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RESUMEN

Para los profesionales sanitarios es de gran importancia la obtencion de datos clinicos
vélidos y fiables, para establecer unos objetivos de tratamiento adecuados a las necesidades
especificas de cada paciente y para poder valorar su efectividad. Los sensores inerciales de
movimiento (IMU) representan un gran avance para medir la cinemética de los segmentos
corporales, aplicable al ambito sanitario, y muestran una buena fiabilidad en la medicién del
Rango de movimiento articular (ROM) en humanos y la columna cervical en adultos. Por otro
lado, un problema comdn en la Pardlisis Cerebral (PC) es la demora o déficit en el Control
Cefélico (CC), considerado un hito motor bésico, que condiciona el desarrollo y adquisicion
progresiva de los niveles motrices. Ademas, el CC se encarga de garantizar una adecuada y segura
alimentacion, asi como, permitir desarrollar adaptaciones posturales para relacionarse, adaptarse

al entorno y sus exigencias.

Asi, esta tesis doctoral se propone como un estudio de las propiedades métricas, en
términos de validez y fiabilidad, de los IMU, como herramienta de medida del ROM y el CC en
sujetos con PC. Para ello, se analiza la movilidad cervical determinada sincrénicamente con el
instrumento Cervical Range of Motion (CROM) y con IMU, asi como se describe el disefio y
desarrollo de una nueva prueba para la evaluacién del ROM y el CC cervical en la poblacion
infantil con PC. En ambos casos, ademas del analisis de un grupo de sujetos con PC, se ha

estudiado una muestra de sujetos control.

Frente a este contexto, en la primera publicacion, se abordd como objetivo principal
determinar las propiedades clinimétricas en términos de validez y fiabilidad de los IMU en la
medicién del ROM cervical en nifios con PC. Para ello se disefié un protocolo de evaluacion, una
hoja informativa junto con un consentimiento informado y un documento para el registro de los
datos. Se emplearon un IMU y un dispositivo CROM de forma simultanea. EI ROM cervical se
midi6é mediante la realizacion de 3 repeticiones de cada movimiento cervical, que se reprodujeron
pasados 5 minutos para valorar la fiabilidad intradia. De igual forma, la medicion se repiti6 a los
3-5 dias para la estimacion de la fiabilidad interdias. Los datos se anotaron en la hoja de registro,
se tomaron los valores maximos y se procedio a su analisis estadistico e interpretacion. Con objeto
de evaluar la validez concurrente se aplico el coeficiente de correlacion de Pearson, la prueba t
pareada y se construyeron graficos de Bland-Altman para cada ROM. Asimismo, para analizar la
fiabilidad relativa se determind calculando el Coeficiente de Correlacion Intraclase (CCI) para la
fiabilidad intra e interdia. Y, por ultimo, para la fiabilidad absoluta se calcul6 el error estandar de
medida (SEM) y el cambio minimo detectable (MDC).

Por otra parte, herramientas como las escalas y pruebas que habitualmente se utilizan para

la valoracién funcional de los sujetos con PC, suelen ser subjetivas y en ocasiones dificiles de
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aplicar en poblacién infantil. Su desarrollo en la practica asistencial también depende de la
destreza y experiencia de cada examinador. Para tratar de ofrecer una herramienta, que
potencialmente presente datos de calidad mas objetivos, en un segundo articulo, se disefia una
nueva prueba para determinar la postura cervical y su control motor en la poblacion infantil con
PC, basada en la tecnologia inercial, con un enfoque de suficiente validez y fiabilidad para
analizar el movimiento humano, con bajo coste econémico, gran versatilidad, portabilidad y

capacidad para adaptarse a la morfologia corporal.

Primero se realiz6 una revision de la literatura y dos pruebas de concepto, hasta lograr la
version final de la prueba. Posteriormente, se llevo a cabo un estudio de medicion clinica que
evalud su validez de constructo y de contenido, asi como la fiabilidad interdias. Durante el
protocolo, se empled una silla estable que se adaptd a las caracteristicas antropométricas de cada
individuo, una mesa y un ordenador. Fue utilizado un IMU colocado en la frente con una cinta
flexible y ajustable. El sensor capturd los movimientos en los tres planos, mientras el sujeto
observaba un video durante 2 minutos. Para el registro y procesamiento de los datos brutos, se
conecto via bluetooth el sensor con la aplicacién mévil iIUCOTRACK ©. Se repiti6 la prueba a
los 3-5 dias, siguiendo el mismo protocolo, con objetivo de estudio de la fiabilidad. Para obtener
un mejor feed-back de los datos obtenidos, ademas de las caracteristicas del movimiento, en
términos de longitud del desplazamiento, velocidad y aceleracion, se disefié una elipse con los
movimientos cefalicos en los planos sagital y transversal, evaluando su area y sus dimensiones
anteroposterior y lateral, como variables principales. Para evaluar el estado funcional de los nifios
con PC, se aplic la GMFM-88 y la PEDI. La validez de constructo se estim6 determinando la
capacidad discriminante del nuevo test e identificando asociaciones entre las medidas funcionales
y los resultados de la nueva prueba. Para ello, se aplicaron la prueba t de Student no pareada, una
curva de caracteristicas operativas del receptor (ROC, en sus siglas en inglés) y el test U de Mann-
Whitney para comparar subgrupos de sujetos con PC. Para la validez concurrente en el grupo PC,
se calculo el coeficiente de correlacion de Pearson entre los datos sociodemograficos y los
resultados obtenidos el primer dia, y los dominios y puntuaciones totales de las escalas GMFM-
88 y PEDI. Para la obtencion de la fiabilidad relativa se determin6 el CCl en el test-retest en

ambos grupos. Y, por ltimo, se evalué la fiabilidad absoluta con el célculo del SEM y el MDC.

Los resultados obtenidos en la primera publicacién mostraron altas correlaciones entre el
CROM y el IMU y en ambos grupos (PC y controles), salvo en el plano trasversal. Por otra parte,
los gréficos de Bland-Altman indicaron un sesgo por debajo de 5° entre ambos sistemas de
medicién, menos en la rotacion en el grupo PC que fue de 8,2°. Los CCI fueron superiores a 0,8
entre métodos y grupos. En la fiabilidad absoluta, el SEM obtuvo valores inferiores a 8,5° vy el

MDC valores superiores a 20° en el movimiento rotacional en la medicion entredias.
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En la segunda publicacién, la nueva prueba para determinar la postura cervical y su
control motor en nifios con PC mostr6 una alta capacidad discriminante en el &rea de la elipse
(Area Bajo la Curva = 0.8) y en ambas dimensiones. Las variables de la nueva prueba se asociaron
de moderada a fuerte con las medidas funcionales. Los CCI fueron superiores a 0,8 para los
individuos del grupo PC. EI SEM para ambos grupos fue aceptablemente bajo, en los
movimientos angulares por debajo de 4° para ambos grupos, y en las variables de la elipse fue
mayor en el grupo PC. La gran variabilidad entre individuos revelé un MDC alto, principalmente
en el grupo con PC.

Concluimos que los resultados obtenidos en ambas publicaciones sugieren que los IMU
son validos y fiables para medir el ROM, asi como para evaluar la postura y el control motor de
la columna cervical en los nifios con PC. Si bien la aplicabilidad de los hallazgos, del protocolo y
de la nueva prueba se limita a muestras y procedimientos similares. Por consiguiente, se plantea
la necesidad de estudios futuros con el fin de estandarizar los procedimientos y determinar datos

normativos del ROM cervical en diferentes poblaciones.



Resumen/Summary

SUMMARY

For healthcare professionals, obtaining valid and reliable clinical data is of great
importance in order to establish treatment goals suited to the individual needs of each patient and
to be able to assess their effectiveness. Inertial motion sensors (IMU) represent a breakthrough in
the measurement of the kinematics of body segments, applicable to the healthcare setting, and
show good reliability in measuring joint range of motion (ROM) in humans and the cervical spine
in adults. A common problem in Cerebral Palsy (CP) is the delay or deficit in head control (HC),
considered a basic motor milestone, which conditions the development and progressive
acquisition of motor levels. In addition, HC is responsible for ensuring adequate and safe feeding,
as well as enabling the development of postural adaptations to interact with others and adapt to

the environment and its demands.

Thus, this doctoral thesis proposes a study of the metric properties, in terms of validity
and reliability, of the IMU, as a tool for measuring ROM and HC in subjects with CP. For this
reason, it aims to analyze the cervical mobility determined synchronously with the Cervical Range
of Motion (CROM) instrument and with IMU, in addition to describing the design and
development of a new test for the evaluation of Range of Motion (ROM) and cervical HC in
children with CP. In both cases, in addition to the analysis of a group of subjects with CP, a sample

of control patients have been studied.

In this context, the main objective of the first publication was to determine the clinimetric
properties in terms of validity and reliability of the IMU in the measurement of cervical ROM in
children with CP. For this purpose an evaluation protocol was designed, together with an
information sheet, an informed consent form and a form for data recording. The IMU and a
CROM device were used simultaneously. Cervical ROM was measured by performing 3
repetitions of each cervical movement, which were reproduced after 5 minutes to assess intraday
reliability. Similarly, the measurement procedure was repeated after 3-5 days to estimate inter-
day reliability. The results were recorded on the recording sheet, the largest results were selected
and were statistically analyzed and interpreted. In order to assess concurrent validity, the Pearson
correlation coefficient, paired t-test and Bland-Altman plots were drawn for each ROM. Likewise,
to analyze relative reliability, this was determined by calculating the Intraclass Correlation
Coefficient (ICC) for intra- and inter-day reliability. Finally, for achieve absolute reliability, the
standard error of measurement (SEM) and the minimum detectable change (MDC) were

calculated.

In addition, tools such as scales and tests commonly used for the functional assessment
of patients with CP are usually subjective and sometimes difficult to apply in children. Their

development in healthcare practice also depends on the skill and experience of each examiner. In
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order to provide a tool that shows more objective results, in a second scientific article, a new
procedure has been designed to determine cervical posture and its motor control in children with
CP, based on inertial technology, with an approach of sufficient validity and reliability to analyze
human movement, with a low cost, great versatility, portability and capacity to adapt to body
morphology.

First, a literature review and two proofs of concept were carried out to obtain the final
version of the test. Subsequently, a clinical measurement study was performed to evaluate its
construct and content efficacy, and its inter-day reliability. During the protocol, a fixed chair
adapted to the anthropometric characteristics of each patient, a table, and a computer were used.
Furthermore, an IMU was placed on the forehead with a flexible and adjustable strap.

The sensor captured movements in all three planes, while the subject watched a video for
two minutes. For the registration and processing of raw data, the sensor was connected via
bluetooth with the IUCOTRACK mobile app ©. The test was repeated at 3-5 days, following the
same protocol, with the aim of studying reliability. To obtain a better feed-back of the data
obtained, in addition to the characteristics of the movement, in terms of displacement length,
speed and acceleration, an ellipse was designed with the head movements in the sagittal and
transverse planes, evaluating its area and its anteroposterior and lateral dimensions, as main
variables. To assess the functional status of children with CP GMFM-88 and PEDI were applied.
Construct validity was estimated by determining the discriminant capacity of the new test and
identifying associations between the functional measures and the results of the new test. For this
purpose, the unpaired Student t-test, a receiver operating characteristic (ROC) and the Mann-
Whitney U-test were applied to compare subgroups of subjects with CP. For concurrent validity
in the CP group, the Pearson's correlation coefficient was calculated between the
sociodemographic data and the results obtained on the first day, and the total domains and scores
of the GMFM-88 and PEDI scales. To obtain the relative reliability, the ICC was determined in
the test-retest in both groups. Finally, absolute reliability was assessed by calculating the SEM
and the MDC.

The results obtained in the first publication showed high correlations between CROM and
IMU and in both groups (CP and controls), except in the transverse plane. Furthermore, the Bland-
Altman charts indicated a bias below 5 degrees between the two measurement systems, except
for rotation in the CP group which was 8.2°. The ICC were higher than 0.8 between methods and
groups. Regarding absolute reliability, the SEM achieved values less than 8.5 degrees and the

MDC obtained values greater than 20° in rotational motion in the interday measurement.

In the second publication, the new test to determine cervical posture and motor control in

children with CP showed a high discriminatory capacity in the ellipse area (Area Under the Curve
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0.8) and in both dimensions. The variables of the new test were moderately to strongly associated
with the functional measures. The ICCs were greater than 0.8 for individuals in the CP group.
The SEM for both groups was acceptably low, in angular movements below 4° for both groups,
whereas in the ellipse variables it was higher in the CP group. The great variability between
individuals revealed a high MDC, mainly in the CP group.

In conclusion, the results obtained in both publications suggest that IMU is valid and
reliable for measuring ROM, as well as for the assessment of the posture and motor control of the
cervical spine in children with CP. However, the applicability of the findings, the protocol and
these findings are limited to similar samples and procedures. Therefore, future studies are needed
to standardize procedures and determine normative cervical ROM data in different populations.

10
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Listado de abreviaturas

ABREVIATURAS
AUC: Area bajo la curva
CC: Control cefélico
CCI: Coeficiente de Correlacion Intraclase
CIF: Clasificacion Internacional de Funcionamiento, de la Discapacidad y de la Salud.
CROM: Goniémetro cervical/Cervical Range of Motion Instrument
DPM: Desarrollo psicomotor
EAM: Escala de Ashworth modificada

GMFCS: Sistema de Clasificacion de la Funcion Motora Gruesa /Gross Motor Function
Classification System

GMFM: Medida de Funcion Motora Gruesa /Gross Motor Functional Measure
IMU: Sensor inercial de movimiento/Inertial Measurement Unit

MDC: Cambio minimo detectable

OMS: Organizacion Mundial de la Salud.

PC: Paralisis cerebral

PEDI: Inventario para la Evaluacion Pediatrica de la Discapacidad /Pediatric Evaluation

Disability Inventory
ROM: Rango de movimiento articular/Range of motion
ROC: Caracteristica Operativa del Receptor/Receiver Operating Characteristic
SEM: Error estandar de medida

SNC: Sistema Nervioso Central
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Capitulo I: Marco tedrico

Historia y definicion de la Paralisis cerebral

La Pardlisis cerebral (PC) es un sindrome cuyo origen se encuentra en la lesion de la
primera motoneurona del Sistema Nervioso Central (SNC), concretamente, en el cerebro,
cerebelo o en el tronco cerebral. Quedan excluidos los trastornos motores de origen espinal,
periférico, muscular y mecénico, asi como el dafio cerebral sobrevenido y/o progresivo. Dentro
de la patologia neurolégica pediatrica es muy frecuente y se manifiesta antes de los 18 meses

como una alteracién permanente y no progresiva (1-3).

La PC es conocida desde el antiguo Egipto y la antigua Grecia, pero no es hasta mediados
del siglo XIX cuando se empiezan a publicar articulos sobre las lesiones cerebrales y sus
manifestaciones clinicas (4). El cirujano britanico, Williams Little, es el primero en vincular la
asfixia intraparto con una lesién permanente del SNC y su relacion estrecha con la espasticidad,
asi como a otros problemas asociados como la epilepsia y trastornos conductuales. Fue tan
importante su repercusion que se conocia a la PC como la “Enfermedad de Little”. Hay otras
grandes aportaciones, que aun permanecen vigentes, como es la del Dr. Osler, que indicé la
primera clasificacion segun su distribucion en relacion a la neuropatologia. También la del Dr.
Freud, quien determind su etiologia (congénito, intraparto, postparto) (5,6). En 1900, el cirujano
ortopédico Phelps comenzé a investigar con un tratamiento innovador para los nifios con PC,
dando lugar a la ortopedia moderna. Ademas tuvo otra contribucion importante ya que public6 un
articulo en el que dividia en 5 tipos la PC: espaéstica, atetosis, rigidez, temblor e incoordinacion
(ataxia) (2,4).

A partir de 1950, comenzd a surgir un gran interés por la PC, creandose asociaciones en
Estados Unidos de América e Inglaterra, la American Academy for Cerebral Palsy y el Little
Club, respectivamente, desarrollandose los primeros estudios epidemiolégicos. Es en 1959
cuando Mackeith y Polani publican la primera definicion consensuada: "la PC es un trastorno
motor permanente pero no inmutable del movimiento y la postura, que aparece los primeros afios
de la vida y es debido a una interferencia no progresiva en el desarrollo del cerebro, que tiene
lugar antes de que se complete el crecimiento del SNC" (7). A principios de los 90, diferentes
reuniones de expertos acuerdan que se trata de un sindrome de gran heterogeneidad clinica, y en
este sentido Mutch et al., en 1992, la definen bajo el término "paraguas” que engloba asi a un
grupo de sindromes motores no progresivos, secundarios a lesiones o anomalias en el cerebro en
desarrollo™ (2,4,5).

Finalmente, en 2004, en Bethesda, Estados Unidos, se celebrd el "Taller Internacional
para la Definicion y la Clasificacion de la PC" donde un grupo de expertos a nivel mundial
acordaron que no es una enfermedad especifica y la definieron como: “...un grupo de desérdenes

permanentes del desarrollo del movimiento y postura (6), que causan limitacion de la actividad;
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y se atribuyen a alteraciones no progresivas que ocurren en el desarrollo del cerebro fetal o infantil
en los 2-3 primeros afios de vida; el trastorno motor se acompafia con frecuencia de alteraciones
de la sensibilidad, cognicién, comunicacion, percepcion, conducta, de crisis epilépticas y

problemas musculoesqueléticos...”, limitando su participacion y calidad de vida (2).

