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INTRO DUC TIO N

Existing clinically accessible methods of meibomian gland 
imaging are predominantly intended to capture data 
from a single time point, with the assumption that visible 
gland structure changes very slowly over time. No previ-
ous work has assessed the potential for ‘normal’ and likely 
subtle morphological changes in meibomian glands over 
relatively short time periods (hours and days). Despite 

previous work assessing the potential to relate meibomian 
gland structure with function,1–5 little is known about the 
possibility of interpreting gland function directly from im-
ages of gland structure. This seems a reasonable area of ex-
ploration given the holocrine nature of meibomian glands, 
where there is an inherent overlap between structure and 
function.

Meibomian gland structure is typically used to indicate 
the severity and progress of meibomian gland dysfunction 
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Abstract
Purpose: To investigate whether there is a measurable change in meibomian gland 
morphological characteristics over the course of a day (12 h) and over a month.
Methods: The study enrolled 15 participants who attended a total of 11 study 
visits spanning a 5- week period. To assess diurnal changes in meibomian glands, 
seven visits were conducted on a single day, each 2 h apart. For monthly assess-
ment, participants attended an additional visit at the same time of the day every 
week for three consecutive weeks. Meibography using the LipiView® II system was 
performed at each visit, and meibomian gland morphological parameters were 
calculated using custom semi- automated software. Specifically, six central glands 
were analysed for gland length ratio, gland width, gland area, gland intensity and 
gland tortuosity.
Results: The average meibomian gland morphological metrics did not exhibit sig-
nificant changes during the course of a day or over a month. Nonetheless, certain 
individual gland metrics demonstrated notable variation over time, both diurnally 
and monthly. Specifically, meibomian gland length ratio, area, width and tortuos-
ity exhibited significant changes both diurnally and monthly when assessed on a 
gland- by- gland basis.
Conclusions: Meibomian glands demonstrated measurable structural change 
over short periods of time (hours and days). These results have implications for in-
novation in gland imaging and for developing precision monitoring of gland struc-
ture to assess meibomian gland health more accurately.

K E Y W O R D S
meibography, meibomian gland function, meibomian gland imaging, meibomian gland structure, 
meibomian glands
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(MGD) and also to inform the likelihood of treatment suc-
cess.6 While it is known that gland function is compromised 
when gland complete dropout occurs, further exploration 
is needed to understand what additional and meaning-
ful information can be gleaned from more detailed mei-
bomian gland structural metrics. Additional studies are 
needed to elucidate the specific structural changes that 
affect gland function, such as alterations in gland acini size, 
ductal width or gland tortuosity, and how these changes 
can be best detected and accurately monitored.

Examining the diurnal variation in meibomian gland 
structure has the potential to provide insight into the 
subtleties of the healthy state as well as early indication 
of disease. Just as gland presence in no way guarantees 
gland function, gland absence may not indicate gland 
loss. Gland absence could be an indicator of altered acini 
activity, an accumulation of keratinised cells or neither of 
these phenomena.1,7 These unknowns regarding gland 
structure, including short- term gland variability, have 
implications for patient prognosis and treatment recom-
mendations and diagnostic and treatment innovations. 
Investigating the diurnal variation in meibomian gland 
structure and establishing methods to assess and eval-
uate a variety of structural characteristics in healthy in-
dividuals is a meaningful step to address some of these 
unknowns.

MGD is a common condition that affects a significant 
portion of the population and is considered a leading 
cause of associated dry eye disease.8 MGD is characterised 
by structural and functional changes in the meibomian 
glands, including gland atrophy, fibrosis, obstruction 
and altered meibum composition.9 Where meibomian 
gland atrophy has been considered irreversible in the 
past, recent studies have demonstrated that treatments 
such as vectored thermal pulsation and topical diqua-
fosol therapy can improve gland structure.2–4 Moreover, 
the evidence of meibomian gland regeneration and re-
covery from severe acinar atrophy has been reported in 
animal models.5 The findings from these studies were 
not detected using the high- level semiquantitive re-
view of meibography images. Precision methods, inno-
vated to monitor subtle changes, were found to correlate 
with meaningful clinical results. As such, the evaluation 
of subtle morphological changes in meibomian gland 
structure over short periods of time has both scientific 
and clinical merit.

