynamic and 

NIKBUT. 

Metrics related to the tear film dynamics were developed using Matlab R2018a® 

(MathWorks, Natick, MA). The method was explained in Chapter 8.2. Figure 9.6.2 

shows one video frame with the light particles spreading after a blink. In Chapter 8.2, it 

was reported that these metrics can be used as emerging homeostasis parameters for 

the indirect assessment of the tear film quality in natural conditions with acceptable 

repeatability (García-Marqués et al., 2021d). Further details on these parameters and 

their rationale can be found in Chapter 8.2 (García-Marqués et al., 2021d).  
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The first NIKBUT of the tear film was measured three consecutive times and the 

mean value was calculated (Markoulli et al., 2017; Wolffsohn et al., 2017; Dutta et al., 

2019; Rico-del-Viejo et al., 2019). The Keratograph 5M was also used to record a video 

of the NIKBUT at 32 frames per second with a spatial resolution of 680 x 512 pixels. 

The video was analysed through a developed software, in Chapter 8.3, using Matlab 

R2019a. Figure 9.6.3 shows the distribution of Placido disk pixels intensity in one 

frame. Different metrics were calculated: minimum pixel intensity, energy, relative 

energy, entropy, SD irregularity of pixels intensity, mean pixels intensity, SD pixels 

intensity, median pixels intensity, mode pixels intensity, kurtosis, skewness and the 

total area under the pixel intensity three-dimensional curve of the image was 

calculated and divided by the number of pixels in the region of interest. In Chapter 8.3, 

it was found that metrics at 5.33 seconds after blinking were correlated with lipid layer 

thickness and achieved a good diagnostic capability to assess the lipid layer thickness 

in an easy, repeatable, objective and accessible way without the need for an 

interferometer (García-Marqués et al., 2021e). Further details on these parameters 

and their rationale can be found in Chapter 8.3 (García-Marqués et al., 2021e).  



Chapter 9.6. Assessment of condition induced changes on the ocular surface using novel 

methods to assess the tear film dynamics and the lipid layer 

  

 

614 
 

 

Fig. 9.6.2. Particles spread after blinking in one frame. Light particles spreading over 

the cornea (blue circles). 

 

Fig. 9.6.3. Histogram of the distribution of Placido disk pixels intensity in one frame. In 

the histogram, axe “x” represents the grey level intensities (0-255), while axe “y” shows 

the number of pixels 
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Statistical analysis 

Statistical analysis was performed using SPSS v26.0 for Windows (IBM Corp, 

Armonk, New York, USA). Results were reported as mean ± SD. Normality distribution 

was checked by means of the Kolmogorov-Smirnov or Shapiro-Wilk test depending on 

the sample.  

Differences in parameters between before and after reading with a computer 

were assessed with the paired t-test or Wilcoxon signed-rank test, depending on 

sample distribution. Moreover, the effect of the contact lenses on ocular surface 

parameters was also assessed through the aforementioned statistical tests. Finally, 

mixed ANOVA was performed to evidence which parameters improved after the use of 

artificial tears while performing the computer task, without taking into account 

differences in pre-task measurements due to the effect of the contact lens.  A p-value 

less than 0.05 was defined as statistically significant. 

9.6.3 Results 

Eighty-four right eyes from 84 participants were included in this study, out of 

which 52 were females (61.9 %) and 32 males (38.1 %). The mean age was 22.4 ± 2.6 

years, ranging in age from 18 to 27 years. 

Computer use  

All participants complied with the instructions of the computer reading task. Table 

9.6.1 shows the mean values for the pre-computer task, post-computer task and the 

difference between them for the dry eye questionnaires and ocular surface metrics. 
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Statistical analysis revealed an increase in dry eye symptoms, TMH and bulbar redness; 

and a decrease in metrics related to the intensity of the reflected Placido disk pattern 

and in metrics related to particle speed after blinking, except for maximum particle 

speed and particle speed at 0.25 and 0.50 seconds. This suggests that computer use 

decreased lipid layer thickness and altered the distribution of the tear film after 

blinking. 

Contact lens wear 

Out of the total sample, 30 participants were contact lens wearers (22.8 ± 2.4 

years, ranging in age from 18 to 26 years). In the second visit, contact lens wearers 

were fitted with contact lenses. Contact lenses had a correct movement, centration 

and coverage in all participants. Table 9.6.2 shows the comparison between the pre-

task of the first visit (naked eye) and the pre-task of the second visit (with the contact 

lens). Statistical analysis revealed that contact lens use causes lower values of TMH, 

NIKBUT, mode pixel intensity, minimum pixel intensity of the reflected Placido disk 

pattern, and particle speed metrics, except for maximum particle speed. Likewise, 

contact lens use increased entropy of the reflected Placido disk pattern. This suggests 

that contact lens wear decreased the lipid layer thickness and altered the dynamics 

and distribution of the tear film across the ocular surface. 
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Table 9.6.1. Mean values and statistical comparison for the pre-computer task, post-

computer task and the difference between them. 