Il. Incidenciay prevalenciaen laPC

La PC es la causa de discapacidad motora mas frecuente en la edad pediatrica y el
principal motivo de discapacidad fisica grave. No tiene relacion con el género, etnia ni condicion
social (6). Su incidencia es de 1 a 3 casos por cada 1.000 nacidos segun la vigilancia de la PC en
Europa (8,9), con una prevalencia de entre 3 a 4 casos en Estados Unidos (10). En Espafia,
aproximadamente se presentan unos 1.500 casos nuevos al afio (11). La Encuesta sobre
Discapacidades, Deficiencias y Estado de Salud, de 1999 estimé que, en Espafia, el 0,14% de la
poblacién padecia PC, no encontrando datos recientes, como se pone de manifiesto en la Gltima
Encuesta Nacional sobre Discapacidad, autonomia personal y situaciones de dependencia
realizada en 2008 (11).

En la actualidad, méas del 90% de los nifios con PC sobreviven hasta la edad adulta,
incluso los casos con mas compromiso funcional, lo que la convierte en un problema de Salud
Publica a nivel mundial, al tratarse de un trastorno cronico, discapacitante, con gran repercusion
e implicacion médica, social, educacional y econémica (2,6,12). A pesar de todo, son pocos los
estudios que analizan sus efectos globales. Algunos ejemplos, como un estudio danés de 2009,
consigui6 cuantificar el coste econémico de la PC, contemplando gastos de atencién médica,
costes de productividad y sociales, atribuyendo un gasto de por vida de 860.000€ en hombres y
de 800.000€ en mujeres, sobre todo en la nifiez, siendo el componente mas importante el de la
atencion social (13). Otro estudio holandés, sefiala que los gastos en nifios con PC severa suponen
un coste anual de unos 40.265€ por nifio (14). En Espafa, un informe del presupuesto de gasto
publico de 2009 para personas dependientes, estima que los cuidados informales de las personas
con PC alcanzan un coste de entre 410,6 a 863,0 millones de euros (15). Finalmente, en Estados
Unidos, un estudio realizado en 2005, compara los gastos médicos que generan nifios con PC y
nifios con PC con discapacidad intelectual, concluye que los gastos se triplican en los casos mas

severos, estimando un coste total de 41.664 $ (16).

I11. Diagnostico y clasificacion de la PC

El diagndstico de la PC es fundamentalmente clinico. Se basa en dos pilares, como son,
la historia clinica y la exploracion fisica, esta Gltima, englobando un examen fisico detallado y la
evaluacion del desarrollo neuroevolutivo (2,17). Generalmente, se confirma alrededor de los 12-

24 meses en paises desarrollados, y en zonas con pocos recursos a los 5 afios (18). Los primeros
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signos o sintomas pueden ser una desviacion o retraso en el desarrollo tipico, que se resuelven de
forma esponténea en los lactantes. La persistencia de reflejos primitivos, mas all& de la cronologia
esperada, son un signo clinico concreto de PC. Su presencia, dificulta o impide la progresion del
desarrollo neuromotor tipico. En consecuencia, la no adquisicion de ciertos hitos motores claves,
como el control cefélico (CC) en el primer trimestre, puede ser un indicativo de PC (17,19). Las
pruebas de neuroimagen, las evaluaciones neuroldgicas y del desarrollo neuroevolutivo,
realizadas de forma estandarizada, pueden indicar hallazgos que muestren indicios o confirmen
la existencia de PC de forma temprana (18). Su diagndstico precoz es muy importante para iniciar
una pronta intervencion terapéutica, y optimizar la neuroplasticidad motora y cognitiva, asi como

para prevenir complicaciones secundarias y mejorar la calidad del cuidador (20).

La PC es extremadamente heterogénea tanto en su etiologia, como en su clasificacion.
Con el objetivo de salvar dicha dificultad y poder manejar las distintas presentaciones, se han
creado diversas estrategias para catalogarla (17-19,21), que son de utilidad tanto para el analisis

clinico, como para el estudio poblacional (1,3).
La etiologia o causa que la origina (12,17), permite clasificarla en:

e Prenatal: causa mas frecuente en nifios a término, por infecciones intrauterinas,
malformaciones cerebrales, causas genéticas.

e Perinatal: asociado a prematuridad y bajo peso, shock neonatal, infecciones,
trastornos metabdlicos.

e Postnatal: responsables de <10% casos, por sepsis, meningitis, accidentes vasculares,

traumatismos, ahogamiento, etc.

Segun la regién corporal afectada o topografia corporal (18), se describe como:

e Monoplejia: afectacion de una sola extremidad. Es poco frecuente.

e Hemiplejia: afectacion unilateral de un hemicuerpo. Alteracién motora mas evidente
en la extremidad superior.

e Diplejia: afectacion de las 4 extremidades con predominio de las extremidades
inferiores (Descrita como Enfermedad de Little).

o Paraplejia: afectacion de las extremidades inferiores.

e Triplejia: afectacion de ambas extremidades inferiores y superiores. Es poco
frecuente.

e Tetraplejia: afectacion global de las 4 extremidades, con mayor o igual compromiso,

asi como del tronco.

La PC también puede clasificarse en funcién del tipo de trastorno del movimiento

predominante (18,19,21,22), con manifestaciones clinicas como:
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Espaéstica: se genera cuando hay afectacidn de la corteza cerebral o la via piramidal,
representando el 70-80% de los casos. Cursa con hipertonia, aumento del reflejo
miotéatico e hiperreflexia con disminucion del movimiento voluntario. La postura y/o
el movimiento son anormales, favoreciendo la aparicion de contracturas y
deformidades.

Discinética: se produce por la lesion en los nicleos o ganglios basales y se presenta
en el 10-20% de los casos. Se caracteriza por la presencia de movimientos
involuntarios y cambios bruscos de tono muscular de hipertonia a hipotonia y
persistencia de los reflejos arcaicos. A su vez se divide en coreo-atetosis (exceso de
actividad e hipotonia) y distonia (disminucion de la actividad e hipertonia).
Atéaxica: el cerebelo esta afectado. Se manifiesta con hipotonia, incoordinacién de
los movimientos, mala coordinacién muscular, temblor intencional, déficit del
equilibrio y movimientos no precisos.

Mixta: se encuentran dafiados varias zonas cerebrales. Manifestandose de forma

combinada, se denomina en funcion del trastorno motor dominante.

En funcién al grado de afectacion motora, podemos clasificarla en:

Leve: hallazgos fisicos consistentes, pero sin limitacidn en las actividades cotidianas.
Moderada: dificultades en las tareas diarias, necesidad de medios de asistencia o
apoyo.

Grave o profunda: moderada o gran limitacion en las actividades diarias.

Segun la repercusion funcional (23) y la capacidad de moverse, dentro del concepto de

PC nos encontramos con diferentes alteraciones del tono, distintos compromisos motores y grado

de afectacion. Para dar respuesta a esta necesidad de estandarizar la severidad de la discapacidad

para el movimiento, se cred la Gross Motor Function Classification System (GMFCS), por

Palisano et al., en 1997 (23), consagrandose en el &mbito internacional como un sistema valido y

fiable con significacion pronostica (23,24). En 2007, fue revisada y extendida para ser aplicada

hasta los 18 afios (25) y traducida al esparfiol (26). Se basa en la capacidad que tiene el nifio de

autoiniciar el movimiento, con especial hincapié en la sedestacion, las transferencias y el grado

de movilidad. La GMFCS clasifica en 5 niveles la afectacion motora, de menor a mayor gravedad

en funcion de las caracteristicas funcionales en actividades cotidianas (25). Cada nivel se describe

como:
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- Nivel I, marcha sin restricciones y limitacion en las habilidades motoras

avanzadas.

- Nivel I, marcha sin soporte ni ortesis, limitacion para andar fuera de casa o en la

comunidad.
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- Nivel Il1, marcha con soporte u ortesis, limitacion para andar fuera de casa y en
la comunidad.

- Nivel IV, movilidad independiente bastante limitada.

- Nivel V, totalmente dependiente y automovilidad muy limitada.

El resumen de las caracteristicas de cada nivel y la descripcion de sus diferencias permite
la eleccidn del nivel mas cercano a las caracteristicas del nifio (Anexo 1). El estudio de Palisano
et al., reportd que la GMFCS posee una fiabilidad inter-evaluador con un coeficiente de
correlacion intraclase (CCI) de 0,93 y un coeficiente kappa de Cohen de 0,75 para las edades entre

2-12 afos y de 0,55 para edades inferiores a 2 afios (23,27).

IV. Desarrollo psicomotor: control cefalico

El desarrollo psicomotor (DPM) es un proceso continuo que abarca desde la concepcion
a la madurez. Mediante este proceso el nifio adquiere habilidades en las distintas areas del
desarrollo: motora, manipulativa, lenguaje y social, permitiéndole de forma progresiva adaptarse
al medio y ser independiente. Para alcanzar el control motor del cuerpo se han de lograr una
secuencia de hitos motores que tienen una progresion cefalocaudal y proximo-distal. Para
conseguirlo es necesario gque el tono muscular se regule, que los reflejos primitivos desaparezcan,
siguiendo su cronologia, y que se desarrollen las reacciones de equilibrio y la actividad motora
voluntaria. Finalmente, se alcanza la diferenciacién del acto motor voluntario que sucede por la

transformacion progresiva de las respuestas globales a actos motores precisos e individuales (28).

El control cefalico (CC) es un hito motor esencial en el DPM dentro del primer trimestre,
en el que el mal posicionamiento de la cabeza y la ausencia de su control motor pueden ser
indicadores de una lesion en el SNC (29). ElI CC se define como la capacidad de mantener y
recuperar rapidamente la verticalidad de la columna cervical ante una perturbacion que la altere
(30). La cabeza se considera el eje motor, debido a que su estabilizacion en el espacio proporciona
referencias visuales y vestibulares al SNC, para que pueda disponer de un patrén estable en la
vertical. Y ademas, resulta esencial para anticipar y adaptar el equilibrio, asi como para adquirir
el control postural dinamico (31,32). Con todo lo anteriormente expuesto, podemos afirmar que
el CC es un requisito necesario para maximizar la funcionalidad global del nifio desde su infancia
(30).

Una caracteristica frecuente en la PC es el déficit del CC y del tronco (30), con
consecuencias que van mas alla de las limitaciones de la funcion (33). De ahi que se observen
asimetrias en la postura y en los movimientos, a causa de la presencia de un tono muscular
anormal del cuello y del tronco (17). Si bien la cabeza es responsable de la orientacion de los

sentidos espaciales, y sus movimientos estdn influenciados por la informacion que le
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proporcionan, no resulta inesperado que algunos de sus movimientos inusuales sean causantes de
ciertas alteraciones de los sentidos espaciales, ya que se encuentran en una situacion forzada (34).
Ademas, su control y correcta alineacion son primordiales para el adecuado posicionamiento de
las estructuras orales (mandibula, lengua y labios), condicién necesaria para un proceso de
deglucion eficiente y seguro, al mismo tiempo que para disminuir los riesgos de sufrir
aspiraciones de los alimentos (35). EI CC también tiene una influencia importante sobre la
actividad motriz (36). Su déficit perjudica e interfiere en la funcionalidad de las extremidades
superiores, que se ve perturbada utilizando patrones de alcance méas lentos, menos rectos y méas
agresivos, para la aproximacion al objeto en comparacion con nifios y adultos sanos (37). Por
altimo, se ha observado que existe una relacion entre la calidad de los movimientos cefélicos en

la PC y el riesgo de sufrir caidas (36).

Conocer la naturaleza de los problemas posturales, orienta sobre las necesidades
especificas del paciente y ayuda en la eleccion y ajuste de la terapia individual (38). Con todo lo
expuesto anteriormente, se puede afirmar que el CC en los nifios con PC es un objetivo crucial de
evaluacion y tratamiento (33), puesto que la estabilidad de la cabeza en el espacio es esencial para

el desarrollo del control postural durante el movimiento del cuerpo (31,32).

V. Examen clinicoenla PC

Sarathy et al. (39), en su revision sobre el examen clinico en los nifios con PC, determina
como ejes prioritarios, la historia clinica y el examen fisico. En la primera, sefiala que se han de
registrar datos como: los antecedentes de patologias asociadas, las intervenciones quirdrgicas, el
control de fisioterapia, su capacidad funcional en diferentes entornos, como en la casa, la escuela
y la comunidad. Por otra parte, resalta la importancia del examen fisico y promulga que sea
detallado y estandarizado, para una adecuada evaluacién de los trastornos del movimiento en la
PC. Asimismo, destaca la inclusion de las siguientes dimensiones en la exploracion: la fuerza
muscular, la espasticidad, el rango de movimientos articular, el control motor selectivo, el

desarrollo de la funcién motora y el DPM (1,39).

La fuerza muscular es la cantidad de tension que pueden generar los misculos ante una
resistencia o carga. Es directamente proporcional a la funcién motora, y su valoracion vy
cuantificacion nos permite evaluar las intervenciones terapéuticas y optimizar los resultados
funcionales (39). En los nifios con PC es complicado evaluar la fuerza, al ser una capacidad que
se encuentra alterada (39), manifestandose en el 70-80% de los casos con espasticidad (18).
Hislop et al. (40) defienden que, en Fisioterapia, las pruebas musculares manuales son un
instrumento para la evaluacion de la fuerza muscular y que, a pesar de su subjetividad, son fiables
y validas para el uso clinico, aumentado su confiabilidad entre examinadores expertos y utilizando

el mismo procedimiento (40). De hecho, el balance muscular analitico ha mostrado una fiabilidad
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test-retest elevada con un CCl >0,81, segun Kligels et al. (41). En esta escala, la fuerza muscular
se valora mediante una gradacion numérica, consistente en la evaluacion de la contraccion
muscular frente a un requerimiento, otorgadndole una puntuacion de 0 a 5. A continuacién se

describe cada una de las puntaciones.
0: ausencia de contraccion.
1: contraccion visible o palpacion, pero sin movimiento activo.
2: movimiento activo sin vencer la gravedad ni la resistencia.
3: movimiento activo que vence la gravedad, pero no la resistencia.
4: movimiento activo en toda su amplitud, vence la gravedad y una resistencia moderada.

5: fuerza normal, movimiento activo que vence la gravedad y la resistencia (40).

Para la espasticidad, la definicibn més citada es la de Lance (42), que afirma: “La
espasticidad es un trastorno motor caracterizado por un aumento dependiente de la velocidad de
los reflejos ténicos de estiramiento (tono muscular), con los reflejos osteotendinosos exagerados,
gue resultan de la hiperexcitabilidad del reflejo de estiramiento y es uno de los componentes del
sindrome de la motoneurona superior”. La espasticidad produce un desequilibrio funcional y

estatico que contribuye a limitar la movilidad articular (43).

Con el objetivo de valorar clinicamente la espasticidad, de forma rapida, sencilla y sin
necesidad de instrumentacion especifica (44), se dispone de la Escala Ashworth Modificada
(EAM), que se considera como el método cualitativo mas extendido y de mayor consenso entre
expertos, para la cuantificacion de la hipertonia en cualquier articulacion en la poblacién con PC
(45,46). Para la aplicacion de la escala, el examinador debe movilizar de forma manual la
articulacion en la totalidad del rango articular posible y percibir la resistencia producida durante
el estiramiento de un masculo ante su movimiento pasivo (44). Originalmente, puntuaba con
valores ordinales con una gradacion de 0 a 4 (46), si bien Bohannon et al. (45), afiadi6 un nuevo
item, con el fin de aumentar la sensibilidad en los grados inferiores. Asi, dividi6 el grado 1 en dos
subcategorias, en funcion de si la resistencia se producia al final del arco de movimiento o a la
mitad (Anexo 2).

Son numerosos los estudios que evidencian la fiabilidad de la EAM como una herramienta
de valoraciéon de la espasticidad (46,47) con una fiabilidad inter-observador adecuada, en
investigaciones centradas en la espasticidad del codo y la mufieca. De hecho, la fiabilidad aumenta
si la extremidad tiene poco peso y cuanto mas distal es el musculo. Con respecto a la fiabilidad
intra-observador, se muestra variable en funcién de la articulacién a valorar y la patologia

subyacente. Segun el estudio de Mutlu et al. (46), que valora la fiabilidad entre la Escala Ashworth
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y la EAM, la fiabilidad de la EAM inter-evaluadores es buena, con CCI entre 0,61-0,87,
mostrando también, en el test-retest, una correlacioén buena, entre 0,36-0,83 intra-evaluador y
sugiriendo que la experienciay la repeticion de las mediciones por un mismo fisioterapeuta puede
no afectar a la fiabilidad (46). Van den Noort et al. (48), tras el consenso de comité de expertos
europeos de 12 paises, que alcanz6 un acuerdo >75%, concluyen que debe usarse el término de
hiperresistencia para describir el fendbmeno de alteracion de la respuesta neurofisioldgica del
musculo al estiramiento pasivo, en lugar de espasticidad o hipertonia, si bien esta terminologia
no esta completamente extendida.

La evaluacion del Rango de Movimiento articular/Range of Motion (ROM) de la columna
cervical es particularmente dificil de evaluar con precision, debido a la complejidad de sus
estructuras anatémicas y los movimientos acoplados. En el entorno clinico, el ROM se cuantifica
en los tres planos de movimiento, situando la flexion-extension en el plano sagital, la inclinacién
lateral (izquierda-derecha) en el plano frontal y la rotacidn (izquierda-derecha) en el plano
transversal. Generalmente se valora en ciclos completos o medios, es decir, el movimiento
méaximo del conjunto del plano o desde una posicion neutra al recorrido maximo de uno de los

movimientos (49).

El rango de movilidad normativo de la columna cervical en sujetos sanos pediatricos,
teniendo en cuenta cada plano de movimiento seria, para la flexién-extensién de 60°-90°, para la
flexion lateral entre 40°-60° y para la rotacion entre los 60°-90° (50). EI ROM cervical en nifios
sanos parece ser mayor en comparacion con adultos sanos en todos los planos de movimiento. En
cambio, en los nifios con PC se observan asimetrias en sus movimientos, asociado a la presencia
de tono anormal en el cuello y tronco (17). También se observa este patrén en otras afecciones,
como en cefaleas cronicas de origen cervical y en la torticolis muscular congénita, lo que denota

la importancia de la evaluacion de la movilidad cervical en la poblacion infantil (50).