As previously stated, it is not known as to what degree 
meibography identifies the presence of functional acini 
versus solely capturing structure. This study was not in-
tended to answer this question. The primary objective of 
this study is more fundamental, which was to investigate 
whether there is a measurable change in meibomian gland 
appearance both diurnally and monthly. The measurable 
changes might correspond to any change in the mor-
phometric parameters of the meibomian glands such as 
gland length ratio, gland width, gland area, gland inten-
sity (mean grayscale level) and gland tortuosity. In order to 

measure these changes, custom software was developed. 
The relationship between meibomian gland structure and 
function metrics (lipid layer thickness [LLT], non- invasive 
tear break- up time [NIBUT] and evaporation rate) was also 
closely investigated.

M ETHO DS

Study design

This was a longitudinal, prospective study where subjects 
attended 11 study visits over a 5- week period, each lasting 
between 20 and 90 min. Each subject attended a screen-
ing visit to confirm eligibility. On a separate day, subjects 
were asked to attend the clinic at 09:00 h (±30 min) and 
then return every 2 h over the course of a 12- h period 
(09:00–21:00 h, seven visits in total), with each visit last-
ing approximately 20 min. Subjects then attended three 
more visits, at weekly intervals at 09:00 h (±30 min). This 
study was approved by the University Research Ethics 
Committee of The University of Manchester prior to re-
cruitment. All procedures adhered to the tenets of the 
Declaration of Helsinki and all subjects provided writ-
ten informed consent prior to enrolment. A retrospec-
tive power analysis was conducted for the width metric, 
a widely reported parameter in the literature. Based on 
data from 15 subjects, the analysis yielded 80% power 
to detect a difference in gland width of approximately 
one pixel (assuming an alpha of 0.05 and a two- tailed 
analysis). This corresponds to a 5% change in this param-
eter, indicating that even with a small group, this study 
possessed sufficient power to identify subtle changes, 
thereby affirming the effectiveness of our initial recruit-
ment approach.

Key points

• Meibomian gland appearance remains rela-
tively stable when averaged across all glands; 
however, significant variations emerge when 
analysed individually, highlighting glandular dy-
namics over short time frames.

• Understanding meibomian gland activity cycles 
is crucial for distinguishing between normal and 
diseased states, shaping diagnostic approaches 
and treatment strategies for conditions such as 
meibomian gland dysfunction.

• Meibomian gland metrics, despite their diag-
nostic potential, exhibit variability influenced 
by factors such as diurnal patterns and measure-
ment techniques, underscoring the need for re-
fined assessment methods and further research 
into glandular dynamics.
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Subjects

Inclusion criteria required all subjects to be non- contact 
lens wearers between 18 and 40 years of age, willing and 
able to sign a statement of informed consent, to follow the 
protocol and not to participate in other clinical research 
for the duration of this study. The subject's optimal spheri-
cal equivalent distance refraction was between +1.00 and 
−2.00 D with cylinder ≥−1.00 DC in each eye to ensure that 
the subject was able to maintain fixation during crucial 
measurements. The current study was designed to evalu-
ate meibomian gland changes in a healthy population. The 
subject was required to score ≤4 points on the Standard 
Patient Evaluation of Eye Dryness (SPEED) questionnaire to 
ensure that only non- dry eye patients were enrolled.10,11 
Subjects were not eligible to participate if they had a his-
tory of ocular/systemic disorders that would normally con-
traindicate participation or a history of corneal refractive 
surgery, cataract surgery, grade 1.5 or greater slit lamp find-
ings (Efron Grading Scale)12 or another ocular abnormality 
including MGD or blepharitis (Grade 1.0 or greater), the use 
of topical ophthalmic medication or had meibomian gland 
atrophy exceeding 25% in either the lower or upper eyelid, 
or central gland atrophy exceeding 25%.