Metric Pre-task (Mean±SD) Post-task (Mean±SD) 
Difference 

post-task – pre-task 

Significance level 

(p-value) 

OSDI 6.95±9.62 15.55±15.67 8.60±11.97 <0.001
2
* 

DEQ-5 3.83±4.54 6.90±5.37 3.07±5.02 <0.001
2
* 

TMH (mm) 0.23±0.06 0.28±0.12 0.06±0.10 <0.001
2
* 

Bulbar redness 0.50±0.27 0.57±0.34 0.07±0.19 0.031
2
* 

NIKBUT (seconds) 15.67±8.02 14.87±7.53 -0.80±5.83 0.144
2
 

Total area 122.02±5.19 116.76±6.02 -5.26±5.73 <0.001
2
* 

Minimum pixel intensity 77.96±14.81 60.75±11.84 -17.21±15.19 <0.001
2
* 

Energy 254.54±2.08 244.52±15.18 -10.02±9.26 <0.001
2
* 

Relative energy 0.78±0.20 0.50±0.19 -0.28±0.20 <0.001
2
* 

Entropy 1.5 x 10
-4

±4.5 x 10
-5

 1.5 x 10
-4

±3.9 x 10
-5

 -6.2 x 10
-6

±2.9 x 10
-5

 0.008
2
* 

SD irregularity 0.15±0.15 0.06±0.05 -0.09±0.13 <0.001
2
* 

Mean pixels intensity 158.39±25.60 132.17±18.80 -26.22±22.68 <0.001
2
* 

SD pixels intensity 31.76±4.74 28.34±3.26 -3.42±3.80 <0.001
2
* 

Median pixels intensity 159.40±26.54 131.32±12.13 -28.08±23.56 <0.001
2
* 

Mode pixels intensity 174.37±47.87 140.18±30.67 -34.19±42.26 <0.001
2
* 

Kurtosis 0.013±0.002 0.015±0.002 0.002±0.002 <0.001
2
* 

Skewness 0.122±0.013 0.130±0.010 0.008±0.010 <0.001
2
* 

Particle speed at 0.25 seconds (mm/second) 2.84±1.21 2.70±1.52 -0.14±1.32 0.619
1 

Particle speed at 0.50 seconds (mm/second) 1.96±0.72 1.66±0.79 -0.3±0.73 0.054
1
 

Particle speed at 0.75 seconds (mm/second) 1.52±0.55 1.28±0.58 -0.24±0.56 0.036
1
* 

Particle speed at 1.00 second (mm/second) 1.16±0.44 0.96±0.34 -0.2±0.39 0.004
1
* 

Particle speed at 1.25 seconds (mm/second) 0.94±0.44 0.79±0.30 -0.15±0.35 0.012
1
* 

Particle speed at 1.50 seconds (mm/second) 0.80±0.34 0.67±0.29 -0.13±0.31 0.002
2
* 

Particle speed at 1.75 seconds (mm/second) 0.72±0.32 0.58±0.25 -0.14±0.29 0.006
1
* 

Mean particle speed (mm/second) 1.39±0.43 1.22±0.46 -0.17±0.44 0.019
1
* 

Median particle speed (mm/second) 1.12±0.43 0.92±0.36 -0.2±0.38 0.004
1
* 

Maximum particle speed(mm/second) 3.48±1.69 3.50±2.24 0.02±1.92 0.941
2
 

Minimum particle speed (mm/second) 0.64±0.29 0.53±0.25 -0.11±0.27 0.008
1
* 

Time for particle speed to decrease to < 1.20 

mm/second (seconds) 
1.09±0.38 0.80±0.39 -0.29±0.38 <0.001

1
* 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; SD: Standard Deviation; TMH: Tear 

Meniscus Height; 1T-Test; 2Wilcoxon Signed-Rank test; *Statistically significant values) 
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Table 9.6.2. Comparison between pre-task of the first visit (naked eye) and pre-task of 

the second visit (with the contact lens). 

Metric 
Contact lens effect 

Difference pre-task (Mean±SD) 

Significance level 

(p-value) 

OSDI -0.92±7.22 0.656
2 

DEQ-5 -0.83±4.79 0.185
2
 

TMH (mm) -0.04±0.05 0.009
2
* 

Bulbar redness -0.04±0.19 0.088
2
 

NIKBUT (seconds) -5.71±7.70 0.001
2
* 

Total area -0.40±4.59 0.191
2
 

Minimum pixel intensity -9.34±16.04 0.028
2
* 

Energy -4.00±2.56 0.119
1 

Relative energy -0.10±0.15 0.117
1
 

Entropy 2.1 x 10
-5

±5.4 x 10
-5

 0.010
2
* 

SD irregularity -0.002±0.009 0.101
2
 

Mean pixels intensity -3.74±19.25 0.112
2
 

SD pixels intensity -1.22±4.26 0.551
2
 

Median pixels intensity -7.19±19.70 0.074
2
 

Mode pixels intensity -12.66±31.72 0.001
2
* 

Kurtosis 0.0003±0.0021 0.112
2
 

Skewness 0.001±0.015 0.101
2
 

Particle speed at 0.25 seconds (mm/second) -1.11±1.23 0.018
2
* 

Particle speed at 0.50 seconds (mm/second) -0.72±0.84 0.040
2
* 

Particle speed at 0.75 seconds (mm/second) -0.63±0.57 0.007
2
* 

Particle speed at 1.00 second (mm/second) -0.47±0.46 0.003
2
* 

Particle speed at 1.25 seconds (mm/second) -0.26±0.45 0.042
2
* 

Particle speed at 1.50 seconds (mm/second) -0.24±0.36 0.019
2
* 

Particle speed at 1.75 seconds (mm/second) -0.17±0.35 0.044
2
* 

Mean particle speed (mm/second) -0.47±0.44 0.006
2
* 

Median particle speed (mm/second) -0.4±0.42 0.014
2
* 

Maximum particle speed(mm/second) -0.98±1.74 0.106
2
 

Minimum particle speed (mm/second) -0.28±0.29 0.004
2
* 

Time for particle speed to decrease to < 1.20 

mm/second (seconds) 
-0.56±0.42 0.002

2
* 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; SD: Standard Deviation; TMH: Tear 