La evaluacion de la funcion motora es fundamental para la deteccion e intervencion
temprana en los nifios con PC. Son diversos los instrumentos que se han disefiado para su
valoracién en esta poblacion, entre los que se encuentran, la Gross Motor Function Measure
(GMFM) vy la Pediatric Evaluation of Disability Inventory (PEDI) que han demostrado ser

clinicamente utiles y sensibles al cambio (51).

La GMFM fue disefiada por Russell en 1989 (24), como una escala especifica para
detectar cambios en la funcién motora gruesa en los nifios con PC (24,51) a lo largo del tiempo,
siendo la medida observacional que més se utiliza. Se ha empleado y validado en otras
poblaciones pediatricas con patologias como déficit o trastornos cognitivos, osteogénesis
imperfecta, traumatismo craneoencefélico y sindrome de Down. Ademas, ha sido traducida y

validada transculturalmente en varios idiomas entre los que se encuentra el espafiol (52-54),
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aleman, coreano, tailandés (55). En la préctica clinica es considerada como la prueba de referencia
para la evaluacion de la funcién motora gruesa, al identificar la validez de constructo de otras
escalas. Cuenta con varias versiones la completa con 88 items y la abreviada con 66 items, las
cuales se declaran como fiables, validas y sensibles al cambio (55).

La GMFM completa estd compuesta por 88 items agrupados en cinco dimensiones
distintas:

- La dimension (A) decubitos y volteos, con 17 items.

- La dimension (B) sentado, con 20 items.

- La dimension (C) gateando y de rodillas, con 14 items.
- La dimension (D) de pie, con 13 items.

- La dimensidn (E) andando, corriendo y saltando, con 24 items.

Cada item se puntda segln escala numérica de 0 a 3 puntos (0 = no inicia, 1 = inicia, 2 =
alcanza parcialmente, 3 = completa). Todas las dimensiones tienen el mismo peso y se expresan
como el porcentaje de la puntacién méaxima para esa dimension. La puntuacién total se obtiene
calculando la media de los porcentajes de las cinco dimensiones (52) (Anexo 3). Se utiliza en
distintas situaciones clinicas e investigacién para valorar la eficacia y los efectos de los
tratamientos de fisioterapia, de la cirugia ortopédica y de la toxina botulinica, entre otras (51).
Existe una considerable evidencia de su fiabilidad inter e intra-observador (56,57) con CCI que
variaron entre 0,76-1,00, lo que sugiere su consistencia en la medicién. A su vez, Russell et al.
2000 refieren en el test-retest un CCI de 0,99 (58).

El inventario para la evaluacion pediatrica de la discapacidad (PEDI), fue creado por
Haley et al. en 1992 (59), como un instrumento de evaluacion clinica del contexto y actividades
diarias del nifio (60). Se estructura como una entrevista o informe para los cuidadores principales
de los menores que sufren alguna discapacidad o enfermedad cronica (61), o también, puede
cumplimentarse por parte del profesional por observacion directa (59,61). Se emplea en edades
comprendidas entre los 6 meses y 7 afios y medio, pudiéndose aplicar en nifios mayores y/o
adolescentes (hasta 20 afios), en los que sus habilidades funcionales estan por debajo del rango

de edad (62). Ha sido validada en diferentes lenguas entre las que se encuentra el espafiol (61,63).

La PEDI se considera como el referente en la evaluacién de la discapacidad en pediatria.
Se aplica en diversas patologias, como en la PC, el dafio cerebral, el sindrome Down, la espina
bifida, la artrogriposis, la paralisis braquial obstétrica, la epilepsia y en el déficit cognitivo, entre
otros (60,61). También para evaluar los resultados tras una intervencion terapéutica con

electroterapia, terapia acuatica, hipoterapia, toxina botulinica y terapia Bobath (60). Esta
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compuesta por dos escalas, una relativa a las habilidades funcionales y otra que cuantifica el nivel
de ayuda que presta el cuidador, asi como las modificaciones del entorno y el equipamiento que
precisa el menor (27,60,64) (Anexo 4). A continuacion, se enumeran los dominios e items de cada
una de las escalas:

- Escala de habilidades funcionales: el dominio de cuidado personal consta de 75 items,

el dominio de movilidad tiene 59 items y el dominio de funcién social cuenta con 65 items.

- Escala del cuidador: el dominio de cuidado personal consta de 8 items, en el dominio
de la movilidad tiene 7 items y en el de la funcion social hay 5 items.

Santamaria Vazquez et al. (64) refieren la gran relacion entre la PEDI y la Clasificacion
Internacional de Funcionamiento de la Discapacidad y de la Salud (CIF), considerdndola como
un instrumento muy adecuado para la valoracién de la funcionalidad y participacion del nifio con
discapacidad (64). La escala original PEDI documenté un alfa de Cronbach de entre 0,98 y 0,99
mostrando una alta consistencia interna para cada uno de los dominios entre las escalas y unos
CCl entre 0,88 y 0,98 en la fiabilidad inter-observador (59,63). En la version espafiola, obtiene
excelentes datos con un alfa de Cronbach de 0,98 y una fiabilidad inter-observador con CCl entre
0,86y 0,99 (27,63).

V1. Evaluacion instrumental de la discapacidad en la PC

La evaluacion de la discapacidad asociada a la PC es fundamental para determinar la
magnitud de los déficits, definir las necesidades, establecer las terapias y evaluar sus beneficios.
Siguiendo el modelo biopsicosocial, la discapacidad se entiende como la interaccion de aspectos
bioldgicos, psicoldgicos y sociales, como define la Organizacién Mundial de la Salud (OMS),
con su modelo CIF (65,66). De hecho, la CIF promueve la obtencion de datos objetivos, fiables
y vélidos para evaluar déficits de la fuerza muscular, del recorrido articular, del equilibrio y
alteraciones funcionales, entre otras (59). Sin embargo, la mayoria de las herramientas para la
valoracion de la funcién motora son medidas subjetivas, que pueden condicionar los resultados y
conclusiones, dependiendo del protocolo de evaluacion o del examinador (67). Para los
profesionales de la salud es crucial la obtencion de informacién fiable sobre la cantidad y calidad
de ROM cervical (68,69). Existen instrumentos para la medicién del ROM en el ambito clinico,
como es el goniémetro cervical o Cervical Range Of Motion Instrument (CROM) (70), y en los
altimos afios, han emergido nuevas herramientas tecnolégicas (65), que han demostrado superar
a la metrologia convencional, segun afirman Li et al. (69). No obstante son necesarias mas
investigaciones con capacidad de validar estas nuevas herramientas en sujetos con diferentes tipos

de alteraciones, en la préctica clinica (71) y en la poblacion infantil (72).
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Respecto al CROM, puede afirmarse que es una herramienta fiable, no invasiva de facil
manejo, que se utiliza exclusivamente para medir el ROM cervical en el entorno clinico (68).
Precisa que el paciente permanezca en una postura estatica controlada (70), lo que supone un
requisito dificil en la poblacion con PC, que comUnmente tienen un escaso control motor de la
cabeza. El dispositivo CROM es estandar tanto para el uso en poblacion adulta como en
peditrica, y no permite la regulacion al perimetro y forma de la cabeza, requiriendo en los nifios
de adaptaciones por medio de espumas semirrigidas, para el correcto encaje del dispositivo en la
cabeza. Consta de un marco de plastico colocado en la cabeza sobre la nariz y las orejas, asegurado
con un velcro. Tiene dos inclindbmetros independientes, uno para la evaluacion del plano sagital
(movimientos de flexion-extension) y otro para el frontal (movimiento de inclinacion lateral)
unidos por el marco, que indican la posicion de la cabeza con respecto a la linea de gravedad. En
el plano horizontal (movimiento de rotacién) hay una brajula removible que indica la posicién de

la cabeza con respecto a la posicion de referencia (70) (Figura.l).

Figura 1. Dispositivo CROM (Fuente: produccién propia)

Segun Hole et al. (73), aplicando el CROM, la movilidad cervical disminuye con la edad
en todos los planos de movimiento, pero no se ve afectada significativamente por el género. Los
CCl para la fiabilidad intra-evaluador para los movimientos de flexion-extension evaluados con
el CROM es de 0,96, para la flexion lateral es de 0,96 y para la rotacién es de 0,92. De igual
forma, los CClI obtenidos en la fiabilidad inter-evaluadores son para la flexion-extensién de 0,88,

para la flexion lateral 0,84 y para la rotacion 0,92 (73).

Por otro lado, los sistemas de captura de movimiento permiten cuantificar y evaluar el
movimiento mediante la recogida automatica de posturas anatomicas. Existen dos modos
principales de llevarlo a cabo, a través de los sistemas en linea y de los sistemas de video. En los

sistemas en linea, se fijan marcas en el sujeto, bien pasivas o activas, que confieren sefiales hacia
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el detector (camara). Este almacena la posicion de las marcas, es decir, sus coordenadas “X” e
“Y”. Los datos obtenidos son procesados posteriormente y se calculan los parametros cinematicos
del movimiento en tiempo real. Este sistema presenta inconvenientes, como no mostrar de forma
simultanea la imagen del sujeto en la cAmara, tener problemas de reflexion en el suelo y las
paredes, asi como la necesidad de cableado en las marcas sobre el sujeto, lo que restringe su
aplicacion al laboratorio (71). Por su parte, los sistemas de video se basan en la grabacion de
secuencias de los movimientos con una o varias cdmaras y su almacén en un ordenador (74). Los
sujetos también suelen tener marcas en el cuerpo, con las que determinar la posicion y el
movimiento. Después, el examinador realiza la evaluacion del movimiento con ayuda de métodos
de procesamiento de imagenes, con lo que los datos tampoco se obtienen en tiempo real. Estos
sistemas de analisis de movimiento mediante video reportan de manera objetiva los datos de
movilidad, pero requieren de un laboratorio de andlisis de movimiento que habitualmente tienen

un alto coste y dificil acceso (69).

Una alternativa a estos sistemas son los sensores inerciales de movimiento/Inertial
Measurement Units (IMU). Su aparicién se remonta a 1920, donde se utilizaban en aplicaciones
para la navegacién y en dispositivos guiados automaticamente. Aquellos dispositivos eran
pesados, de grandes dimensiones, con un alto gasto energético y econémico, resultando dificil su
empleo en otros campos. El primer modelo reducido fue presentado en 1979 por la Universidad
de Stanford (EE.UU.), como Sensor Inercial Micromaquinado Electromagnético
/Microelectromechanical System (MEMS) y, desde entonces, han ido evolucionado rapidamente
hasta las generaciones actuales portatiles (71) de facil manejo y colocacién (69,75), con alta
sensibilidad para medir tridimensionalmente el movimiento. Los IMU combinan varios
elementos: los giroscopios, que miden las velocidades angulares alrededor de un sistema de
coordenadas, los magnetémetros, que miden el campo magnético de la tierra, y los acelerémetros
que miden la aceleracién gravitacional y traslacional (68,76). En el mercado se pueden encontrar
diversas marcas y modelos para el andlisis de la movilidad dentro de la actividad clinica. Desde
los mas simples, que recogen datos cinematicos, hasta los mas complejos que afiaden la medicién
de la actividad muscular durante el movimiento a través de electromiografia. Se pueden cargar en
una base conectada directamente a un puerto USB y su bateria puede permitir una autonomia de
varias semanas. Disponen de una memoria donde pueden ser almacenados y transferidos los datos
registrados, y, a través de Bluetooth, conectar a un dispositivo Android. Uno de estos sistemas se
ha desarrollado en la Universidad de Cordoba, denominado iUCOTrack® software (69,77), que
permite obtener la informacion en tiempo real de la orientacion de los sensores en los 3 planos de
movimiento. Estos sensores han de colocarse correctamente bajo un protocolo predeterminado,
asi como determinar sus ejes “X”,” Y y “Z”, para establecer el calibrado y posicion inicial o de

partida para la medicion del movimiento. Asi, han de emparejarse el IMU con el dispositivo
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Android y asignarle un puerto de comunicaciéon. Se recogen los datos en cuartenios
transformandose en valores de roll (angulo de alabeo), pitch (elevacion) y yaw (direccion),
mostrando dichos valores en la gréafica de la interfaz del dispositivo movil. De este modo, no
precisan de registro manual por parte del evaluador (78). Una vez recogidos los datos, se
almacenan en un archivo en formato txt 6 csv, que permite posteriormente su andlisis en Excel.
En un estudio previo, Li et al. ya utilizaron esta tecnologia para evaluar la movilidad cervical (69)
y espinal en sujetos con patologia (79), comparando los sistemas de captura de movimiento y los
IMU, obteniendo estos tltimos un CCI muy bueno (0,99) en el test-retest, y mostrando diferencias
pequefias en grados de movimiento (2-9°) (69).

Los IMU tienen como ventajas principales el no necesitar de referencias externas ni
instalaciones especiales, lo que permite tener libertad en los gestos y movimientos corporales,
ademas de tener un bajo consumo Y facil portabilidad (78), lo que les hace ser mas accesibles y
aplicables en la medicién del movimiento humano (69,80). De hecho, la literatura confirma que
los IMU permiten la medicion objetiva de la orientacién, movimiento, direccién y estado
fisioldgico del cuerpo durante su movimiento (81). Del mismo modo, aseguran su utilidad clinica
en el ambito de la rehabilitacion, del deporte, en el diagndstico de enfermedades y en la valoracion
de los efectos de los farmacos. En la actualidad, los IMU se emplean para evaluar la movilidad,
identificar movimientos patoldgicos, caracterizar patologias, el reconocimiento de una actividad,
la prevencion y el manejo de las caidas, asi como reforzar la terapia con biofeedback (81), lo que

supone un nuevo paradigma en la evaluacién y analisis del movimiento.

Figura 2. Sensor inercial de movimiento (Fuente: produccién propia).
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VI.1. Caracteristicas de los sistemas de andlisis de movimiento en la columna

cervical

Como ya se ha comentado, para medir el ROM cervical existen diferentes instrumentos,
como los dispositivos mecanicos tradicionales entre los que se encuentra el goniémetro cervical
CROM, que a pesar de ser utilizados en clinica y mostrar validez presentan algunos
inconvenientes, como ralentizar la medicion, o depender de la capacidad para mantener la postura
estatica durante la lectura del ROM, mientras el examinador anota manualmente los datos. Esto
puede conllevar problemas en el registro y estar supeditado a la experiencia o destreza del
evaluador para su obtencion (82). Mas recientemente, el uso de la tecnologia inercial ha facilitado
la captura del ROM de forma digital, a través de su tamafo y peso mas reducidos, y de su
colocacion mas comoda en la region craneocervical (78). Todo ello minimiza o elimina las
posibles alteraciones del movimiento natural, incluso durante su estudio en ambientes reales fuera
del laboratorio, incluso a lo largo de un tiempo prolongado. De hecho, Walmsley et al. (68), en
su revision, sugieren que el gran potencial de los IMU reduce la distancia entre los sistemas de
laboratorio y la metrologia convencional (goniémetro) en la medicién de los movimientos

angulares de las articulaciones.

Los datos obtenidos por Anoro-Hervia et al. (78), sugieren que los sensores se pueden
utilizar en clinica debido a su alto CCI intra e inter-evaluadores (>0,80) para todos los
movimientos cervicales. Poitras et al. (83), indican en su revision de las propiedades
psicométricas de los IMU para cuantificar el movimiento articular, que la validez varia segun la
complejidad de la tarea realizada, asi como de la articulacion y el movimiento evaluado. Exponen
gue la evaluacion con IMU en el complejo articular del cuello muestra mayor variabilidad en las
mediciones del movimiento de rotacion, por tanto, en el plano trasversal, presentando resultados
peores de CCI (<0,80) con respecto a los movimientos de flexion y extension. Esto puede ser
debido a que la rotacién de la columna cervical requiere de un equilibrio y CC constante para
poder realizarla de forma homogénea, estando esta accién comprometida, como se ha mencionado
anteriormente, en los nifios con PC (33), lo que podria dificultar su uso en este plano. En sujetos
sanos también se han reportado resultados bajos de fiabilidad en el plano rotacional, a pesar de
utilizar movimientos simples, lo que pone de manifiesto el desafio que supone la evaluacion de
la movilidad que se produce en este plano. Por ultimo, Poitras et al. expresan que los IMU son
una herramienta valida para la evaluacion del movimiento en todo el cuerpo, y que son necesarios
mas estudios sobre su fiabilidad sobre los mismos, asi como estandarizar los procedimientos

técnicos para la obtencion de datos mas precisos y sélidos (83).
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VI. 2. Aplicacion de los IMU en patologias neurolégicas

Los IMU se han empleado para el estudio de diversos parametros en patologias
neuroldgicas en adultos, entre los que se encuentran articulos sobre la esclerosis multiple y la
evaluacion del deterioro del equilibrio y la marcha antes de su evidente manifestacion clinica
(84,85). Respecto a la enfermedad de Parkinson, se ha empleado para identificar el temblor y su
control postural (86), asi como para valorar el grado de espasticidad en los accidentes
cerebrovasculares. También se ha empleado con éxito en el estudio del desplazamiento del centro
de gravedad en el control postural con objeto de medir el equilibrio (87,88). Asimismo, han sido
aplicados en los traumatismos craneoencefalicos leves para cuantificar la influencia del equilibrio

en su control postural (89).

Ya en la patologia neuroldgica pediéatrica, la mayoria de los estudios se han centrado en
el analisis de la espasticidad en las extremidades inferiores (90,91) y en el analisis de parametros
de la marcha (92). Finalmente, en relacion a la estimulacion y analisis de la actividad, los IMU se
han aplicado por medio de juegos interactivos (93) para el tratamiento de diferentes segmentos

corporales, como en el tronco, los miembros superiores (94) y en la columna cervical (95).