Gland atrophy was evaluated objectively by the exam-
iner (KS) at the time of the screening. Furthermore, they 
were also ineligible if the number of meibomian glands 
yielding liquid secretion (MGYLS) was ≤6 in either lower 
eyelid.13 Pregnant or breastfeeding women were also ex-
cluded. Subjects were asked to attend the study visits hav-
ing not worn eye makeup that day.

Basic clinical assessments

High- contrast, distance logMAR visual acuity and slit lamp 
biomicroscopy of the ocular surface of each eye were 
carried out at the beginning and at the end of each visit 
(white light biomicroscopy at the beginning of the visit, 
i.e., no fluorescein application or eyelid eversion to ex-
clude any potential impact on the primary outcome of the 
study). Clinical changes to ocular tissues (corneal infiltrates, 
conjunctival redness, limbal redness, corneal neovascu-
larisation, epithelial microcysts, corneal oedema, corneal 
staining, conjunctival staining, papillary conjunctivitis, 
blepharitis and MGD) were graded to the nearest 0.1 unit 
using Efron Grading Scales.12 MGYLS were assessed with the 
Meibomian Gland Evaluator™ (Johnson & Johnson Vision, 
jnjvi sionp ro. com). Lid wiper epitheliopathy was assessed at 
each eyelid margin: upper and lower, and in both eyes at 
the end of each visit (end of the day for the diurnal assess-
ment day) to ensure that the repeated eyelid eversion did 
not cause any damage. Images of the everted eyelids were 
captured following the instillation of lissamine green dye. 
These images were then reviewed by an investigator, who 
noted no significant staining in any of the participants. All 
procedures were performed by the same examiner (KS).

Meibomian gland assessment

The main clinical assessments were administered sequen-
tially starting with LLT evaluation using the LipiView® II 
system (Johnson & Johnson Vision, jnjvi sionp ro. com). 
Meibography was then performed on both eyelids (upper 
and lower) using the same device. Next, NIBUT was meas-
ured using the Medmont E300 Corneal Topographer 
(Medmont Pty Ltd., medmo nt. com. au). The measurement 
was repeated three times (each at least 30 s apart) and the 
median value recorded. Finally, tear film evaporation rate 
was measured with the validated closed- chamber Eye- 
VapoMeter (Delfin Technologies, delfi ntech. com). This meas-
urement was repeated three times and the mean recorded. 
All measurements were taken by the same examiner (KS). 
LLT, NIBUT and evaporation rate were used as indirect meas-
ures of meibomian gland function. These measurements 
were performed on the right eye only. The left eyelids were 
used as a reference, to verify whether these clinical measures 
or the instrumentation used in these additional procedures 
influenced meibomian gland appearance. For diurnal as-
sessment, the right eye was imaged every 2 h throughout 
the day. Additionally, the left eye was imaged at baseline, at 
09:00 h, and then at the end of the day (21:00 h). Meibomian 
gland changes were evaluated on two levels; first, the overall 
changes in aggregated meibomian glands were analysed, 
with the value averaged across all glands in the eyelid. Then, 
the changes in individual meibomian glands were analysed, 
where each gland was treated as a single entity.