Meniscus Height; 1T-Test; 2Wilcoxon Signed Rank test; *Statistically significant values) 
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Computer use, contact lens and artificial tears 

Table 9.6.3 shows the mean values for the pre-computer task (with the contact 

lens), post-computer task (with the contact lens and artificial tears) and the difference 

between them for the dry eye questionnaires and ocular surface metrics. Statistical 

analysis revealed an increase in TMH and in metrics related to particle speed after 

blinking. This suggests that after computer use with a contact lens and artificial tears, 

lipid layer thickness did not decrease and the distribution of the tear film after blinking 

improved. Moreover, dry eye symptoms and the rest of the ocular surface parameters 

remained unaltered, which might be caused by the use of artificial tears. 

Computer use and artificial tears  

Mixed ANOVA analysis (Table 9.6.4) was performed to evidence which parameters 

improved after the use of artificial tears while performing the computer task, without 

taking into account differences in pre-task measurements due to the effect of the 

contact lens. It showed statistically significant differences between conditions 

(computer versus computer + contact lens + artificial tears) for all ocular surface 

parameters except for bulbar redness, the entropy of the reflected Placido disk 

pattern, minimum particle speed and particle speed at 0.75, 1.00, 1.25, 1.50 and 1.75 

seconds. However, some parameters had differences in pre-task measurements due to 

the contact lens.  
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Table 9.6.3. Mean values and statistical comparison for the pre-computer task (with 

the contact lens), post-computer task (with the contact lens and artificial tears) and the 

difference between them. 

Metric Pre-task (Mean±SD) Post-task (Mean±SD) 
Difference 

post-task – pre-task 

Significance level 

(p-value) 

OSDI 6.03±9.44 6.47±9.34 0.44±4.98 0.683
2 

DEQ-5 3.00±3.92 2.97±3.75 -0.03±2.55 0.865
2
 

TMH (mm) 0.19±0.04 0.23±0.05 0.04±0.05 <0.001
2
* 

Bulbar redness 0.46±0.18 0.46±0.24 -0.003±0.124 0.773
2
 

NIKBUT (seconds) 9.96±6.27 11.44±6.24 1.48±4.19 0.052
2
 

Total area 121.62±8.45 124.30±6.39 2.68±6.93 0.620
2
 

Minimum pixel intensity 68.62±13.85 69.27±11.85 0.65±12.36 0.284
1 

Energy 250.54±3.92 254.64±3.16 4.10±3.54 0.829
1
 

Relative energy 0.68±0.18 0.73±0.16 0.05±0.16 0.834
1
 

Entropy 1.5 x 10
-4

±6.9 x 10
-5

 1.5 x 10
-4

±5.6 x 10
-5

 -4.9 x 10
-6

±4.6 x 10
-5

 0.367
2
 

SD irregularity 0.15±0.02 0.15±0.02 -0.003±0.016 0.657
2
 

Mean pixels intensity 154.65±15.59 154.51±12.37 -0.14±13.24 0.957
1
 

SD pixels intensity 30.54±2.83 30.46±2.58 -0.08±2.62 0.880
1
 

Median pixels intensity 152.21±15.7 152.88±12.91 0.67±13.13 0.965
1
 

Mode pixels intensity 161.77±26.03 160.92±21.45 -0.85±24.33 0.811
1
 

Kurtosis 0.013±0.002 0.013±0.003 0.0009±0.0028 0.124
2
 

Skewness 0.123±0.011 0.125±0.015 0.002±0.013 0.086
2
 

Particle speed at 0.25 seconds (mm/second) 1.73±1.24 2.10±1.13 0.37±1.17 0.170
2
 

Particle speed at 0.50 seconds (mm/second) 1.24±0.93 1.82±0.98 0.58±0.95 0.024
2
* 

Particle speed at 0.75 seconds (mm/second) 0.89±0.57 1.53±0.94 0.64±0.77 0.006
2
* 

Particle speed at 1.00 second (mm/second) 0.69±0.46 1.17±0.55 0.48±0.52 0.002
2
* 

Particle speed at 1.25 seconds (mm/second) 0.68±0.46 0.90±0.35 0.22±0.39 0.020
2
* 

Particle speed at 1.50 seconds (mm/second) 0.56±0.38 0.80±0.30 0.24±0.33 0.003
2
* 

Particle speed at 1.75 seconds (mm/second) 0.55±0.37 0.72±0.26 0.17±0.32 0.004
2
* 

Mean particle speed (mm/second) 0.92±0.46 1.28±0.46 0.36±0.45 0.005
2
* 

Median particle speed (mm/second) 0.72±0.40 1.08±0.40 0.36±0.40 0.005
2
* 

Maximum particle speed(mm/second) 2.50±1.82 3.05±1.40 0.55±1.63 0.033
2
* 

Minimum particle speed (mm/second) 0.36±0.29 0.60±0.30 0.24±0.30 0.007
2
* 

Time for particle speed to decrease to < 

1.20 mm/second (seconds) 
0.53±0.44 0.94±0.45 0.41±0.45 0.003

2
* 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; SD: Standard Deviation; TMH: Tear 