V1. 3. Aplicacion de los IMU en la PC

Aunque este apartado seréa desarrollado en profundidad en los articulos publicados que
forman parte del cuerpo de esta tesis, es necesario hacer algunas anotaciones. En la poblacién
infantil con PC, es dificil encontrar literatura sobre el estudio del control de la cabeza en los nifios
con PC (33), y actualmente no hay datos suficientes sobre la validez del empleo de los IMU en
esta poblacién (75). Segun el estudio de Raya et al. en 2011, la tecnologia inercial reporta mejoras
en la evaluacion cuantitativa de los trastornos del movimiento, y proporcionan una base para la

clasificacion de los movimientos y posturas anormales de la cabeza (67).

Por otra parte, los IMU son capaces de distinguir tendencias diferentes entre nifios con
desarrollo tipico de los que no presentan este esquema, caracterizando los diferentes patrones de
movimiento (96). Segun la revision de losa et al. (97), los IMU estan listos para formar parte
habitual de la practica clinica, pero se precisan mas investigaciones en términos de validez y
fiabilidad, y especificamente de los dispositivos que miden el rango de movimiento cervical (49).
Determinar su eficacia en infantes con alteraciones (75), asi como establecer protocolos
estandarizados para su aplicacion clinica (68) y la evaluacion de sus propiedades psicométricas

(81) es uno de los desafios de este campo del conocimiento.
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La causa principal de discapacidad en la infancia es la PC. Una alteracion comuin en la
PC es el déficit en el control motor de la cabeza. Este es un requisito motor necesario para diversas
funciones béasicas, como una buena deglucion (35), que permita la supervivencia natural de forma
segura, 0 la correcta orientacion de los sentidos, que reportan informacién esencial para permitir
la adaptacion al entorno (34), e, incluso, adquirir un DPM adecuado. En este contexto, el CC y
sus carencias son un aspecto principal a valorar y tratar (30).

La OMS plantea la necesidad de evaluar la discapacidad con métodos objetivos. Asi, la
literatura apunta que los IMU son validos y fiables para la evaluacion del movimiento humano en
diferentes campos, en sujetos sanos (80) y en diversas patologias en adultos (69), pero también
coinciden diversos autores que es necesario realizar mas estudios, para permitan determinar su
validez y fiabilidad en la préctica clinica, no solo en adultos, sino también en la poblacion
pediatrica, en la que existe un menor grado de evidencia del uso de IMU en la evaluacion del

movimiento.

La herramienta CROM ha mostrado validez y fiabilidad en la medicion del rango cervical
en todos los movimientos, y se tiene como método de referencia en la evaluacién del ROM (70).
Sin embargo, la informacion sobre la validez y fiabilidad de los IMU para la medicién del ROM
cervical en la poblacién infantil con PC es limitada (82), lo que seria deseable por su versatilidad
y manejo de los datos. Por todo lo anteriormente expuesto, nos plateamos las siguientes hipétesis

y objetivos de estudio.

12 Hipdtesis: la determinacion del ROM cervical con IMU mostraria una buena validez
concurrente y una buena fiabilidad intra e interdias, cuando comparada con el dispositivo CROM

en sujetos con PC.

El objetivo general para este trabajo es evaluar la validez y la fiabilidad de los IMU en la

evaluacion del ROM cervical y el control motor en sujetos con PC.
Objetivos especificos:

1. Identificar la validez concurrente del IMU frente a la herramienta CROM para
medir el movimiento cervical en pacientes pediatricos con PC.

2. Determinar la fiabilidad del IMU en la medicion articular cervical en la poblacion
infantil con PC y sujetos sanos.

3. Determinar la aplicabilidad clinica del IMU en la poblacion pediétrica con PC.

4. Detectar la adaptabilidad y tolerancia del IMU para la medicion del ROM cervical

en pacientes pediatricos con PC frente al CROM.
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2° Hipdtesis: el desarrollo de un nuevo instrumento cinematico, basado en IMU, es capaz

de medir la postura cervical y su control motor en la poblacién infantil con PC.

El objetivo general para este estudio es determinar si el desarrollo de una nueva prueba
instrumental cinematica de medida, usando un dispositivo IMU, consigue evaluar la postura

cervical y su control motor en la poblacion infantil con PC.
Objetivos especificos:

1. Determinar la validez de constructo y concurrente de la prueba de determinacion
de la postura cervical y el control motor basada en IMU respecto a otras pruebas
funcionales en sujetos con PC.

2. Conocer la fiabilidad relativa y absoluta interdias de la prueba de determinacion
de la postura cervical y el control motor basada en IMU en sujetos con PC y sanos.

3. Demostrar la aplicabilidad clinica de la prueba de determinacion de la postura

cervical y el control motor basada en IMU en sujetos con PC.
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Abstract: Objective: This study aimed to determune the validity and reliability of Inertial Measurement
Units (IMUSs) for the assessment of craniocervical range of motion (ROM) in patients with cerebral
palsy (CP). Methods: twenty-three subjects with CP and 23 controls, aged between 4 and 14 years,
were evaluated on two occasions, separated by 3 to 5 days. An IMU and a Cervical Range of Motion
device (CROM) were used to assess craniocervical ROM in the three spatial planes. Validity was
assessed by comparing IMU and CROM data using the Pearson correlation coefficient, the paired
t-test and Bland-Altman plots. Intra-day and inter-day relative reliability were determined using
the Intraclass Correlation Coefficient (ICC). The Standard Error of Measurement (SEM) and the
Minimum Detectable Change at a 90% confidence level (MDCqg) were obtained for absolute reliability.
Results: High correlations were detected between methods in both groups on the sagittal and frontal
planes (r > 0.9), although this was reduced in the case of the transverse plane. Bland~-Altman plots
indicated bias below 5", although for the range of cervical rotation in the CP group, this was 8.2°.
The distance between the limits of agreement was over 23.5" in both groups, except for the range of
flexion-extension in the control group. ICCs were higher than 0.8 for both comparisons and groups,
except for inter-day comparisons of rotational range in the CP group. Absolute reliability showed
high variability, with most SEM below 8.5° although with worse inter-day results, mainly in CP
subjects, with the MDCqq of rotational range achieving more than 20". Conclusions: IMU application
is highly correlated with CROM for the assessment of craniocervical movement in CP and healthy
subjects; however, both methods are not interchangeable. The IMU error of measurement can be
considered clinically acceptable; however, caution should be taken when this is used as a reference
measure for interventions.

Keywords: inertial sensors; pediatric neurological disease; kinematics
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Abstract: Objective: This study aimed to determine the validity and reliability of Inertial
Measurement Units (IMUs) for the assessment of craniocervical range of motion (ROM) in patients
with cerebral palsy (CP). Methods: twenty-three subjects with CP and 23 controls, aged between 4
and 14 years, were evaluated on two occasions, separated by 3 to 5 days. An IMU and a Cervical
Range of Motion device (CROM) were used to assess craniocervical ROM in the three spatial
planes. Validity was assessed by comparing IMU and CROM data using the Pearson correlation
coefficient, the paired t-test and Bland-Altman plots. Intra-day and inter-day relative reliability
were determined using the Intraclass Correlation Coefficient (ICC). The Standard Error of
Measurement (SEM) and the Minimum Detectable Change at a 90% confidence level (MDC90)
were obtained for absolute reliability. Results: High correlations were detected between methods
in both groups on the sagittal and frontal planes (r > 0.9), although this was reduced in the case of
the transverse plane. Bland—Altman plots indicated bias below 5°, although for the range of cervical
rotation in the CP group, this was 8.2°. The distance between the limits of agreement was over 23.5°
in both groups, except for the range of flexion-extension in the control group. ICCs were higher
than 0.8 for both comparisons and groups, except for inter-day comparisons of rotational range in
the CP group. Absolute reliability showed high variability, with most SEM below 8.5°, although
with worse inter-day results, mainly in CP subjects, with the MDC90 of rotational range achieving
more than 20°. Conclusions: IMU application is highly correlated with CROM for the assessment
of craniocervical movement in CP and healthy subjects; however, both methods are not
interchangeable. The IMU error of measurement can be considered clinically acceptable; however,

caution should be taken when this is used as a reference measure for interventions.

Keywords: inertial sensors; pediatric neurological disease; kinematics

1. Introduction

Cerebral palsy (CP) comprises a group of disorders affecting the development of movement
and posture, causing activity limitations, and is attributed to a non-progressive damage to the
developing brain during the fetal period or in the first years of life [1]. According to the Surveillance
of Cerebral Palsy in Europe, CP affects between 1 to 3 per 1000 live births [2,3], with a prevalence
of 3 to 4 cases per 1000 among school-age children in the US [4]. Currently, CP is recognized as
being the most common cause of serious permanent physical disability in childhood, although the
prospect of survival in children with severe disability has increased in recent years. Cerebral palsy
is associated with sensory deficits, cognitive deficits, communication and motor disabilities,
behavioral problems, seizure disorders, pain and secondary musculoskeletal problems, with spastic
paresis being one of the most common forms of presentation [5,6], affecting the magnitude of

movement and motor control [7,8], including the craniocervical region. Thus, head movement
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alterations can impair temporomandibular joint functions [9] and increase the risk of falls [10].
Furthermore, certain disorders affecting the senses can lead to unusual head movements and these
alterations of the head movements can in turn further affect the senses [11,12]. In addition, it is
suggested that the evaluation of motor disorders should not be centered only on posture, but also
on the analysis of movement [13]. All of the above increases the need for valid and reliable methods
to study cervical movement in patients with CP.

Most of the assessment methods in CP are based on subjective measures that classify motor
participation based on functional abilities [14-16]; however, more advanced approaches are
necessary in clinical settings and research [17]. Inertial Measurement Units (IMUs) have been
known to benefit motion assessments due to their portability, ease-of-application, and low energy
consumption, in contrast to other complex electromagnetic devices or video-based optoelectronic
systems, which can only be used in laboratory settings [18]. In fact, IMUs represent a scientific
advancement in the bio-healthcare sector, by measuring the kinematics of body segments, since
these are adapted to each body region and use specific protocols that must be validated [18-20].
Good reliability results regarding optical motion capture have been described for the assessment of
cervical and thoracolumbar range of motion (ROM) [21,22]. Their use in neurological diseases
includes balance assessments in multiple sclerosis [23,24], Parkinsonian tremor [25,26], or range
of motion (ROM) in stroke [27]. Nevertheless, further studies are necessary to confirm the clinical
and predictive importance of measurements with IMUs [13,23]. Additionally, future research is
required to support this validity with other tools [28] in pediatric pathologies [18,29]. To date, in
children with CP, spasticity in lower limbs has been studied, obtaining satisfactory results in terms
of precision and reliability, superior to other alternatives, such as goniometry [28], and gait analysis
[30].

Thus, the aim of this study was to determine the clinimetric characteristics of IMU, in terms
of validity and reliability, for the assessment of cervical ROM in patients with CP. In addition, we
sought to establish error threshold values and minimum detectable difference with IMU in the
assessment of the cervical spine in patients with CP, in order to determine clinical effect. We
hypothesized that IMU would show good concurrent validity with cervical range of motion device
(CROM) and that the determination of ROM using IMU would reveal good intra- and inter-day
reliability.

2. Materials and Methods
2.1. Subjects

A clinical measurement study assessing validity and reliability was designed using a two-

stage repeated measures design. Patients with CP were recruited using non-probabilistic sampling
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of consecutive cases from the private Neurological Recovery Center of Cordoba (CEDANE) and
the Rehabilitation Service of the Reina Sofia University Hospital of Cérdoba (Andalusian Health
Service), in Spain. The inclusion criteria were: male and female subjects aged between 4 and 14
years old; diagnosed with CP and poor head control; with the necessary cognitive and behavioral
skills required for understanding tasks and following simple instructions for active participation in
the study; Gross Motor Function Classification System (GMFCS) levels I-1V; medically stable. In
addition, to ensure active movement against gravity, all subjects had to achieve, at least, a level of
3 in the Manual Muscle Test of cervical muscles [31,32]. The exclusion criteria were: aggressive
or self-injurious behavior; involuntary or uncontrollable movements of the head; orthopedic
surgery at least 1 year before the evaluation or 6 months from the administration of botulinum
toxin; anti-spasticity medications at the time of the assessment; severe tactile hypersensitivity that
hinders body alignment; severe visual limitations; bone deformities or contractures that prevent
assessment; history of uncontrolled pain; participation in another biomedical research (and/or

patients in a period of exclusion).

Control subjects were also selected for this study. These were subjects with no neurological
or other impairments, matched for gender and age (£2 years). They were recruited from the Hospital

and the University, as well as via the researchers’ personal contacts.

The parents or caregivers of all study subjects gave their informed consent in accordance
with the tenets of the Declaration of Helsinki for inclusion before they participated in the study.
The protocol was approved by the Ethics Committee of Reina Sofia University Hospital (act n°270,
reference 3680, 6 November 2017 approved).

The sample size required to test the concurrent validity between the IMU and CROM was
based on a bilateral Pearson’s correlation coefficient, assuming an expected correlation of r > 0.60,
a level of significance of 5%, and 90% power. Thus, we determined that at least 21 subjects were
necessary in each group. In addition, based on previous studies [33-35], and considering an
intraclass correlation coefficient (ICC) of 0.8, an accuracy of 0.23 and a level of significance of
5%, the estimated sample should comprise, at least 22 subjects (Tamafio de la muestra 1.1®

software, Bogota, Colombia). Due to the short follow-up period, no data loss was expected.

2.2. IMU Assessment

An IMU Shimmer3 ® sensor (Dublin, Ireland) was located on the patient’s forehead,
attached to the head using a flexible and adjustable strap (Figure 1A). Orientation in the three planes
of movement was obtained by a sensor at 50 Hz, connected to an android mobile phone using
iUCOTrack © (Cordoba, Spain) [21,22] a software program for the acquisition and processing of

the raw data obtained by the sensor, producing kinematic results. The patient performed three
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movements in each of the three spatial planes (flexion and extension in the sagittal plane, left and
right rotation in the transverse plane, left and right lateroflexion in the frontal plane), recording the
maximum values of each movement. The ICC among the three repetitions of each movement was

over 0.8 in all cases.

Figure 1. Devices and procedure of assessment. (A) Inertial Measurement Unit (IMU) Shimmer3 ©
(Dublin, Ireland); (B) Cervical Range of Motion (CROM) 3 © device (Lindstrom, Minnesota, USA); (C)
positioning of IMU and CROM to assess craniocervical range of motion (first assessment on the first day);
(D) positioning of IMU to assess craniocervical range of motion (second assessment on the first day, and

assessment on the second day).

2.3. CROM Assessment

The Cervical Range of Motion (CROM 3 ®, Lindstrom, Minnesota, USA) device was used
for the goniometry assessment, together with the IMU. This device has three spheres (2
inclinometers and a compass) to determine the ROM in the three spatial planes (Figure 1B). Its
validity and reliability have been proven in cervical functional assessments for all movements
[36,37]. The CROM cannot be adapted to fit different head sizes. Thus, semi-rigid foams were used
to adjust the CROM to the children’s heads and to prevent any movement. As the CROM was
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applied together with IMU, three repetitions of each movement were also performed, for which the

ICC of the three repetitions was over 0.75 in all cases.

2.4. Muscle Tone Assessment

Due to the influence of spasticity in ROM, muscle tone was assessed for flexor, extensor,
and sternocleidomastoid muscles of CP subjects, using the Modified Ashworth Scale (MAS)
[38,39]. This scale is widely used and easy to administrate, with moderate to good reliability in CP
[40].

The MAS scale is scored as follows:
0: No increase in muscle tone.

1: Slight increase in muscle tone, manifested by a catch and release, or by minimal
resistance at the end of the range of motion when the affected part(s) is moved in flexion or

extension.

1+: Slight increase in muscle tone, manifested by a catch, followed by minimal resistance
throughout the remainder (less than half) of the ROM.

2: More marked increase in muscle tone through most of the ROM, but affected part(s)

easily moved.
3: Considerable increase in muscle tone, passive movement difficult.

4: Affected part(s) rigid in flexion or extension.

2.5. Procedures

The general recommendations for assessments in this patient profile were applied, meaning
that evaluation and treatment strategies must include relatives or caregivers who are functionally

involved and part of the daily relationship (relatives/caregiver/child) [41,42].

The evaluations were performed in a quiet room, with no other people present besides the
subject, assessors, and relatives/caregiver. All people stood behind the study subject, except for the
assessor, who read the CROM values. A non-swivel chair was used, adapted to the anthropometric
characteristics of each subject, who were seated in a standardized manner, and secured with straps
when necessary. Specific instructions were given to the subject for the performance of each
movement, as follows: for flexion, “first, tuck in your chin, then move your head forward and down
as far as possible”; for extension, “first, raise your chin, then move your head backward, looking

up as far as possible until limited by tightness or discomfort”; for rotation in each direction, “turn
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your head, gazing at an imaginary horizontal line on the wall, as far as possible”; for lateral flexion
in each direction, “stare straight ahead and side-bend your neck by moving your ear toward your
shoulder as far as possible”. To avoid thoracic movement, the instructions were, “do not move your
shoulders or change the amount of pressure applied to the backrest of your chair” [37]. Manual
stabilization was provided during each movement to avoid movements other than those requested
and to control for any proprioceptive or other sensorimotor problems that could occur during the
static posture or the performance of the movements, when necessary. To control for the appearance
of resistance to movement due to spasticity, an assessor performed stretches of the muscle,
repositioning the joint in the position where the resistance appeared. Subsequently, a second
examiner annotated the CROM values [43].

The Wong-Baker facial pain scale [44] was applied to assess whether patients suffered
from pain throughout the evaluations. Its results were applied to interrupt the patient’s participation

in the study.