Image processing

Captured images were processed using custom semi- 
automated image analysis software to calculate meibo-
mian gland metrics. Individual meibomian gland labels 
were selected manually using the interactive tool Image 
Labeler app provided by MATLAB R2022a (MathWorks, Inc., 
mathw orks. com). The Smart Polygon tool was then used to 
estimate the shape of each gland individually. The Smart 
Polygon tool identifies an object of interest by using re-
gional graph- based segmentation (‘GrabCut’).14 Estimated 
regions of interest for individual glands were further cor-
rected with the Brush tool to ensure precise labelling of the 
gland. Six central glands were selected for each subject; all 
images were labelled by one annotator (KS) who ensured 
that the same glands were selected across all visits for each 
subject. Furthermore, to avoid introducing any error on the 
surface, geometry or intensity of the analysed glands due to 
specular reflections, we excluded glands that had a specular 
reflection at any of the imaging sessions. All images were 
carefully analysed by the same observer, who examined all 
images for each subject from all visits and decided which 
glands would be included in the analysis. The following mei-
bomian gland metrics were developed to quantify changes 
over time: Meibomian gland length, length ratio, area, in-
tensity, tortuosity and width. Meibomian gland length was 
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defined as the pixel- wise length of the gland topological 
skeleton.15 Length ratio was the length of the gland with 
respect to eyelid height at the position of the gland (see 
Figure 1) and was introduced to compensate for changes in 
the angles of the eyelid in relation to the camera.16 Individual 
meibomian gland area was defined as the number of pixels 
within each gland. Meibomian gland intensity was defined 
as the mean grey level of each labelled gland (the brightness 
of all pixels within a single gland, range 0–255). In order to 
standardise the pixel intensity across all images, we used a 
reference image taken at the first visit. The same imaging 
device was used throughout the study, in the same room by 
the same operator. To account for any potential variation in 
lighting conditions, we also ensured that the window blinds 
were closed for each imaging session. The pixel intensity of 
each image was calibrated using custom MATLAB software 

that we developed. This software applied morphological di-
lation to binary gland masks and subtracted dilated gland 
margin masks from dilated background masks to determine 
the intensity in the region. By comparing the intensity of 
gland regions in the reference image to that in subsequent 
images and adjusting the intensity of the subsequent im-
ages accordingly, we ensured that pixel intensity remained 
consistent across all images, even if the lighting conditions 
varied between visits. Tortuosity was defined as the ratio of 
the arc- length of the gland (length of the curve or length 
of gland topological skeleton) to the distance between the 
end points (see Figure 3).15 Meibomian gland width was cal-
culated as the average of all widths of the gland along all 
points on the gland central line, similar to the definition of 
Xiao et al.17 Using principal component analysis (PCA), the 
perpendicular direction to the gland's topological skeleton 

F I G U R E  1  Meibomian gland ratio calculation. Blue colour represents the eyelid, orange represents the height of the eyelid at the position of the 
gland and yellow corresponds to the gland of interest. This image represents a rotated object after performing principal component analysis (PCA) on 
the data. PC1 (principal component 1) and PC2 (principal component 2) are the two most important axes of the rotated object, with PC1 representing 
the direction of the greatest variability in the data and PC2 representing the direction of the second- greatest variability. The values along PC1 and 
PC2 can be used to describe the object's shape and orientation.
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was calculated for each point along the gland. This allowed 
us to compensate for gland curvature and measure the 
width as the actual distance between the gland contours 
(see Figure 2). Meibomian gland width was measured per-
pendicular to the skeleton at all points along the gland, and 
the mean, median, 10th and 90th percentile widths were 
calculated to provide comprehensive information about 
gland structure and function. The median was determined 
to deal with potential outliers, while the 10th and 90th per-
centiles were introduced to detect a potential change in the 
thinnest and thickest regions, respectively.

Statistical analysis

All data summaries and statistical analyses were performed 
using SAS software Version 9.4 (sas. com). Descriptive sta-
tistics were reported for all key variables as appropriate. 
Continuous data were summarised descriptively by n, 
mean, standard deviation (SD), median, minimum (Min) 
and maximum (Max). Categorical data were summarised 
descriptively by frequency count (n) and percentage (%) 
of subjects or eyes within each category level. Summaries 

were presented by visit, as applicable, for the analysis pop-
ulation set of interest. The denominator for all percentages 
was the number of subjects (or eyes as applicable) with 
available data in the group under consideration.