Meniscus Height; 1T-Test; 2Wilcoxon Signed-Rank test; *Statistically significant values) 
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The interaction between conditions (computer versus computer + contact lens + 

artificial tears) and the time (pre and post-task) had a significant effect on OSDI, DEQ-

5, NIKBUT, the total area of pixels intensity, minimum pixel intensity, energy, relative 

energy, SD irregularity of pixel intensity, mean pixel intensity, SD pixel intensity, 

median pixel intensity, mode pixel intensity, mean particle speed, median particle 

speed, minimum particle speed, time for particle speed to decrease to < 1.20 

mm/second and particle speed at 0.50, 0.75, 1.00, 1.25, 1.50 and 1.75 seconds. This 

suggests that artificial tears help in ameliorating the deterioration of these ocular 

surface parameters after reading with a computer. 

 

Table 9.6.4. Analysis of the interaction between the time (pre-task versus post-task) 

and the condition (computer versus computer + contact lens + artificial tears) for each 

dependent variable through a mixed ANOVA. 

 
Within-Subjects Effects Between-Subjects Effects 

Measurement 

Interaction between time (pre versus post-

task) and the condition (computer versus 

computer + contact lens + artificial tears) 

(Significance level) 

Differences between conditions (computer 

versus computer + contact lens + artificial 

tears) 

(Significance level) 

OSDI <0.001* 0.026* 

DEQ-5 0.001* 0.005* 

TMH (mm) 0.343 0.001* 

Bulbar redness 0.182 0.142 

NIKBUT (seconds) 0.033* 0.001* 

Total area <0.001* <0.001* 

Minimum pixel intensity <0.001* <0.001* 

Energy <0.001* <0.001* 

Relative energy <0.001* <0.001* 

Entropy 0.831 0.070 

SD irregularity 0.003* 0.001* 

Mean pixels intensity <0.001* <0.001* 
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(continuation)  

 
Within-Subjects Effects Between-Subjects Effects 

Measurement 

Interaction between time (pre versus post-

task) and the condition (computer versus 

computer + contact lens + artificial tears) 

(Significance level) 

Differences between conditions (computer 

versus computer + contact lens + artificial 

tears) 

(Significance level) 

SD pixels intensity <0.001* 0.001* 

Median pixels intensity <0.001* <0.001* 

Mode pixels intensity <0.001* <0.001* 

Kurtosis 0.147 <0.001* 

Skewness 0.066 <0.001* 

Particle speed at 0.25 seconds (mm/second) 0.184 <0.001* 

Particle speed at 0.50 seconds (mm/second) 0.004* 0.049* 

Particle speed at 0.75 seconds (mm/second) <0.001* 0.134 

Particle speed at 1.00 second (mm/second) <0.001* 0.150 

Particle speed at 1.25 seconds (mm/second) 0.002* 0.270 

Particle speed at 1.50 seconds (mm/second) <0.001* 0.343 

Particle speed at 1.75 seconds (mm/second) <0.001* 0.664 

Mean particle speed (mm/second) <0.001* 0.019* 

Median particle speed (mm/second) <0.001* 0.042* 

Maximum particle speed(mm/second) 0.172 0.023* 

Minimum particle speed (mm/second) <0.001* 0.086 

Time for particle speed to decrease to < 

1.20 mm/second (seconds) 
<0.001* 0.012* 

(Where DEQ-5: 5-item Dry Eye Questionnaire; NIKBUT: Non-Invasive Keratograph 

Break-Up Time; OSDI: Ocular Surface Disease Index; SD: Standard Deviation; TMH: Tear 

Meniscus Height; *Statistically significant values) 

9.6.4 Discussion 

The use of digital displays and contact lens wear have been previously found to 

increase dry eye signs and symptoms (Viso, Rodríguez-Ares and Gude, 2009; Paulsen et 

al., 2014; Yazici et al., 2014; Ribelles et al., 2015; Tan et al., 2015b; Stapleton et al., 

2017; Talens-Estarelles et al., 2020; Talens-Estarelles et al., 2021a; Talens-Estarelles et 

al., 2021b). The present work confirmed these previous findings and included new 
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objective and non-invasive methods in the analysis that might be used to assess the 

variations in the tear film induced by several condition induced changes. 

Computer use 

In this work, reading with a computer for 20 minutes increased dry eye symptoms, 

TMH and bulbar redness, indicating tear film alterations and ocular surface stress. 

Furthermore, the intensity of the reflected Placido disk pattern and the speed of 

particles after blink decreased. Nevertheless, NIKBUT was not statistically altered. As 

the intensity of the reflected Placido disk pattern can be used to objectively assess the 

lipid layer thickness (Chapter 8.3) (García-Marqués et al., 2021e), these results suggest 

that computer use decreased lipid layer thickness and altered the dynamics of the tear 

film after blinking. Aligned with these results, Talens-Esterelles et al. (2020) also found 

differences in OSDI, TMH and bulbar redness after a 15 minutes task with a computer; 

however, they found a decrease in NIKBUT. 