The two movements in each spatial plane were added to obtain the ROM in each plane
(flexion-extension range: flexion plus extension; rotational range: right rotation plus left rotation;
side-bending range: right lateral flexion plus left lateral flexion). The use of the ROM in each plane
has been described as an advantage to assess cervical movement due the possible discrepancies in

determining the neutral position when half movements are assessed [45].

Data were collected on two different occasions, separated 3 to 5 days. On the first day,
measurements were applied twice, separated by 5 min, without changing the position of the subject.
On the first evaluation, both IMU and CROM were applied, to compare results between both
devices, and on the second evaluation only IMU was used, for intra-day reliability purposes. The

IMU assessment was repeated 3-5 days later, to analyze inter-day reliability (Figure 1C and D).

The assessor was blinded to the previous measures at the time of the new trial [18]. All
intra-day and inter-day tests were performed by the same assessor, a physiotherapist with more than

15 years of experience in the evaluation of patients with CP.

2.6. Statistical Analysis

Frequencies and percentages were used to describe categorical variables. The arithmetic
mean, standard deviation and 95% confidence intervals (95% CI) were used for quantitative
variables, once normality and homoscedasticity were tested (Shapiro-Wilk and Levene’s tests, p >
0.05).

Spearman’s rho correlation coefficient (rs) was used to identify associations between

cervical muscle tone and ROM, assessed with the CROM and IMU. Correlation coefficient values
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were considered poor when values were below 0.20, fair for values between 0.21 to 0.50, moderate
from 0.51 to 0.70, very strong from 0.71 to 0.90, and almost perfect from 0.91 to 1.00 [46].To
identify possible specific characteristics in craniocervical ROM of CP, IMU, and CROM data from
each assessment and spatial plane were compared between groups by unpaired t-tests.

2.6.1. Concurrent Validity Analysis

To assess concurrent validity, the Pearson’s correlation coefficient (r) was applied for data
obtained by IMU and CROM when applied together, that is, during the first assessment on the first
day, with the same interpretation based on the Spearman rho [46]. The paired t-test was also used
to analyze the differences between the means of both methods in each spatial plane ROM. In
addition, Bland-Altman plots were constructed for each ROM [47,48]. The mean bias, defined as
the average of the differences between both methods of measurement, was determined, together
with limits of agreement (LoA), providing an estimate of the interval where 95% of the differences

between both methods lie, and defined as the bias +1.96 standard deviations of differences.

2.6.2. Reliability Analysis

The relative reliability of the measurements of each ROM evaluated with the IMU was
determined by calculating ICC for intra-day and inter-day reliability (ICC2,1) [49]. The intra-day
reliability was calculated based on the assessments performed on the first day, and the inter-day
reliability was estimated between the first assessment on the first day and the assessment performed
on the second day. For all analyzes, ICC values were considered poor when values were below
0.20, reasonable from 0.21 to 0.40, moderate from 0.41 to 0.60, good from 0.61 to 0.80, and very
good from 0.81 to 1.00 [34].

The absolute reliability was determined by calculating the SEM and the Minimum
Detectable Change at 90% confidence level (MDCg) for each movement:

SEM = SDpooked x YV 1-ICC,
where SDpooled IS the standard deviation of the scores from all subjects;
MDCgo = SEM x V2 x 1.64.

The SEM provides a value for the random measurement error in the same unit as the
measurement itself quantifies the variability within the subject and reflects the amount of
measurement error for any given test (intra-day reliability) and for any test occasion (inter-day

reliability) [50,51]. The MDC is an estimate of the smallest amount of change between separate
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measures that can be objectively detected as a true change outside the measurement error [50,52],

and the MDCy is frequently used to identify the effectiveness of an intervention [33].

For a better control of type I error risk, due to the repeated comparison among CROM and
IMU data, a two-way ANOVA, with Evaluation (CROM; IMU first assessment on the first day;
IMU second assessment on the first day; IMU assessment on the second day) as the within-subject
factor, and Group (CP group; control group) as the between-subjects factor, was performed for each
spatial plane ROM. The evaluation-by-group interaction and both factors were of interest. Should
the interaction or any of both factors reveal significance, the Bonferroni’s post-hoc test was used
to verify whether a difference existed between the groups and/or within groups (view
Supplementary Material, Table S1).

All hypothesis tests were bilateral and considered significant if p was less than 0.05. The
data were managed and analyzed with IBM-SPSS®, version 25 (Armonk, New York, USA).

3. Results

The present study consisted of 46 participants (CP group: n = 23; Control group: n = 23),
61% of whom (n = 28) were female. Their average age was 8.9 years with a standard deviation of
3.2 years. The GMFCS showed that 47.8% of the CP subjects were classified as level I, 17.4% as
level 11, 4.4% as level 111, and 30.4% as level V. No patient showed a value of 2 or more in any
muscle and over 30% of CP subjects had no impairment in muscle tone, according to the MAS.
This means that muscle tone suffered, at most, a slight increase in the CP subjects. No study subjects
suffered pain or other difficulties when undergoing the complete evaluation. Other basic descriptive

characteristics of the groups are given in Table 1.
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Table 1. Demographics and clinical characteristics of the subjects.

CP group (n =23) Control group (n =23)  p-value

Age (years) 9.2(3.2) 8.7 (3.3) 0.594
Sex (women/men) 14/9 14/9

Weight (kg) 28.3 (12.7) 34.6 (16.8) 0.161
Height (m) 1.32 (0.20) 1.36 (0.20) 0.503
BMI (kg/m?) 15.5 (3.4) 17.5 (3.5) 0.049*
GMFCS level (frequency) T 1 o 1 I Al AV - -
Flexor muscles tone level A 1T 1

(frequency) 0:10;1:7; 1+: 6 - -
Extensor muscles tone level AT 4L

(frequency) 0:10;1:7;1+:6 - -
Right sternocleidomastoid 010G 1

muscles tone level (frequency) 0:-9;1:8;1+:6 i i
Left sternocleidomastoid 0:9:1: 8 1+ 6 i )

muscles tone level (frequency)

Quantitative data are expressed as mean (standard deviation). Abbreviations: GMFCS, Gross Motor
Function Classification System; BMI, body mass index. * indicates p < 0.05.

The correlation analysis between MAS and ROM, assessed by the CROM and the IMU,
showed a common trend, with flexor, extensor, and sternocleidomastoid muscles of CP subjects
significantly and negatively correlated with rotational ROM (in all cases: the higher the muscle
tone, the lower the ROM). Thus, the tone of flexor and extensor muscles correlated with: CROM:
rs=—0.504; IMU first assessment on the first day: rs=—0.510; IMU second assessment on the first
day: rs=—0.483; IMU assessment on the second day: rs=—0.412. Right and left sternocleidomastoid
muscle tone correlated with: CROM: rs=—0.433; IMU first assessment on the first day: rs=—0.437;
IMU second assessment on the first day: rs= —0.420; IMU assessment on the second day: rs =

—0.410. No correlation was identified in the planes of flexion-extension and side-bending.

No differences were detected between CP subjects and controls in each ROM for any of

the assessments, regardless of the method of measurement (p > 0.05).

Additionally, as reported in Table S1, the two-way ANOVA of the ROM of the three spatial
planes showed a consistent pattern, with neither evaluation-by-group interaction nor Group factor
significance, although the Evaluation factor detected statistical differences (p < 0.02). The post-hoc
analysis of the Evaluation factor showed differences between CROM and the IMU assessments,
with no differences among the three IMU assessments. The only exception to this pattern was the
post-hoc analysis of the Evaluation factor concerning the rotational plane ROM, with statistical

differences, exclusively, between the CROM and IMU assessments on the second day.
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3.1. Concurrent Validity

The measurements obtained by the first IMU assessment on the first day correlated highly
with the measurements of the CROM for flexion-extension and side-bending ranges in both groups
(r > 0.9), although rotation range correlations were smaller (0.6 < r < 0.8). Significant differences
between both methods were observed in all ROMs, with the exception of the rotational range in the
control group (Table 2). The Bland—Altman plots (Figures 2 and 3) indicated bias below 5° between
both measurement systems for craniocervical ROMs, except for the rotation range of the CP group
(mean bias: 8.2°). Nevertheless, the distance between LoAs for all ROMs and both groups were
over 23.5° with the exception of flexion-extension range in the control group (distance between
LoAs: 12.1°). Finally, some outliers were found on the Bland—Altman plots of the CP group.
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Table 2. Concurrent validity between the first IMU assessment performed on the first day
of measurements and CROM by groups.

IMU First Assessment  CROM Assessment Pearson r Student’s t-
Spatial Plane on the First Day (Standard (p-Value) test
(Standard Deviation) Deviation) P (p-Value)
CP group (n = 23)
Flexion- 0.969 —-3.333
X . 133.3 (24.6) 129.0 (22.4)
Extension (<0.001) (0.003)
Rotational 153.5 (19.9) 145.3 (14.7) 0.601 ~2.3%
' ' ' ' (0.003) (0.026)
Side-bendin 91.3 (25.7) 96.1 (23.3) 0916 2.236 (0.036)
g . . : . (<0.001) : :
Control group (n = 23)
Flexion- 0.992 —5.771
. 137.0 (24.5) 133.3 (23.9)
Extension (<0.001) (<0.001)
. 0.786 —0.371
Rotational 147.0 (19.0) 146.1 (16.1)
(<0.001) (0.714)
Side-bendin 90.7 (17.5) 94.9 (18.9) 0.949 3.413 (0.002)
g A 728 (<0.001) TV

Abbreviations: IMU, Inertial Measurement Unit; CROM, Cervical Range of Motion; ClI, confidence
interval; CP, cerebral palsy. Evaluation data are expressed in degrees.
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Figure 2. Bland-Altman plots for craniocervical ranges of CP group measured by IMU first
assessment on the first day and the CROM in (A) flexion-extension range, (B) rotational range, (C) side-
bending range. The red line indicates the mean bias, whereas the blue lines refers to its upper and lower limits
(mean £ 1.96 standard deviation). All plots were developed as follows: the Y axis corresponds to the
differences between the paired values of both methods (IMU-CROM), whereas the X axis represents the
respective value of the average of both (IMU + CROM / 2).
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Figure 3. Bland—Altman plots for craniocervical ranges of the Control group measured by IMU first
assessment on the first day and the CROM in (A) flexion-extension range, (B) rotational range, (C) side-
bending range. The red line indicates the mean bias, whereas the blue lines refer to its upper and lower limits
(mean + 1.96 standard deviation). All plots were developed as follows: The Y axis corresponds to the
differences between the paired values of both methods (IMU-CROM), whereas the X axis represents the
respective value of the average of both (IMU + CROM / 2).
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3.2. Intra-Day and Inter-Day Reliability

Table 3 shows absolute reliability results. For the intra-day reliability, all ICCs for both
groups were from 0.82 to 0.93, with the 95% CI showing a common trend of (upper limit: ICC+0.2,
lower limit: ICC—0.2). Nevertheless, absolute reliability data were variable, although all SEM were
below 8,5°, and MDCgo between 11.4° (side-bending range of the control group), and 19.4°
(rotational range of CP group). For the inter-day reliability, all ICC values were higher than 0.8 and
the 95% ClI also showed a trend of (ICC+0.2; ICC—0.2), except for rotational range of the CP group
(ICC =0.53) with a wide 95% CI. SEM showed higher values compared to the intra-day values in
all ROMs and both groups. Furthermore, the SEM and MDCgy were higher than 20° for flexion-

extension and rotational ranges in CP subjects, and for flexion-extension range in controls.
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Table 3. Intra-day and inter-day reliability of the IMU by groups.

Intra-Day Reliability

IMU Second Assessment on

SEM

MDCago

Spatial Plane the First Day B ICC (95%Cl) © ©

(Standard Deviation)
CP group (n =23)
Flexion | 138.8 (26.5) 0.900 (0.762,0958) 80 186
Rotational 151.3 (20.1) 0.821(0.600,0.920) 8.3 19.4
Side-bending  91.3(23.7) 0.925(0.822,0.968) 6.7 15.5
Control group (n = 23)
E')fé'nosrl‘on 135.0 (24.7) 0.893 (0.750, 0.955) 7.9 18.4
Rotational 147.6 (20.3) 0.902 (0.750,0.961) 54 126
Side-bending  86.3 (16.1) 0.913(0.772,0965) 50  11.4

Inter-day reliability

IMU assessment on the

second day

(standard deviation)
CP group (n =23)
E'ft’é'nos’:on 140.8 (26.4) 0.873 (0.680,0.947) 9.0 21.1
Rotational 156.2 (19.5) 0.533(0.117,0.803)  13.3  30.9
Side-bending  94.4 (24.8) 0.890 (0.743,0.953) 8.3 19.3
Control group (n = 23)
E!?t)élnosr:on 140.2 (29.5) 0.831 (0.602,0.928) 110 256
Rotational 153.2 (19.1) 0.846 (0.601,0.935) 65 151
Side-bending  93.1 (16.5) 0.864 (0.653,0.946) 6.1 14.2

Abbreviations: IMU, Inertial Measurement Unit; ICC, Intraclass Correlation Coefficient; ClI,
confidence interval; SEM, Standard Error of Measurement; MDC, Minimum Detectable Change. Evaluation

data are expressed in degrees.
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4. Discussion

This is the first methodological study to assess the validity and reliability of IMUs for the
assessment of craniocervical ROM in CP. SEM and MDC values were also provided for possible
applications in clinical settings. According to the results, the hypotheses were partially confirmed.
Thus, high correlations were found between the IMU and the CROM, although there were statistical
differences when data from both methods were compared, and the range between LoAs was high.
In summary, the IMU showed good concurrent validity regarding CROM; however, the methods
were not interchangeable. In addition, intra-day and inter-day reliability were, in general, very
good; however, the SEM and MDC were too high for inter-day comparisons for both CP and
healthy subjects, hampering their application in clinical settings.

Limited information is available in the literature regarding the validity and reliability of
portable devices for the measurement of cervical ROM in CP [45], which hampers comparisons
with other studies. According to previous research, the validity and reliability of IMUs depend on
the specific context where they are applied [18]. Thus, our results show an almost perfect
correlation between the IMU and CROM, except in the case of the rotational plane, and a more
guestionable agreement. The exception found for the rotational plane may be due to the location of
the transverse plane, where rotational movements are included, and which is perpendicular to the
sagittal and frontal planes, where flexion-extension and side-bending movements are included,
respectively. Flexion, extension, right lateral flexion, and left lateral flexion of the cervical spine,
when originated from the neutral position, are performed in the direction of the force of gravity,
making these easier to perform and, consequently, easier to reproduce in a homogenous fashion,
compared to rotations, which require a continuous balance against gravity, an action which is
compromised in CP [13]. Indeed, the lower validity of the results concerning the rotational plane
has been consistently reported in healthy adult subjects [53], thus highlighting the significant

challenge related to the measurement of ROM in rotational plane movements.

The validation pattern found in this study agrees with a former report by Chang et al. [54],
who identified high correlations, although differences in craniocervical ROM values were reported,
specifically for side-bending to the right and rotation to the left, when an electromagnetic portable
device is compared to a universal goniometer. Although some methodological differences can be
described between the research by Chang et al. and our own, such as the use of a sample comprising
only healthy subjects, the assessment of movements which was performed from the neutral
position, the use of a universal goniometer, and the absence of inter-day assessments, the
interpretation of the agreement between both methods were the same. Thus, although the range
between LoAs only defines the intervals of agreements, and not whether those limits are acceptable
or not [48], we agree with Chang et al. that LoAs over 12° impaired the interchangeability of

measurement methods [54]. Indeed, the assessment of craniocervical motion poses a greater
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challenge, compared to the motion of peripheral joints, for several reasons. First, because multiple
joints are involved in craniocervical mobility. Second, due to the difficulty of avoiding thoracic
spine movements, which can significantly modify the magnitude of the movements. Third,
craniocervical motion is three-dimensional and movement in one axis (primary movement) can be
influenced by those in other spatial planes (coupled movements) [54], which can vary among
individuals [55] and can be altered by the presence of diseases [56]. All these circumstances may
have influenced our results, as CP is commonly associated with a loss of cervical motor control
[11,12].

Analogic goniometry using CROM has been previously established as the method of
reference for evaluating neck motion [36,37], however, recently, other 3-D kinematic devices have
also been proposed [57], and some circumstances support the use of digital devices to assess neck
motion, such as the need of one less assessor to obtain the CROM data, a proper adjustment to the
shape and size of the head without the need for additional elements (i.e., semi-rigid foams), for use
in the pediatric population, and the elimination of the reading error associated with analogic devices
[54,58]. This is in agreement with Paulis et al. [27], who support the objective and automatized
collection of IMUs data to assess ROM in elbow muscle spasticity after stroke. Furthermore, a
recent systematic review has suggested that rehabilitation research and health care services could

benefit from IMUs because they provide valid data to assess ROM and joint orientation [53].

Our study showed good to very good relative reliability for intra-day and inter-day
comparisons and no differences among IMU assessments in each group. It is known that the ICC
increases with larger between-subjects variance [52]. In fact, we found a high variability of the
data, with standard deviations over 15° in almost all cases, which means approximately 20% of the
mean values of some ROMs, independent of the clinical condition. It has been described that
cervical ROM shows an important dependence on age [45], which could explain the variability of
the results. These interpretations of ICCs are in consonance with previous studies using IMUs in
neurological diseases [27]. The exception to the high ICCs was the inter-day reliability of rotational
range in the CP group, as occurred with the validity assessment. Again, it may be more difficult to
repeatedly reproduce cervical rotations in a homogenous manner, as opposed to other movements,
due to the balance deficiencies of subjects with CP [13]. As commented, for validity purposes, the
poorer results of the rotational plane have been also found in healthy adult subjects, including ICC
values below 0.8 [53]. Further research and innovative assessment approaches are necessary to

improve the quality of rotational plane ROM measurements.

The SEM and MDC were acceptable for intra-day reliability, although greater for inter-day
reliability, which makes their clinical applicability difficult. Thus, it is difficult to achieve an effect
of more than 20° when a therapeutic intervention is applied in research or clinical settings, at least,

for comparisons between different days. The previously commented high variability of the data
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may explain this low absolute reliability, which has been previously identified for walking
performance and physical activity in CP and healthy subjects [59]. Indeed, although most studies
show that the measurement error of the IMUs for motion assessment is between the 2° and 5°
[18,54], the SEMs of this study were all over 5°, which can be considered clinically acceptable,
according to previous studies, both in neurological patients [27] and healthy subjects [53], at least
for intra-day comparisons. Furthermore, specifically for inter-day calculations, two more sources
of variability may explain these results. First, spasticity varies from one movement to another, and
even more when the assessments are performed on different days [60], making it difficult to ensure
that the evaluations of the CP subjects were performed in the same clinical conditions. Furthermore,
it is known that spasticity can be influenced by apprehension, excitement, and the position in which
the child is assessed [61], which can increase the variability of the ROM results, mainly in inter-
day evaluations. Second, the magnitude of a training effect or compensation cannot be calculated
due to the repetitions [54], however, all the mean ROMs on the second day were higher than those
of the first day in both groups, which may have also influenced the absolute reliability between
days. The possible changes affecting the exact placement of the IMU between the two assessment
days may also partially explain the worse absolute reliability for the inter-day comparisons [27].
Finally, although the variability is supposed to be small, calibration may be necessary for each
evaluation to ensure the proper function of the gyroscope and magnetometer [54]. Previous research
has identified that calibration in certain specific populations may be more challenging, such as CP
patients [53].

No pain was experienced by the study subjects during the procedures, and no assessment
was interrupted due to the evaluation protocol. This means that the application of IMUs for
craniocervical ROM assessment is tolerable, safe, and innocuous when applied to CP and healthy
children. Although the body mass index (BMI) showed differences between groups, we believe that
this does not influence the study results, due to the simplicity of the task performed. Furthermore,
CP subjects revealed increased BMI values compared to healthy subjects [62,63], which is a

common health problem in this population.

Surprisingly, no differences in ROM were detected between CP subjects and controls,
although most CP clinical presentations are associated with spasticity. However, the level of
increased cervical muscle tone in the study sample can be considered as being low, which is a
plausible explanation of these results. Indeed, regardless of the method of measurement, only fair
to moderate correlations were found, exclusively between the tone of cervical muscles and
rotational ROM, perhaps due to the fact that greater motor control is necessary to perform rotations,
as previously described, with no correlations in any other spatial plane. Furthermore, the association
between spasticity, hypertonia, and ROM is not completely understood at this time [60]. On the

contrary, the reduction of craniocervical ROM has been described as a characteristic of several
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musculoskeletal and neurological diseases. Thus, cervicogenic headache in children determines
reduced flexion, extension, and lateroflexion, although not rotational movements [64],
plagiocephaly limits cervical ROM, especially in the rotational plane [65], and congenital muscular
torticollis reduces ROM in frontal and transversal planes [66]. In conclusion, specific craniocervical
ROM is not a characteristic of CP in children, at least when muscle tone is slightly increased.

It has been suggested that subjects with motor disorders could benefit from IMUs for the
following three purposes: (1) Objective quantification of motor disorders; (2) Proprioceptive
enhancement through visual-motor feedback; (3) Functional compensation via an inertial person-
machine interface [29]. From a clinical assessment point of view for CP, IMUs have been
successfully applied for the stimulation and analysis of activity using interactive games [67], for
the assessment of lower limb spasticity [58], during gait [30], and for the assessment of specific
characteristics in the cervical spine in small samples [11,68]. Following the increasing interest and
evidence of the benefits of IMU application in pathological populations, in terms of guiding clinical
decision making (e.g., quantify deficits and determine progress in time) [69], the current study adds

the assessment of cervical ROM to the field of research of IMU in CP.

Despite the promising results of the current study, some limitations were identified. The
applicability of findings is limited to similar samples and assessment protocols. A wider scope is
necessary to establish conclusions regarding specific GMFCS levels or other age ranges.
Furthermore, the current study only assessed the ROM of simple movements in a specific and
controlled setting, which limits the applicability of the results to more complex tasks and day-to-
day conditions [18]. In fact, although more simple movements are used to produce better clinimetric
properties [70], this approach did not solve the common measurement problems of rotational plane
mobility [53]. The sample size was relatively small, and several variables showed a high variability,
which could have affected the strength of the comparisons. No inter-assessor reliability was
evaluated, although the automatized process with IMUs makes an inter-assessor error difficult, as
commented. Finally, some previous research has recommended the use of two IMUs to assess
cervical ROM [45,71], but we preferred the application of one IMU adding a manual stabilization
during each movement to avoid unwanted body motions, due to the difficulties to maintain a
thoracic sensor fixed in children, and the need of an additional support on trunk in some CP
subjects. Further research is necessary, considering additional factors, such as other movement
characteristics, including velocity, acceleration or coupled angles, and innovative assessment
protocols, with a special focus on complex and day-to-day tasks and rotational plane movements,
and larger sample sizes, in order to standardize technical procedures and obtain accurate and

normative data [53].
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5. Conclusions

A high correlation was found between IMU and CROM for the assessment of
craniocervical motion among individuals with CP and healthy subjects. However, both methods
are not interchangeable. In CP subjects, the error of measurement in IMU can be considered
clinically acceptable for the sagittal and frontal planes, although not for the transverse plane. When
used as a reference measure for interventions, neck ROMs must achieve very high changes to
ensure that the detected changes are significant. Future studies should be conducted to establish the
normative data of craniocervical ROMs for specific population subgroups.
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Table S1. Two-way ANOVA results for the spatial planes ROM by evaluation and group (CP: n=23; CG: n=23) factors*.

) Factor Pair-wise comparison
Spatial Mean
lane -value Difference between means (95%ClI -value
p (95%Cl) p (95%CI) | p
Evaluation
CROM vs IMU 1% assessment 1% day -4.1(-6.2; -2.1) <0.001
131.7 (124.8;
CROM 138.6) CROM vs IMU 2" assessment 1%t day -5.8 (-11.8; -0.2) 0.049
IMU 1%
135.8 (128.5;
assessment CROM vs IMU 2™ day -9.5 (-17.7; -1.3) 0.015
143.1)
1t day
c <0.001
= IMU 2" N N |
2] 137.4 (129.8; IMU 1 assessment 1% day vs IMU 2™ assessment
3 assessment o -1.6 (-8.0; 4.7) 0.989
X 1% da 145.2) 1% day
s y
2 IMU 2™ | 141.2 (132.8; |
P IMU 1%t assessment 1% day vs IMU 2" day -5.4 (-13.2; 2.3) 0.160
T day 149.6)
IMU 2" assessment 1%t day vs IMU 2™ day -3.8 (-10.9; 3.4) 0.920
Group
135.5 (125.6;
CP
145.3)
0.757 2.2 (-11.9; 16.2)
137.6 (127.6;
CG
147.7)
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Evaluation
CROM vs IMU 1 assessment 1% day -4.5 (-10.4; 1.3) 0.218
145.7 (141.1;
CROM 150.3) CROM vs IMU 2" assessment 1%t day -3.7 (-10.3; 2.9) 0.757
IMU 1%
150.3 (144.5; §
assessment 156.0) CROM vs IMU 2™ day -8.9 (-17.5; -0.4) 0.036
1% day '
MU 2% 0.020
- 149.4 (143.4; IMU 1% assessment 1% day vs IMU 2" assessment
| assessment 15; ) o d{; 0.8 (-5.0; 6.7) 0.990
3 1% day ' Y
(@)
IMU 2" | 154.7 (148.9;
- day 16(() 2 IMU 1%t assessment 1% day vs IMU 2" day -4.4 (-13.7; 4.9) 0.980
IMU 2" assessment 1% day vs IMU 2" day -5.2 (-13.1; 2.6) 0.436
Group
151.5 (145.3;
CP
157.9)
1485 (142.2. 0.482 -3.1(5.8;-12.0)
CG ' o
154.7)
Evaluation
.2 CROM vs IMU 1% assessment 1% day 4.5(1.1; 8.0) 0.004
S S 95.7 (89.8; 0.001 5.7(1.2;12.2) 0.019
» < CROM 102.0) CROM vs IMU 2™ assessment 1% day
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IMU 1% 91.1 (84.4; 2.4 (0.0;4.9) 0.048
assessment 97.5) CROM vs IMU 2™ day
1%t day
IMU 2" 89.9 (82.8; 1.2(-2.4;6.8 0.987
( IMU 1%t assessment 1%t day vs IMU 2" assessment ( )
assessment 94.8)
1%t day
1%t day
IMU 2" 93.5(87.3; d -2.5(-8.9; 3.4) 0.377
IMU 1%t assessment 1% day vs IMU 2" day
day 97.5)
IMU 2" assessment 1%t day vs IMU 2™ day -3.4 (-8.7; 0.1) 0.061
Group
93,3 (85,1;
CP
101,4)
0.725 -2.0 (-13.6; 9.5)
cG 91.3 (83.1;
99.4)

* ANOVA evaluation-by-group interaction was not statistically significant (p>0.05).

Abbreviations: CROM, Cervical range of motion device; IMU 1% assessment 1% day, Inertial Measurement Unit first assessment on the first day; IMU
2" assessment 1°t day, Inertial Measurement Unit second assessment on the first day; IMU 2" day, Inertial Measurement Unit assessment on the second day;

CG, Control group; CP, Cerebral palsy group.
Values in parenthesis indicate the 95% confidence interval.

Data are expressed in degrees.
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Abstract: Objective: The aim of this study was to design and propose a new test based on inertial
measurement unit (IMU) technology, for measuring cervical posture and motor control in children
with cerebral palsy (CP) and to evaluate its validity and reliability. Methods: Twenty-four individuals
with CP (4-14 years) and 24 gender- and age-matched controls were evaluated with a new test based
on IMU technology to identify and measure any movement in the three spatial planes while the
individual is seated watching a two-minute video. An ellipse was obtained encompassing 95% of
the flexion/extension and rotation movements in the sagittal and transversal planes. The protocol
was repeated on two occasions separated by 3 to 5 days. Construct and concurrent validity were
assessed by determining the discriminant capacity of the new test and by identifying associations
between functional measures and the new test outcomes. Relative reliability was determined using
the intraclass correlation coefficient (ICC) for test-retest data. Absolute reliability was obtained by
the standard error of measurement (SEM) and the Minimum Detectable Change at a 90% confidence
level (MDCq). Results: The discriminant capacity of the area and both dimensions of the new test
was high (Area Under the Curve = 0.8), and consistent multiple regression models were identified to
explain functional measures with new test results and sociodemographic data. A consistent trend of
ICCs higher than 0.8 was identified for CP individuals. Finally, the SEM can be considered low in
both groups, although the high variability among individuals determined some high MDCgy values,
mainly in the CP group. Conclusions: The new test, based on IMU data, is valid and reliable for
evaluating posture and motor control in children with CP.

Keywords: pediatric neurological disease; inertial sensors; control motor assessment
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Abstract: Objective: The aim of this study was to design and propose a new test based
on inertial measurement unit (IMU) technology, for measuring cervical posture and motor control
in children with cerebral palsy (CP) and to evaluate its validity and reliability. Methods: Twenty-
four individuals with CP (4-14 years) and 24 gender- and age-matched controls were evaluated
with a new test based on IMU technology to identify and measure any movement in the three
spatial planes while the individual is seated watching a two-minute video. An ellipse was obtained
encompassing 95% of the flexion/extension and rotation movements in the sagittal and transversal
planes. The protocol was repeated on two occasions separated by 3 to 5 days. Construct and
concurrent validity were assessed by determining the discriminant capacity of the new test and
by identifying associations between functional measures and the new test outcomes. Relative
reliability was determined using the intraclass correlation coefficient (ICC) for test-retest data.
Absolute reliability was obtained by the standard error of measurement (SEM) and the Minimum
Detectable Change at a 90% confidence level (MDCgy). Results: The discriminant capacity of the
area and both dimensions of the new test was high (Area Under the Curve =~ 0.8), and consistent
multiple regression models were identified to explain functional measures with new test results
and sociodemographic data. A consistent trend of ICCs higher than 0.8 was identified for CP
individuals. Finally, the SEM can be considered low in both groups, although the high variability
among individuals determined some high MDCg values, mainly in the CP group. Conclusions:
The new test, based on IMU data, is valid and reliable for evaluating posture and motor control
in children with CP.

Keywords: pediatric neurological disease; inertial sensors; control motor assessment

1. Introduction

Cerebral palsy (CP) is a group of permanent disorders, attributed to a non-progressive
damage during the fetal period or during the first years of life (98), that affects the normal
development of movement and posture, causing disability and activity limitations (22). Indeed,
CP has been recognized as the most common origin of permanent physical disability in childhood,
affecting between 1 to 3 per 1000 live births in Europe (9,99), and between 3 to 4 cases per 1000
among school-age children in the US (10). The diagnosis of CP is mainly based on the clinical

presentation of motor function and postural disorders (22).

Although cerebral palsy is associated with sensory deficits, cognitive, communication,
and behavioral disorders, together with epilepsy and motor function disorders, represent the core
symptoms (22), with spastic paresis being one of the most common forms of presentation (12,17).
This impairs the posture (100) and motor control (101), including the craniocervical region. The

negative consequences of the alterations on posture and motor control of the craniocervical region
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in CP include, among others, an exacerbation of any feeding or swallowing disorder by the
appearance of abnormal muscle tone and movement patterns (102); a deterioration of the visual
and vestibular senses, since the head is responsible for the directional orientation and its
movements influence and are influenced by the information that both sensory faculties provide
(34,103); and, also associated to the alterations of the cranial senses, an increased risk of falls,
because the maintenance of head stability has been identified as an important part of locomotor
activity (36). Commonly, the assessment tools used for motor disorders in CP are based on the
observation of individual functional abilities (23,104,105); however, these measures are
considered subjective (67,103). Indeed, other specific approaches are also necessary in clinical
settings and in research (103,106) based on the analysis of movement and posture (107).

One of the most used assessment tools to study human position and movements are the
inertial measurement units (IMUs), due to their portability, ease of application, the high quality
of obtained data, and low energy consumption (108). Nevertheless, as occurs with any new
assessment tool, all the IMU applications should be completely described, reproducible, and
validated (108-110) to establish clinical meaningfulness and predictive importance (79,107,111).
Thus, the IMUs have been successfully applied in the study of specific features of neurological
diseases, such as range of motion in stroke (87), Parkinsonian tremor (86,112), or balance in
multiple sclerosis (84,113). In neurological pediatrics, and specifically in lower limbs and gait
analysis, the validity and reliability of IMUs has been demonstrated (92,114). To date, few studies
have evaluated the craniocervical features of IMUs applications in CP, although those available
have obtained good validity and reliability results (67,115).

Thus, the aim of this study was to design and propose a new test based on IMU technology
for measuring cervical posture and motor control in children with CP. Further, the aim included
the determination of the metric features, in terms of validity and reliability, of the new test when
applied in children with CP and healthy controls. We hypothesized that the new test would display
good validity and good test-retest reliability in children with CP and healthy controls, which

would allow its implementation in clinical setting.

2. Materials and Methods
2.1. Individuals

The design of the new test was developmental and descriptive. Subsequently, a clinical
measurement study assessing construct and content validity, and test-retest reliability was
performed in a two-stage repeated measures design, which took place from January 2018 to March
2020. Patients with CP were recruited from the private Neurological Recovery Center of Cordoba

(CEDANE), in Spain, using non-probabilistic sampling of consecutive cases. The inclusion
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criteria were children from 4 to 14 years old diagnosed with CP; sufficient cognitive and
behavioral skills for understanding tasks and following simple instructions; Gross Motor Function
Classification System (GMFCS) levels I-1V; a level of 3 or higher in the Manual Muscle Test of
cervical muscles (116,117); clinically stable. The exclusion criteria were aggressive/self-injurious
behavior; uncontrolled epilepsy/seizures (stable epilepsy with medication for more than 12
weeks); involuntary/uncontrollable head or trunk movement that prevent the application of the
study protocol; orthopedic surgery at least 1 year before the evaluation; administration of
botulinum toxin at least 6 months before the evaluation; treatment with anti-spasticity drugs at
the time of the assessments; bone deformities, contractures or tactile hypersensitivity that do not
allow the body alignment; severe visual limitations; suffering from pain; participation in other

biomedical research.

A group of control individuals, with no neurological or other impairments, matched for
gender and age (+ 2 years), were also selected. They were recruited via the researchers’ personal

contacts and from the University of Cordoba (Spain).

The Body Mass Index was determined for all subjects, according to the Z-score of the
United States Centers for Disease Control and Prevention (118). The CP individuals were
classified regarding the type of movement disorders (e.g., spastic, dyskinetic, ataxic, mixed)
(119,120). Further, the spasticity was assessed with the modified Ashworth scale for cervical
flexor, extensor, and sternocleidomastoid muscles. This scale has shown acceptable reliability in
CP (47), and it is scored as follows. 0: No increase in muscle tone. 1: Slight increase in muscle
tone, manifested by minimal resistance at the end of the range of motion in flexion or extension.
1+: Slight increase in muscle tone, manifested by minimal resistance in less than half of the ROM.
2: More marked increase in muscle tone, but affected part(s) can be easily moved. 3: Considerable
increase in muscle tone, passive movement difficult. 4. Affected part(s) rigid in flexion or

extension (121).

All parents or caregivers of study individuals gave their informed consent prior to
participating in the study. This study protocol was approved by the Ethics Committee of Reina
Sofia University Hospital (reference 3680-17, 6 November 2017 approved).