According to this work, previous studies reported ocular surface and tear film 

alterations such as reduced tear stability, changes in tear volume and tear 

composition, oxidative stress, ocular surface inflammation and meibomian gland 

abnormalities in computer users (Wu et al., 2014a; Yazici et al., 2014; Ribelles et al., 

2015; Choi et al., 2018; Talens-Estarelles et al., 2020; Talens-Estarelles et al., 2021b). 

The lower value found in entropy after the computer task might be attributable to 

the higher value found in bulbar redness, TMH and OSDI since, in Chapter 8.3, it was 

reported that entropy was inversely correlated with these parameters (García-
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Marqués et al., 2021e). In addition, TMH increased in this study probably due to it was 

reported a compensatory burst of blinks right after a digital display task (Nielsen et al., 

2008).  This might be a compensation phenomenon to wet the ocular surface after the 

oppression of blinking during the task, which could explain the higher TMH found after 

the computer task in the present study. Conversely, some authors previously reported 

lower TMH and Schirmer test values in long-term office workers while others found no 

difference (Cardona et al., 2011; Choi et al., 2018; Talens-Estarelles et al., 2020).  

Contact lens wear 

Contact lens wear impacts ocular surface homeostasis (Stapleton et al., 2017). 

When a contact lens is inserted into the eye, tear film destabilizes because the contact 

lens divides the tear film into two layers: pre-lens and post-lens tear film (Korb, 

Greiner and Glonek, 1996). Approximately, 50 % of contact lens wearers suffer from 

dryness and ocular discomfort, both problems being the major causes of contact lens 

intolerance (Doughty et al., 1997; Gomes et al., 2017). Thus, it has been found that 

contact lens wear causes a reduction in tear volume (Chen et al., 2011; Del Águila-

Carrasco et al., 2015), lipid layer thickness and alterations in tear spreading (Yokoi et 

al., 2008); and higher tear film instability (Santodomingo-Rubido, Wolffsohn and 

Gilmartin, 2006b) and tear osmolarity (Hori, 2018).  

Delefilcon A daily disposable water gradient contact lenses have high oxygen 

transmissibility with a lubricious surface and a low coefficient of friction, providing 

higher levels of comfort (Pérez-Gómez and Giles, 2014). Despite these optimal 

properties, in the present study, contact lens wear decreased TMH, NIKBUT, minimum 
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pixel intensity, mode pixels intensity and particle speed after blinking, whilst entropy 

increased. Despite some metrics related to the intensity of the Placido disk pattern not 

being statistically significant, they show a tendency to decrease after contact lens 

wear. Therefore, contact lens wear also affected lipid layer thickness and the dynamics 

of the tear film after blinking. Results of the present study are aligned with previous 

ones that also found a relationship between contact lens wear and alterations in the 

tear film and the ocular surface (Doughty et al., 1997; Uchino et al., 2008; Yang et al., 

2015; Rico-del-Viejo et al., 2018; García-Marqués et al., 2021b).  

The higher entropy found with contact lens use might be a consequence of the 

lower TMH since entropy and TMH are inversely correlated (as found in Chapter 8.3) 

(García-Marqués et al., 2021e). Besides, it was previously found that tear volume 

decreased 20 minutes after the insertion of soft contact lenses (Wang, Cox and 

Reindel, 2009). In this way, contact lenses with high-water content absorb tear fluid 

into the contact lens, causing a lower TMH (Kojima, 2018). Nevertheless, dry eye 

symptoms did not increase after contact lens wear, which might be explained as 

discomfort and lens dryness usually occur late in the day (Chalmers and Begley, 2006). 

Thus, the results of this study represent the short-term effects of a daily disposable 

lens on the ocular surface. Likewise, in the present work, participants were fitted with 

the same daily disposable contact lens, deleting the possibility that the maintenance of 

the contact lenses caused alterations. 
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Computer use, contact lens wear and artificial tears 

Artificial tears are an effective strategy to ameliorate dry eye symptoms and signs 

(Acosta, Gallar and Belmonte, 1999; Jones et al., 2017). In this regard, sodium 

hyaluronate artificial tears have a prolonged resident time in the eye and have been 

reported to significantly increase TMH, improve tear film stability and decrease higher-

order aberrations 30 minutes after instillation (Montés-Micó, 2007; Montés-Micó et 

al., 2010b; Calvão-Santos et al., 2011; Diaz-Valle et al., 2012; Igarashi et al., 2015; 

Kobashi et al., 2015; Schafer et al., 2018; Vandermeer, Chamy and Pisella, 2018).  

Moreover, previous studies with the same artificial tears as in the present one 

found that they were effective for ameliorating symptoms of dryness and increasing 

tear film stability (Kading, 2010; Benelli, 2011; McDonald et al., 2014; Gokul, Wang and 

Craig, 2018; Belalcázar-Rey et al., 2021). Although in this study and in previous ones 

both contact lens wear and the use of digital display increases dry eye signs and 

symptoms, the use of artificial tears prevent it since no increase was found in dry eye 

symptoms and bulbar redness after the computer task. NIKBUT increased after the 

task but the magnitude was not statistically significant. Likewise, lipid layer thickness 

did not decrease after the task given that metrics related to the intensity of the 

reflected Placido disk pattern were unaltered. This might be caused by the use of 

artificial tears before the computer use. Moreover, TMH increased probably due to the 

instillation of artificial tears and particle speed increased after the task, suggesting that 

not only does the use of artificial tears prevent the increase of dry eye signs and 
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symptoms after computer use but it also improves the tear film dynamics after 

blinking.  

Mixed ANOVA was performed to evidence which parameters improved after the 

use of artificial tears while performing the computer task, without taking into account 

differences in pre-task measurements due to the effect of the contact lens. The 

analysis confirmed that artificial tears help in ameliorating the deterioration of dry eye 

signs and symptoms after reading with a computer. In opposition to these results, 

Talens-Estarelles et al. (2020) did not find an improvement of ocular surface 

parameters after the instillation of artificial tears. 

The present study had some limitations to consider. First, the lipid layer thickness 

was not directly measured. Nevertheless, it was previously reported in Chapter 8.3 

that the measurement of the intensity of the reflected Placido disk pattern can be used 

as an objective method to measure the lipid layer thickness with acceptable 

repeatability and accuracy (García-Marqués et al., 2021e). In addition, the novel 

methods are semiautomatic but the repeatability was found to be acceptable (in 

Chapters 8.2 and 8.3) (García-Marqués et al., 2021d; García-Marqués et al., 2021e). 

Furthermore, no control group was used to assess the effect of the contact lenses. In 

this case, the condition pre-task of both visits was compared and some variability 

could exist between visits. Therefore, these results should be confirmed in future 

studies with a control group to find whether new metrics are able to detect changes in 

the ocular surface due to the contact lens. In any case, the present study allows a 

hypothesis to be built for testing in future studies. 
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Overall, the present work adds valuable information regarding the effect of 

computer use, contact lens wear and artificial tears use on the ocular surface. 

Computer use and contact lens wear worsened dry eye signs and symptoms, including 

lipid layer thickness and tear film dynamics. Moreover, artificial tears help in 

ameliorating the deterioration of these ocular surface parameters after reading with a 

computer and they are an effective strategy for preventing the impact of display use 

on the ocular surface. Newly developed methods can serve as a tool to detect changes 

in the tear film triggered by different ocular surface-disturbing conditions. In this way, 

the present work helps to further validate these novel methods as a reliable tool to 

quickly, non-invasively and objectively assess the changes in the tear film induced by 

different conditions. Therefore, they could be easily included in a battery of tests to 

improve the detection and monitoring of DED and meibomian gland dysfunction in the 

clinical practice. Further research is needed to make methods fully automatic and to 

assess the performance of these metrics in participants diagnosed with DED or 

meibomian gland dysfunction. 
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10. GENERAL CONCLUSIONS AND FUTURE WORK 

10.1 General conclusions 

Despite many techniques being available to assess the tear film, some of them 

have limited repeatability, sensitivity and specificity. Moreover, some of them are non-

objective or invasive, which makes the assessment of the tear film challenging and the 

diagnosis of DED difficult. Additionally, there is a lack of agreement between current 

clinical tests and there is no gold standard test available. Non-invasive imaging 

techniques should be considered to assess the tear film and the ocular surface and 

should prevail over invasive ones to achieve greater diagnostic capability and better 

management of individuals with DED. Non-invasive imaging techniques allow clinicians 

to assess the tear film under more natural conditions, avoiding reflex tearing and tear 

film destabilization. Accordingly, non-invasive imaging techniques tend to be more 

accurate, repeatable and objective than invasive ones. 

The main conclusions of the present thesis, after the different studies performed, are: 

 The multifactorial aetiology of DED also makes its diagnosis challenging. DED is 

associated with systemic, environmental and lifestyle risk factors. The present 

work demonstrated that DED is associated with fewer hours of sleep per day, 

menopause and the use of anxiolytics. These findings are useful to identify 

potentially modifiable risk factors, in addition to conventional treatments for 

DED. 

 The NIKBUT measurement has low intraexaminer repeatability even when 

considering sex, age and DED diagnosis. Nevertheless, this low repeatability is 
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not only due to the device itself but mainly to the intrinsic variability of the 

tear film. Despite the NIKBUT procedure being non-invasive, it does not allow 

the assessment of the tear film under completely natural conditions, since 

subjects must keep their eyes open forcefully, potentially leading to reflex 

tearing. 

 Bulbar redness metrics measured with the Keratograph 5M provided objective 

values with acceptable repeatability, which might help clinicians in the 

assessment of some diseases related to ocular surface inflammation, such as 

DED. 

 The Keratograph 5M might be a useful tool in the follow-up of some 

treatments. After the application of thermal bags, dry eye-related symptoms 

improved, while NIKBUT and lipid layer thickness only improved in young 

subjects. 

 Newly developed metrics can help assess the tear film and the ocular surface in 

a non-invasive, objective and repeatable manner. These new metrics could be 

included in a battery of clinical tests as easy, repeatable and objective methods 

to improve the assessment of the tear film, which could enhance the detection 

and monitoring of DED and MGD. 

-The method developed in the present thesis to assess meibomian glands 

is able to assess meibomian gland visibility in an objective and repeatable 

manner. These metrics were correlated with meibomian gland drop-out, 

NIKBUT, bulbar redness, meibomian gland expressibility score and TMH. 

Accordingly, higher intensity values were related to a greater healthiness 
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of the meibomian glands. Moreover, meibomian gland visibility metrics 

are more powerful to diagnose MGD than current single metrics and can 

serve as a complementary tool for supporting the diagnosis of MGD. 