The sample size required to test the concurrent validity between the outcomes of the new
test and functional scores was based on a bilateral Pearson’s correlation coefficient, assuming an
expected correlation of r > 0.60, a level of significance of 5%, and 90% power. Thus, we
determined that at least 21 individuals were necessary in the CP group. In addition, based on
previous studies (115,122,123), and considering an intraclass correlation coefficient (ICC) of 0.8,
an accuracy of 0.23, and a level of significance of 5%, the estimated sample should consist of at

least 22 individuals (Tamafio de la muestra 1.1® software (Pontificia Universidad Javeriana,
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Bogota, Colombia). Due to the follow-up period, 10% data loss was expected, and 24 individuals

were assessed in each group.

2.2. Cervical Motor Control Test Development and Application

To develop the new test, a literature research and two proofs of concept were performed
to improve the content validity of the new test (124). The first proof of concept consisted of the
assessment of the protocol feasibility in two children, one of which was a CP patient and one of
which was a healthy child. Both assessments were recorded and submitted to a focus group of
four experienced professionals from diverse healthy science backgrounds (pediatric physical
therapy (Cristina Carmona-Pérez), musculoskeletal physical therapy (Daiana Priscila Rodrigues-
de-Souza), research methodology (F.A.-S.), and biomechanical engineering (Juan L. Garrido-
Castro). The size of the group was restricted to facilitate discussion. The second proof of concept
aimed to test the IMU protocol regarding the collection, extraction, transfer, and analysis of data.
One more assessment was performed in a healthy child, and all data were analyzed by the
biomechanics engineer (Juan L.s Garrido-Castro) who participated in the first proof of concept
and a computing engineer (Francisco Torres Vidal). The recorded raw data based on
flexion/extension and rotation angles were plotted and following a covariance calculation, an
eigenvalues and chi-square distribution were used to define the ellipse, which bounds 95% of the
raw data. On the basis of the focus group discussion and the second proof of concept, the
preliminary test was refined, resulting in the final version that was used in this study, as described

below.

The general recommendations for assessments in children were applied. Thus, relatives
or caregivers who were functionally involved and part of the daily relationship
(relatives/caregiver/child) were included in the procedures (125,126). The evaluation was
performed in a quiet room, in which the assessors and relatives/caregiver were present, alongside
the study individual. No other people were present. The individual was seated on a non-swivel
chair in a standardized manner. The chair was adapted in length, width, and height to the
anthropometric characteristics of each child, and straps and other orthopedic elements were used
when necessary to secure and reproduce the body alignment according to the usual posture of the
child. Moreover, the child and the caregivers were asked to report any discomfort while seated.
A flexible and adjustable strap was attached to the head to support an IMU Shimmer3 ® sensor
placed on the individual’s forehead. The sensor captured the orientation in the three planes of
movement at 50 Hz, and it was connected to an android mobile phone using iIUCOTrack ©
software(iSAB, Cdrdoba, Spain)(69,77) for the acquisition and processing of the raw data. To

calibrate the IMU, at the beginning of the test, the child was instructed to keep the eyes fixed on
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the monitor of a laptop (17” screen), placed 1 m in front of the child (Figure 1). The assessor
observed that there were no deviations from this position, which was determined as the initial
static position, from which the differences in the three planes of movement were collected. Next,
a two-minute video, chosen by the child among various cartoons and music videos, was shown to
the individual. Specific instructions were given to the individual to perform the test, as follows:
“You will be watching the video for 2 min, and you have to be as still as possible”. The individuals
were also instructed to avoid shoulder or thoracic movements. They were asked whether any pain
appeared during the evaluation. In the event of pain, the procedures were interrupted. All tests
were performed by an experienced physiotherapist (C.C-P.), with over 15 years’ experience
working with CP patients.

Figure 1. Inertial measurement unit (IMU) test application: sensor, subject, and laptop
location.

For reliability purposes, data were collected on two different occasions, 3 to 5 days apart,
applying the same protocol. On the second day, the assessor was blinded to all previous data
(108).

The first 10 s of the test were removed for the data processing of each test. Subsequently,
a Butterworth low-pass frequency filter of 10 Hz was applied. The variables obtained can be
divided into two types. The first type is the characterization of the registered movements,
considering angle (in relation to the initial position), angular velocity, angular acceleration in the
three planes, and total angle distance covered during the test. The Root Mean Square (RMS) of

the angular displacement, as well as its velocity and acceleration, were analyzed in each plane
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and summarized. Besides the movement per plane (sagittal-flexion/extension, transverse-rotation,
coronal-lateral bending), a mean angle, as the mean of the three orientation angles, was calculated.
The second type includes the components of an ellipse obtained by calculating the eigenvalues of
the covariance matrix between the flexion/extension and rotation angle that covers 95% of the
data (Figure 2). The area of the ellipse, the angle (direction of the principal axis), the size of its
flexion/extension displacements on the ellipse (A-dimension), and measures related to rotation
displacements (B-dimension) were the dependent variables.

Flexion / Extension(°) Flexion / Extension(®)
A
=3
Q
ol <=
=1

Control CP

A=5.2° B=25 Area=415" Angle=55 A=302" B=15.1" Area=1434 5" Angle=-2 42¢

Figure 2. Ellipse encompassing 95% of the flexion/extension and rotation
displacements for control and cerebral palsy (CP) individuals.

2.3. Functional Assessment

To evaluate the functional state in CP individuals, two approaches were applied. First, for
assessing the execution of motor sills, the Gross Motor Function Measure (GMFM-88) was
applied (58). The GMFM-88 consists of 88 items grouped into five dimensions: A (lying and
rolling, composed of 17 items), B (sitting, composed of 20 items), C (crawling and kneeling,
composed of 14 items), D (standing, composed of 13 items), and E (walking, running, and
jumping, composed of 24 items). Each item is scored on a Likert scale (4 points for each item).
A percentage score is calculated for each dimension. Overall scores can also be calculated as the
mean of the five dimension scores (127). The reliability, validity, and responsiveness of the
GMFM-88 scores are documented for children with cerebral palsy (128,129). The Spanish version
of the GMFM-88, which has shown excellent reliability, for inter-assessor (ICC = 0.998-1; 95%
confidence interval (95% CI) = 0.986-1), intra-assessor (ICC = 0.999-1; 95% CI = 0.999-1) and
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test—retest (ICC = 0.991-1; 95% CI = 0.971-1), both by dimensions and total score, was used in
this study (52,130).

Subsequently, the Pediatric Evaluation of Disability Inventory (PEDI) was applied to
assess the performance of activities relevant to daily function in both activity and participation
domains. The PEDI evaluates 197 specific tasks divided into three domains: Self-Care (composed
of 73 items), Mobility (composed of 59 items), and Social Function (composed of 65 items). All
the items in each domain are scored as follows: a score of 1 indicates capability of performing the
described task independently; a score of O indicates inability to perform a task or requiring
assistance. The sum of scores on each item for each domain is calculated, and finally, the global
score is obtained by the sum of the three domain scores. The PEDI has shown good psychometric
properties (129,131). The Spanish version of the PEDI, which has shown high internal
consistency (Cronbach’s alpha = 0.930; 95% CI = 0.890-0.950) and excellent test-retest
reliability (ICC = 0.980, 95% CI = 0.982-0.993 for the Self-Care domain; ICC = 0.990, 95% ClI
= 0.990-0.996 for the Mobility domain; ICC = 0.980, 95% CI = 0.972-0.990 for the Social

Function), was used in this study (63).

2.4. Statistical Analysis

Frequencies, percentages, means, standard deviations, and 95% CIl were used for
describing quantitative and qualitative variables. The normality of the quantitative variables was

tested and confirmed using the Shapiro-Wilk test (p > 0.05).

2.4.1. Validity Analysis

Construct validity was determined in two different manners by comparing the outcomes
of the new test obtained during the assessment on the first day between CP individuals and the
control group. First, the differences in outcome data between both groups were identified using
unpaired t-tests. Secondly, also, a Receiver Operating Characteristic (ROC) curve was applied to
assess whether the new test data were able to discriminate between CP individuals and controls.
The Area Under the Curve (AUC) and the statistical significance of the ROC curve were reported.
Furthermore, the same analyses were performed between the non-wheelchair user individuals
(GMFS I-11) and wheelchair user individuals (GMFS I11-1V) of the CP group. In this case, the
Mann-Whitney U test was applied to compare both subgroups of CP individuals.

To assess concurrent validity, in the CP group, the Pearson’s correlation coefficient (r)
was applied among sociodemographic data and outcomes obtained during the first day

assessment, GMFM and PEDI domains, and total scores. Correlation coefficient values were
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considered as weak (0.0 to 0.3), moderate (0.4 to 0.6), or strong (0.7 to 1.0) (132). Furthermore,
the new test results, along with the sociodemographic data, were included in a stepwise multiple
regression model to estimate whether these variables can explain the variance of the functional
state (GMFM-88 total score and PEDI total score) of the individuals. Multicollinearity and shared
variance were assessed, defined as r > 0.80 between the variables. A p-value of 0.05 was set as
the significance criterion of the critical F value for entry into the regression equation. The changes
in R were reported after each step of the model.

2.4.2. Reliability Analysis

The relative test-retest reliability of new test outcomes, based on the assessments
performed on different days, was determined by calculating ICC for test-retest reliability
(ICC2,1) in each group (133). ICC values below 0.20 were considered poor, from 0.21 to 0.40
were considered reasonable, from 0.41 to 0.60 were moderate, from 0.61 to 0.80 were good, and
from 0.81 to 1.00 were very good (123). Paired t-tests were also used to analyze the differences

between outcome data between both days.

The absolute reliability was assessed using the standardized error of measurement (SEM),
which was calculated as SEM= SDyooled x [1(1-ICC), where SDpooted is the standard deviation of
the scores, and the minimum detectable change (MDC) at 90% confidence level was calculated
as SDC = 1.96 x \2 x 1.64.

The SEM provides a value for the random measurement error in the same unit as the
measurement itself, which quantifies the variability within the individual and reflects the amount
of measurement error among assessments (134,135). The MDC is an estimate of the smallest
amount of change that can be objectively detected as a true change outside the measurement error
when separate measures are performed (134,136). Furthermore, the MDCgo was used to determine

the effectiveness of interventions (122).

All hypothesis tests were considered significant if p was less than 0.05, because the
validity and reliability analyses were based on independent a priori hypotheses (137). The data
were managed and analyzed with IBM-SPSS®, version 25.

3. Results

The present study included 24 children in the CP group and 24 children in the control
group. The mean age of the sample was 9.0 + 3.3 years. In total, 62.5% of the CP individuals were

non-wheelchair users (GMFCS levels I-11), whereas 37.5% were considered wheelchair users

(GMFCS levels I11-1V). Regarding the type of movement disorders in the CP group, 83.3% of
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the individuals were spastic, while 12.5% were dyskinetic, and 4.2% were classified as mixed.
None of the individuals presented a score of more than 2 in the modified Ashworth scale in any
cervical muscle group, and none of the individuals suffered from pain while undergoing the

evaluations. Table 1 displays detailed descriptive data.
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Table 1. Demographic and clinical characteristics of the individuals.

CP Group (n=24) Control Group (n = 24) p-Value
Age (years) 9.1 (3.0) 8.8 (3.2) 0.720
Sex (women/men) 15/9 15/9
Weight (kg) 28.5 (12.9) 33.2 (14.0) 0.250
Height (m) 1.33(0.22) 1.35(0.23) 0.736
BMI (Z-score) -0.15 (1.19) 0.08 (1.30) 0.171

GMEFCS level (frequency)
Type of motor disorder (frequency)

GMFM-88

Dimension A
Dimension B
Dimension C
Dimension D
Dimension E
Total score

PEDI

Self-Care
Mobility

Social Function
Total Score

111104510100 1;1V: 8
Spastic: 20 ; Dyskinetic: 3 ; Ataxic: 0 ; Mixed: 1

81.7 (24.3)
735 (32.9)
62.8 (39.4)
54.2 (39.4)
46.1 (38.3)
63.6 (33.7)

24.1 (13.52)
20.1 (12.8)
18.8 (7.3)
63.0 (32.1)

Quantitative data are expressed as mean (standard deviation). Abbreviations: CP, cerebral palsy; GMFCS, Gross motor function
Gross Motor Function Measure; PEDI, Pediatric Evaluation of Disability Inventory; BMI, body mass index.
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3.1. Construct Validity

Considering the characterization of the movement variables, the angular movement in
each plane and the mean was significantly greater in the CP group. Although the remaining
variables were also greater in the CP group, statistical differences were not observed, which was
probably due to the high variability of data. The same trend was identified in the ellipse variables,
where all means were higher in the CP group, although the statistical significance was exclusively
observed for the Area, A-dimension, and B-dimension (Table 2).

Table 2. Comparison of the new test results obtained on the first day between the CP and control groups.

CP group Control group Mean difference
(n = 24) (n=24) (95% CI) p-value

Movement characteristics

Flexion-extension angle (°) 8.59 (8.69) 3.93 (2.88) —4.66 (—8.56; —0.75) 0.021
Rotational angle (°) 10.29 (11.30) 2.57 (2.53) =7.72 (—12.70; =2.75) 0.004
Lateral angle (°) 7.16 (6.01) 2.59 (2.36) —4.57 (=7.32;-1.83) 0.002
Mean angle (°) 8.68 (7.78) 3.03 (2.20) —=5.65(-9.11;-2.19) 0.002
Flexion-extension velocity (°/s) 8.77 (9.92) 4.85 (3.97) —3.92 (-8.45; 0.61) 0.087
Rotational velocity (°/s) 10.35 (14.64) 4.24 (5.75) —6.11 (=12.79; 0.57) 0.071
Lateral velocity (°/s) 8.22 (9.25) 4.72 (4.22) -3.49 (-7.79; 0.81) 0.107
Mean velocity (°/s) 9.11 (11.13) 4.61 (4.56) —4.51(-9.61; 0.59) 0.081
Flexion-extension acceleration (°/s?) 128.75 (157.13)  107.92 (75.53) —20.82 (—94.40; 52.75) 0.568
Rotational acceleration (°/s?) 128.54 (175.01)  91.48 (62.83) —37.06 (—=116.23;42.11) 0.345
Lateral acceleration (°/s?) 142.52 (159.44)  121.98 (92.79) —20.53 (—97.85; 56.78) 0.593
Mean acceleration (°/s?) 133.27 (162.05) 107.13 (75.02) —26.14 (=101.60; 49.32) 0.485
Ellipse variables

Distance (°/s) 11.61 (13.75) 6.43 (4.86) ~5.18 (-11.39; 1.04) 0.099
Area (°?) 857.18 (1374.52) 91.33(206.35) —765.85 (—1364.98; —166.72)  0.015
Angle (°) 7.01 (27.01) 0.64 (21.80) —6.38 (-20.59; 7.83) 0.371
A-dimension (°) 12.34 (12.24) 459 (3.32) ~7.75 (-13.18; —2.31) 0.007
B-dimension (°) 13.25 (13.96) 3.65 (5.11) -9.60 (~15.92; -3.27) 0.004

Data are expressed as mean (standard deviation). Abbreviations: CP, cerebral palsy; Cl, confidence interval.

The highest discrimination between case and controls was shown by B-dimension and the
area of the ellipse (Area Under the Curve (AUC) > 0.8). The A-dimension also achieved statistical
significance, with Distance and Angle of the ellipse without discriminant capacity (AUC = 0.5).

The Receiver Operating Characteristic (ROC) curve of the summarized variables of the
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characterization of movements showed that only the mean angle was able to discriminate between
CP and control individuals (AUC = 0.746; p < 0.05) (Supplementary Materials Figure S1).

None of the variables concerning characterization of the movement were able to
discriminate non-wheelchair users and wheelchair users, whereas the AUCs of the Area and A-
dimension were statistically significant (AUC = 0.708 and 0.808, respectively) (Supplementary
Materials Figure S2). The only variable that revealed statistical differences between both
subgroups of CP individuals were the flexion-extension angle and the A-dimension of the ellipse.

3.2. Concurrent Validity

A consistent trend of moderate and strong associations between the functional scores and
the results of the new test was detected. Thus, flexion-extension angle, mean angle, lateral
velocity, and angle and Dimension-A of the ellipse were correlated to all the GMFM-88
dimensions and total score. On the contrary, flexion-extension acceleration, rotational
acceleration, and Dimension-B of the ellipse were not associated to any GMFM-88 result (Table
3).

For PEDI, all the results of the new tests were correlated with the PEDI Self-Care domain,
and with all PEDI domains and total score in many cases. Furthermore, the Self-Care domain was
correlated with all the new test outcomes. This pattern included some strong correlation
coefficients involving flexion-extension angle root mean square error (RMSE) and Dimension-A
of the ellipse and PEDI scores (Table 3).

Table 4 summarizes the hierarchical regression analysis for both functional total scores.
For the GMFM-88 total score, the model achieved a 63.8% explanation of variance including the
flexion-extension angle RMSE and two sociodemographic variables. Thus, the regression
coefficients showed that lower flexion-extension movement (explaining 43%), age, and higher
height were associated with higher GMFM-88 values. In this case, no variable of the ellipse was

included in the model.

When the PEDI total score was considered the dependent variable, a model including two
variables of the ellipse, the rotational acceleration and age, explained 83.3% of the variance. Thus,
the regression coefficients showed that a more reduced area (explaining 56%) and distance of the

ellipse, age, and higher rotation acceleration were associated with higher PEDI value
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Table 3. Correlations between sociodemographic, new test outcomes, and functional scores in the CP group (n = 24).

D|m(;r\15|on D|m(;.3r15|on Dlmeémon Dlml%nsmn Dlmtleznsmn GMFS&E:S total Self-Care Mobility Fﬁgg{fgn PEDI total score

Age n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Weight n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Height n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
BMI n.s. n.s. n.s. n.s. n.s. n.s. 0.414; 0.048 n.s. 0.596; 0.003 0.442; 0.035
Flexion-extension angle —0.738; <0.001 -0.677,<0.001  —0.615;0.002 —0.589;0.003 —0.626; 0.001 -0.663; 0.001 —0.723; <0.001 —0.702; <0.001 —0.590; 0.003 —0.715; <0.001
Rotational angle —0.446; 0.033 n.s. ns. ns. —0.432; 0.040 n.s. —0.575; 0.004 —0.472; 0.023 —0.583; 0.004 —0.561; 0.005
Lateral angle ns. ns. ns. ns. —0.465.026 n.s. —0.476; 0.022 —0.419; 0.046 —0.463; 0.026 —0.472; 0.026
Mean angle —0.569; 0.005 -0.523; 0.010 -0.478;0.021  -0.451;0.031  —0.562; 0.005 —0.530; 0.009 —0.670; <.001 -0.597; 0.003 -0.622; 0.002 -0.660; 0.001
Flexion-extension velocity -0.516; 0.012 -0.447,0.032  -0.415; 0.049 -0.348 —0.434; 0.034 —0.439; 0.036 —0.574; 0.004 -0.479; 0.021 -0.516; 0.012 —0.549; 0.007
Rotational velocity n.s. n.s. ns. ns. n.s. n.s. - 0.500 n.s. - 0.490 ns.
Lateral velocity —0.557; 0.006 —0.508; 0.013 —0.467;0.025  —0.415;0.049  —0.480; 0.020 —0.495; 0.016 —0.621; 0.002 —0.535; 0.009 —0.573; 0.004 —0.604; 0.002
Mean velocity —0.472; 0.023 —0.414; 0.048 ns. ns. —0.428; 0.041 —0.416; 0.048 —0.562; 0.005 —0.462; 0.026 —0.527; 0.010 —0.539; 0.008
Flexion-extension

acceleration ns. ns. ns. ns. n.s. ns. —0.427; 0.042 n.s. ns. n.s.
Rotational acceleration n.s. n.s. ns. ns. n.s. n.s. —0.442; 0.035 n.s. n.s. —0.417; 0.046
Lateral acceleration —0.521; 0.011 —0.472; 0.023 —0.426; 0.042 ns. ns. —0.443; 0.034 —0.573; 0.004 —0.477; 0.021 —0.542; 0.008 —0.553; 0.006
Mean acceleration —0.432; 0.039 ns. ns. ns. ns. ns. —0.485; 0.019 ns. —0.443; 0.034 —0.459; 0.028
Distance —0.481; 0.020 —0.423; 0.044 ns. ns. —0.424; 0.044 —0.418; 0.047 —0.560; 0.005 —0.462; 0.026 —0.526; 0.010 —0.538; 0.008
Area —0.578; 0.004 —0.504; 0.014 —0.461; 0.027 ns. —0.477; 0.021 —0.489; 0.018 —0.640; 0.001 —0.545; 0.007 —0.606; 0.002 —0.623; 0.001
Angle -0.417; 0.048 -0.478;0.021  —0.429;0.041 —0.453;0.030 —0.439; 0.036 —0.460; 0.027 —0.470; 0.024 —0.495; 0.016 -0.516; 0.016 -0.511; 0.016
A-dimension -0.711; <0.001 -0.649;0.001  -0.595;0.003 —0.568;0.005 —0.639; 0.001 —0.647; 0.001 —0.754; <0.001 —0.703; <0.001 —0.700; <0.001 —0.748; <0.001
B-dimension ns. ns. ns. ns. n.s. ns. —0.540; 0.008 —0.423; 0.044 -0.575; 0.004 -0.525; 0.010

Data are expressed as r correlation coefficient (p-value). Abbreviations: CP, cerebral palsy; GMFM—88, Gross Motor Functional Measure; n.s.: not significant; BMI indicates body mass index.
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Table 4. Summary of the stepwise regression analyses to determine predictors of functional state (GMFM-88 and PEDI total scores) of CP individuals (n = 24).

Predictor variables B Standard error B 95% ClI B t p R? adjusted
Step 1 Flexion-extension angle —2.569 0.633 —3.885, -1.254 —0.663 —4.062 0.001 0.413
GMGM-88 total score . Step 2_
Flexion-extension angle —2.734 0.587 —3.959, -1.508 —0.706 —4.653 <0.001 0.548
Age —3.428 1.573 —6.708, —0.147 —0.331 —2.180 0.041
Step 3
Flexion-extension angle —2.607 0.542 —3.741,-1.472 -0.673 —4.809 <0.001 0,638
Age —8.634 2.791 —14.485, —2.800 -0.833 —3.096 0.006
Height 100.671 46.130 4.121,197.222 0.591 2.182 0.042
Step 1
Area —-1.963 0.380 27531173 0748 -5.170 <0.001 0.560
PEDI total score Step 2
Area -3.037 0.577 —4.242,-1.833 -1.158 -5.261 <0.001 0.653
Rotational acceleration 0.094 0.040 0.010, 0.178 0.511 2.322 0.031
Step 3
Area —2.747 0.508 —3.814, -1.681 —1.047 -5.412 <0.001 0.790
Rotational acceleration 0.255 0.068 0.111, 0.398 1.387 3.721 0.002
Age —2.265 1.078 —4.530, —0.001 -0.229 —-2.102 0.050
Step 4
Area —2.486 0.484 —-3.502, —1.470 -0.947 -5.139 <0.001
Rotational acceleration 0.357 0.082 0.186, 0.529 1.946 4.373 <0.001 0.833
Age -3.012 0.967 —5.043, -0.981 -0.304 -3.116 0.006
Distance —3.837 1.158 —6.270, —1.405 -1.643 -3.314 0.004
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Abbreviations: CP, cerebral palsy; GMFM—88, Gross Motor Functional Measure; PEDI, Pediatric Evaluation of Disability Inventory.
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3.3. Test—Retest Reliability

In general, the reliability analysis determined that the ICCs were higher in the CP group than
in the control group. Specifically, the ICCs of the CP group ranged from 0.82 to 0.94, except for the
Angle and A-dimension of the ellipse, which were lower. For the control group, the values were more
variable, ranging from 0.51 to 0.94. The highest values were showed by angle RMSE and area and
A-dimension of the ellipse (ICC > 0.9). The 95% CI of all outcomes and both groups showed a trend
of (upper limit: ICC + 0.3, lower limit: ICC — 0.3), with the exceptions of lateral and rotational
accelerations RMSE, and distance and angle of the ellipse, of the control group, which showed a
higher amplitude of the 95% CI. No differences were detected between data obtained on both days

for any outcomes and for both groups (p > 0.05).

The absolute reliability data were variable, with the SEM of angular movements below 3.2°,
and the velocity equal or below 4.0°/s for both groups in all cases. For the ellipse variables, the SEM
were higher for the CP group. This trend was also observed for the MDCgy with higher values for the
CP group, which was associated with the variability of the results among individuals. All reliability
results were included in Table 5.
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Table 5. Test-retest reliability of the new test outcomes.

Intra-day reliability

Spatial Plane Second Day Data (Standard Deviation) ICC (95% CI) SEM MDCgo

CP group (n = 24)
Flexion-extension angle (°) 8.29 (6.30) 0.826 (0.579, 0.928) 3.13 7.25
Rotational angle (°) 8.50 (8.48) 0.918 (0.804, 0.966) 2.83 6.57
Lateral angle (°) 6.67 (6.16) 0.821 (0.566, 0.926) 2.58 5.97
Mean angle (°) 7.82 (6.22) 0.923 (0.817, 0.968) 1.94 451
Flexion-extension velocity (°/s) 9.81 (9.00) 0.921 (0.812, 0.967) 2.66 6.16
Rotational velocity (°/s) 11.71 (13.03) 0.916 (0.799, 0.965) 4.00 9.30
Lateral velocity (°/s) 8.67 (8.21) 0.889 (0.731, 0.954) 291 6.75
Mean velocity (°/s) 10.06 (9.88) 0.919 (0.805, 0.966) 2.99 6.93
Flexion-extension acceleration (°/s?) 146.09 (153.44) 0.914 (0.795, 0.964) 4554 105.61
Rotational acceleration (°/s?) 138.06 (138.83) 0.882 (0.714, 0.951) 54.91 125.02
Lateral acceleration (°/s?) 141.31 (127.34) 0.854 (0.645, 0.939) 54.79 127.07
Mean acceleration (°/s2) 141.82 (137.58) 0.892 (0.739, 0.955) 49.23 114.19
Distance (°/s) 11.83 (11.20) 0.929 (0.829, 0.971) 3.32 7.71
Area (°?) 944.56 (1599.32) 0.901 (0.761, 0.959) 467.85 1085.09
Angle (°) —2.48 (22.44) 0.595 (0.334, 0.618) 15.74 36.50
A-dimension (°) 13.11 (10.67) 0.770 (0.439, 0.905) 5.49 12.74
B-dimension (°) 14.35 (16.72) 0.941 (0.860, 0.976) 3.73 8.64



Control group (n =24)

Flexion-extension angle (°) 4.45 (4.49) 0.652 (0.388, 0.850) 2.18 5.04
Rotational angle (°) 2.45 (2.38) 0.894 (0.757, 0.954) 0.80 1.86
Lateral angle (°) 2.08 (1.64) 0.774 (0.486, 0.901) 0.95 2.21
Mean angle (°) 2.99 (2.43) 0.934 (0.849, 0.972) 0.59 1.38
Flexion-extension velocity (°/s) 4.13 (2.23) 0.704 (0.332, 0.870) 1.69 3.91
Rotational velocity (°/s) 3.22(3.48) 0.839 (0.631, 0.930) 1.85 4.29
Lateral velocity (°/s) 4.02 (2.37) 0.656 (0.321, 0.850) 1.93 4.48
Mean velocity (°/s) 3.79 (2.49) 0.751 (0.437,0.891) 1.76 4.08
Flexion-extension acceleration (°/s?) 98.09 (60.10) 0.637 (0.365, 0.843) 40.86 94.76
Rotational acceleration (°/s?) 77.84 (55.80) 0.578 (0.048, 0.816) 38.53 89.37
Lateral acceleration (°/s?) 105.27 (62.22) 0.495 (0.000, 0.780) 54.08 127.74
Mean acceleration (°/s?) 93.74 (56.87) 0.587 (0.263, 0.820) 42.38 98.29
Distance (°/s) 5.45 (2.86) 0.522 (0.000, 0.791)) 2.67 6.19
Area (°?) 82.59 (214.80) 0.927 (0.831, 0.968) 56.89 131.96
Angle (°) 3.02 (20.41) 0.514 (0.000, 0.792) 14.71 34.13
A-dimension (°) 4.98 (3.58) 0.944 (0.871, 0.976) 0.82 1.89
B-dimension (°) 3.01 (3.98) 0.841 (0.637, 0.931) 1.81 4.20

Abbreviations: CP, cerebral palsy; IMU, inertial measurement unit; ICC, intraclass correlation coefficient; Cl, confidence interval; SEM, standard error of measurement; MDC, minimum
detectable change.
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4. Discussion

The application of a new test based on IMU technology for assessing the motor control
of the craniocervical region in CP children has been demonstrated as being both valid and reliable.
Furthermore, no individuals suffered from pain or any other complaint during the execution of
the test, confirming the hypotheses and increasing the possibilities of applying this test in clinical
settings. This new test was able to discriminate between CP individuals and controls, with better
results for some of the ellipse variables. Furthermore, the new test variables were moderate to
strongly associated with functional measures, and these total scores were partially explained by
the combination of movement and ellipse variables of the new test and sociodemographic
measures such as age and height. The relative reliability was very good, and the SEM for both
groups were acceptably low. Some MDCg could be high for test-retest comparisons among CP
individuals, and caution is recommended when it is applied as a parameter to detect the effects of

therapeutic interventions.

Previous research has determined the clinical areas of the application of IMUs in CP
individuals; concretely, these have been used for the following: (1) Objective diagnosis of motor
disorders; (2) Proprioceptive rehabilitation based on visual-motor feedback; and (3) Functional
compensation by means of an inertial person—machine interface (67). Furthermore, instrumented
methods, and specifically IMUs, may lead to a better understanding of the pathophysiological
aspects of CP and help guide clinical decision making (e.g., quantifying deficits and determining
progress in time) (111,138). The current study adds a new assessment tool for the diagnosis and
assessment of craniocervical posture and motor control impairments in CP children. This is
supported by the capacity to discriminate between cases and controls, which has reached its

maximum capacity in the area and A and B-dimensions of the ellipse (AUC = 0.8).

Regarding applicability, the design of the test and the absence of complaints reported by
individuals during the assessment demonstrates high feasibility and safety of the protocol, which
can be used outside the laboratory. This characteristic is an important feature of any new
instrumented propose for motor function assessment in cerebral palsy (111). In this sense, since
motivation is a part of any attendance procedure in CP success, the ellipse obtained by the
covariance matrix, its size and form, affords a form of visual feedback, which is easy to
understand for clinicians, patients, and caregivers, as it has been reported for other applications
of IMUs (139,140).

The link between postural control and functionality is well known (100). The current
results of the new test showed a stable pattern of association with functional parameters in CP
individuals, with this pattern being more evident for the performance of activities relevant to daily

function in both activity and participation domains, assessed with PEDI, rather than the capacity
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of execution of motor skills, assessed by the GMFM-88 (141). Thus, the amount of the flexion-
extension movement was inversely proportional to the execution of motor function, which can be
explained by the need of a constant motor control of the head against gravity to maintain the
posture (115). Although a specific explanation of the relationship between age and gross motor
function is beyond the objective of this paper, the different demands of the GMFM-88 according
to patient age could justify this association. Interestingly, none of the variables of the ellipse were
included in the gross motor function model, which may be due to a high capacity of the ellipse to
detect fine motor control, as these features were more common in the tasks assessed with PEDI.
Indeed, the area of the ellipse was able to explain over 50% of the variance of the functional
abilities assessed with PEDI. Thus, a higher combination of movements on the sagittal and
rotational planes were strongly associated with poorer functional tasks. Furthermore, when a
bivariant approach was observed, the anterior—posterior dimension of the ellipse was strongly
related to all PEDI results. Finally, the specific need for fast motor control adjustments when the
patient is watching the computer screen, which is also necessary in many daily tasks, could

explain the positive relation between function and rotational accelerations (83).

This pattern of association is highly relevant, since the functional questionnaires used in
the current study evaluate the function of the whole body, which highlights the hegemony of the
head in many tasks. Indeed, motor control of the head is relevant for balance (36), including static
postures (142,143). Moreover, the poor motor coordination of the head in CP individuals can be

a cause of difficulties in the planning and executing precise movements (67).

Most of the papers that have studied the validity of IMU applications in CP are focused
on lower limb movements and gait (144-147), which limits their application to individuals with
preserved gait. Our approach extends the validity assessment of motor control to subjects with
GMEFCS Il and IV in a consistent approach. Furthermore, a lower validity of IMU applications
concerning the rotational plane has been reported for determining the craniocervical range of

motion in CP (115) and healthy individuals (83), which was not detected in the current study.

It has been reported that one of the strong points of IMUs is the high reliability trend of
the assessments and the low errors of measurement: in general, between 2° and 5° (68,108). The
relative test—retest analysis of the new test was, for almost all the variables, very good in the case
of CP individuals, and good to very good in controls. In addition, the SEM, as a measure of
absolute reliability, can be considered acceptable, since all angular values were below 4° in both
groups. This can be considered a reference point, since the other characteristics of the movement,
such as velocity or acceleration, are derived from the angular movements. Nevertheless, the
MDCgy of CP individuals were higher than the MDCq of controls—in some cases by more than
100%. In line with previous research findings involving IMUs (115), high MDCg hampers their

applicability to detect an effect when a therapeutic intervention is applied in research or clinical
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settings. The pattern of high relative reliability with less absolute reliability, mainly in CP
individuals, is probably due to the high variability of the movement evaluations (148). In fact,
ICC increases with higher between-individual variance (136). The heterogeneity of the level of
patients’ affectation, the variation of spasticity states (39), and the training effect between both
assessments (149) could explain part of the variability. Further research should identify whether
more homogeneous subgroups show lower MDC.

Despite the promising results of the current study, some limitations were identified. First,
the new test exclusively evaluates the craniocervical region, although all body regions can be
affected by losses of motor function in CP patients. Nevertheless, limbs are usually more affected
than the craniocervical region in children with severe CP (150), which could reduce the feasibility
of the new assessment approaches. Thus, the craniocervical region can be identified as a good
reference for the performance of motor control evaluations, as proposed in other research
(67,107). Second, as previously commented, the metric features of any assessment tool are
population specific. Indeed, the applicability of the new test is limited to similar samples. More
research is necessary to apply these results to other age ranges or populations with specific levels
of functional impairment. Third, the current study only assessed the craniocervical motor control
in a specific, simple, and controlled setting, which cannot be extrapolated to more complex tasks
and different conditions (108). In summary, further research is necessary, considering more
complex assessment protocols and different populations, with the aim of standardizing technical

procedures and obtaining normative data (83).

5. Conclusions

The new test for measuring cervical posture and motor control, based on IMU technology,
is valid and reliable for CP children. However, caution is recommended when applying this test
to detect the effects of an intervention. Its application in clinical settings can be considered

feasible, providing a visual feedback that is easy to understand.

Supplementary  Materials: The following are available online at

https://www.mdpi.com/2075-4418/10/9/661/s1. Figure S1: Receiver operating characteristic

(ROC) curve of the ellipse variables to discriminate between cerebral palsy individuals and
controls; Figure S2: Receiver operating characteristic (ROC) curve of the ellipse variables to

discriminate between non-wheelchair users and wheelchair users.
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