-Tear film-dynamic metrics are able to predict NIKBUT. Higher particle 

speed is associated with a longer NIKBUT and might, therefore, help 

assess tear film stability under more natural conditions than NIKBUT, 

since subjects are not required to suppress blinking. Newly developed 

metrics can be emerging homeostasis parameters for indirectly assessing 

the tear film quality in natural conditions with acceptable repeatability. 

-The analysis of grey intensity values in videokeratography can be used as 

an objective and repeatable tool with acceptable sensitivity and 

specificity to assess the lipid layer thickness.  

 The dual-focus contact lens assessed in the present study decreased the pre-

lens tear film stability and the psychophysical and psychometric visual quality 

scores in the short-term under dim-light conditions when compared to a 

single-vision contact lens. Nevertheless, visual acuity and stereopsis were not 

affected by lens design. 

 When the influence of the central diameter of two dual-focus contact lenses 

was studied, it was found that both contact lenses provided acceptable visual 

performance under photopic conditions. However, the lens with the medium 

central diameter offered better contrast sensitivity at high frequencies and 

lower light disturbance size. On the other hand, the smaller central diameter 

contact lens led to lower levels of higher-order aberrations. Despite these 

differences, subjective visual comfort was not affected. 
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 The measurement of light disturbance might help in the assessment and 

management of subjects with symptoms of DED. Thus, delayed blinking and 

contact lens wear increased light disturbance due to tear film instability. Blink 

monitoring or artificial tears use might decrease the light disturbance and 

could be an option to manage subjects with short BUTs or with a low blink 

rate.  

 The methods developed in the present thesis are capable of assessing the 

changes in the ocular surface and the tear film due to contact lens wear. 

Therefore, the newly developed metrics can be useful tools for the follow-up 

of the ocular surface and the tear film in contact lens wearers in a quick, 

repeatable and objective manner. 

-Scleral lens wear did not adversely affect meibomian gland drop-out and 

visibility while dry eye symptoms improved after one year of lens wear. 

However, these preliminary results should be confirmed with a control 

group. 

-Meibomian gland drop-out was higher and gland visibility was lower in 

long-term soft contact lens wearers in comparison with non-contact lens 

wearers. 

-Computer use and contact lens wear worsened dry eye signs and 

symptoms, including metrics related to the speed of the tear film particles 

post-blink and the measurement of the lipid layer thickness obtained 

from the intensity of the reflected Placido disk. Artificial tears help in 
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ameliorating the effects of contact lens wear and computer use on 

current and novel metrics. 

10.2 Future work 

 Although newly developed metrics are able to assess the tear film and the 

ocular surface; this is the first step in developing these metrics. Further 

research is needed to assess the performance of these metrics in subjects 

diagnosed with DED or MGD, and to establish cut-off values based on the age 

of the subjects. Nonetheless, although these results are preliminary, they are 

highly encouraging, and this study could be the basis for future works. Overall, 

this is a field that needs further research and has a high potential to be 

explored. 

 Specifically, both eyelids could be included in the analysis of meibomian glands 

visibility. The method based on the analysis of the grey intensity values of the 

Placido disk pattern could be further developed to distinguish between grades 

3 and 4 of lipid layer thickness. In addition, the diagnostic capability of metrics 

related to the speed of the tear film particles post-blink and the measurement 

of the lipid layer thickness obtained from the intensity of the reflected Placido 

disk could be assessed in further research. Likewise, the methods should be 

further developed to be fully automatic. Finally, a prospective, longitudinal 

study is required to understand the associations between meibomian gland 

alterations and contact lens wear. Also, newly developed metrics could be 

applied to other contact lens designs and materials and after longer wearing 

times.  
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APPENDIX A: OSDI questionnaire 

       

Cuestionarios 
 

Instrucciones: Marque la casilla que mejor represente su respuesta.  
 

¿Ha experimentado alguna de las siguientes alteraciones durante la última semana? 
 En todo 

momento 
Casi en todo 

momento 
El 50% del 

tiempo 
Casi en ningun 

momento 
En ningún 
momento 

No sé 

1. Sensibilidad a la luz 4 3 2 1 0 N/S 
2. Sensación de arenilla en los ojos 4 3 2 1 0 N/S 
3. Dolor de ojos 4 3 2 1 0 N/S 
4. Visión borrosa 4 3 2 1 0 N/S 
5. Mala visión  4 3 2 1 0 N/S 

 
¿Ha tenido problemas en los ojos que le han limitado o impedido realizar alguna de las siguientes 

acciones durante la última semana? 

6. Leer 4 3 2 1 0 N/S 
7. Conducir de noche 4 3 2 1 0 N/S 
8. Trabajar con un ordenador o 
utilizar un cajero automático 

4 3 2 1 0 N/S 

9. Ver la televisión 4 3 2 1 0 N/S 

 
¿Ha sentido incomodidad en los ojos en alguna de las siguientes situaciones durante la última 

semana? 

10. Viento 4 3 2 1 0 N/S 
11. Lugares con baja humedad 
(muy secos) 

4 3 2 1 0 N/S 

12. Zona con aire acondicionado 4 3 2 1 0 N/S 

 

 

 

  

Sujeto n˚: 
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APPENDIX B: DEQ-5 questionnaire 

1 Pregunta sobre DISCONFORT OCULAR: 
a. Durante un día normal del mes pasado, ¿con qué 
frecuencia sintió disconfort ocular?  0    Nunca 1   Rara vez 2   A veces 3   A menudo 4  Constantemente 

b. En caso de sentir disconfort ocular, ¿cómo de 
intensa fue esta sensación al final del día (dos horas 
antes de dormir)?  

Nunca 
Lo  he 
experimentado 

Nada 
Intenso 

   
Muy 
Intenso 

0 1 2 3 4 5  

2 Pregunta sobre  SEQUEDAD OCULAR 
a. Durante un día normal del mes pasado, ¿con qué 
frecuencia sintió sequedad ocular 
 

0    Nunca 1   Rara vez 2   A veces 3   A menudo 4  Constantemente 

b. En caso de sentir sequedad ocular, ¿cómo de 
intensa fue esta sensación al final del día (dos horas 
antes de dormir)? 

Nunca 
lo he 
experimentado 

Nada 
Intenso 

   
Muy 
Intenso 

0 1 2 3 4 5  

3 Pregunta sobre LAGRIMEO: 
Durante un día normal del mes pasado, ¿con qué 
frecuencia experimentó lagrimeo? 

 
0    Nunca 1   Rara vez 2   A veces 3   A menudo 4  Constantemente 

4 Pregunta sobre IRRITACION OCULAR: 
Durante un día normal del mes pasado, ¿con qué 
frecuencia sintió irritación ocular? 

 
0    Nunca 1   Rara vez 2   A veces 3   A menudo 4  Constantemente 

¿Ha recibido previamente un diagnóstico clínico de ojo seco? Sí   No  
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APPENDIX C: QoV questionnaire 

 

ANEXO 1. Inquérito QoV McAlinden (7 e 15 dias) 
 

Nome:   
 

 
Este questionário é composto por 10 itens, cada um com três perguntas sobre a frequência, 

intensidade e incómodo relativos à sua visão. Compare cada sensação com a explicação gráfica 

das imagens que lhe serão disponibilizadas. 

1. Quantas vezes sente que vê brilhos à volta das luzes?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 2 >> 

1.1 Qual a intensidade desses brilhos? 

Nenhuma    Leve    Moderada    Forte 



1.2 Quanto incómodo lhe produzem os brilhos? 

Nenhum  Algum    Bastante    Muito 


2. Quantas vezes sente que vê “halos” à volta das luzes?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 3 >> 

2.1 Qual a intensidade desses “halos”? 

Nenhuma    Leve    Moderada    Forte 



2.2 Quanto incómodo lhe produzem os “halos”? 

Nenhum  Algum    Bastante    Muito 


3. Quantas vezes vê “riscos estrelados” nas luzes?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 4 >> 

3.1 Qual a intensidade desses “riscos estrelados”? 

Nenhuma    Leve    Moderada    Forte 



3.2 Quanto incómodo lhe produzem os “riscos estrelados”? 

 

Nenhuma    Leve    Moderada    Forte 
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4. Quantas vezes sente a visão enevoada?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 5>> 

4.1 Qual a intensidade dessa visão enevoada? 

Nenhuma    Leve    Moderada    Forte 



4.2 Quanto incómodo lhe produz a visão enevoada? 

Nenhum  Algum    Bastante    Muito 


5. Quantas vezes sente a visão desfocada?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 6 >> 

5.1 Qual a intensidade dessa visão desfocada? 

Nenhuma    Leve    Moderada    Forte 



5.2 Quanto incómodo lhe produz a visão desfocada? 

Nenhum  Algum    Bastante    Muito 


6. Quantas vezes sente visão distorcida?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 7 >> 

6.1 Qual a intensidade dessa distorção? 

Nenhuma    Leve    Moderada    Forte 



6.2 Quanto incómodo lhe produz a distorção? 

Nenhum  Algum    Bastante    Muito 


7. Quantas vezes vê imagens duplas ou múltiplas?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 8 >> 

7.1 Qual a intensidade das imagens duplas ou múltiplas? 

Nenhuma    Leve    Moderada    Forte 





7.2 Quanto incómodo lhe produzem as imagens duplas ou múltiplas? 

Nenhum  Algum    Bastante    Muito 
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8. Quantas vezes sente flutuações na sua visão?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 9 >> 

8.1 Qual a intensidade dessas flutuações? 

Nenhuma    Leve    Moderada    Forte 



8.2 Quanto incómodo lhe produzem as flutuações? 

Nenhum  Algum    Bastante    Muito 

9. Quantas vezes sente dificuldades em focar?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 

>>Se respondeu “Nunca” passe para a pergunta 10 >> 

9.1 Qual a intensidade dessas dificuldades em focar? 

Nenhuma    Leve    Moderada    Forte 



9.2 Quanto incómodo lhe produzem as dificuldades em focar? 

Nenhum  Algum    Bastante    Muito 



10. Quantas vezes sente dificuldade na percepção de distância ou profundidade?  

Nunca    Ocasionalmente    Frequentemente    Muitas vezes 



10.1 Qual a intensidade provocada pela dificuldade de percepção da distância 

ou profundidade? 

Nenhuma    Leve    Moderada    Forte 



10.2 Quanto incómodo lhe produz a dificuldade de percepção da distância 

ou profundidade? 

Nenhum  Algum    Bastante    Muito
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