Least- square (LS) means were used to estimate the 
mean value for each factor level in the linear mixed- effects 
models used for statistical analysis. LS means can provide 
more accurate estimates of group means compared with 
raw means, as they account for differences in the number 
of observations and variance within and between groups. 
LS means were calculated by adjusting the raw means 
using a statistical model that included all the factors and 
covariates in the analysis.

Meibomian gland metrics were analysed using a linear 
mixed model to compare the differences at various time 
points. Time point and eyelid location (lower and upper) 
were included as fixed effects. Age and sex were also in-
cluded as fixed covariates. The subject was included as 
a random effect. A compound symmetry was chosen to 
model the residual errors between repeated measurements 
of meibomian gland metrics within the same subject, 
subject's eyes and same visit across the subject's eyelids. 
Statistical difference was concluded if the lower confidence 
limit of the least- square mean differences was greater than 
zero or the upper limit was less than zero. For evaporation 
rate, a log- normal distribution was chosen for a better fit to 
the residual, and the statistical difference was concluded if 
lower confidence limit of the least- square mean ratios was 
greater than one or the upper limit was less than one. To 
counteract the multiple comparisons for meibomian gland 
metrics, a Bonferroni- corrected p- value was used.

To help illustrate the variation in measures which could 
be expected due to intra- observer repeatability, 10 mea-
sures were recorded for a single test subject for which coef-
ficients of repeatability were determined using the method 
described by Bland and Altman,18 where the coefficient of 
reliability is defined as 2.77 times the within- subject stan-
dard deviation (Sw). The Wilson method for calculating 
confidence intervals for proportions was used to calculate 
the lower and upper limits of the 95% confidence intervals 
for the proportion of glands that lay outside the lines set by 
the coefficient of repeatability for each metric.19

In order to assess changes on an individual gland basis, 
the percentage of glands that lay outside the lines set by 
the coefficient of repeatability for each metric was calcu-
lated. If the number of points outside the coefficient of 
repeatability lines was >5%, then it was assumed that the 
change was statistically significant.

R ESULTS

Demographics

A total of 15 participants (8 [53%] females and 7 males) were 
enrolled in the study, with 13 identifying as White, one as 
Latino and one as South Asian. Ethnicity information was 

F I G U R E  2  Meibomian gland width calculation using principal 
component analysis (PCA). The perpendicular direction (marked in 
red) to the gland's topological skeleton is calculated for each point 
using PCA of eight neighbouring points (marked in blue). Meibomian 
gland widths were measured perpendicular to the gland's skeleton at 
all points and were then used to calculate the mean, median, 10th and 
90th percentile widths, providing a comprehensive understanding of 
the gland's structure and function.
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self- reported by the participants. The mean age of the 
study participants was 21.9 ± 2.5 years, ranging from 19 
to 27 years. One participant did not complete the study 
(missed two final visits) and another missed one afternoon 
visit (17:00 h) during the diurnal meibomian gland assess-
ment day.

Diurnal variations in meibomian gland 
structure and function

Aggregate meibomian gland change

None of the meibomian gland structural metrics were 
significantly influenced by the time of the visit. Figure S1 
shows the least- square mean (LSM) differences from base-
line for changes in meibomian gland metrics throughout 
the day for both the upper and lower eyelids. The mixed 
model demonstrated a significant effect of eyelid loca-
tion (upper and lower) on all metrics: with area (F = 156.55, 
p < 0.0001), length ratio (F = 19.34, p < 0.0001) and intensity 
(F = 694.44, p < 0.0001) greater for the upper eyelid while 
tortuosity (F = 286.77, p < 0.0001), widthmean (F = 889.84, 
p < 0.0001), widthmedian (F = 1891.49, p < 0.0001), width10th 
(F = 722.81.74, p < 0.0001) and width90th (F = 1041.55, 
p < 0.0001) were greater for the lower eyelid. There was no 
effect of time point on the differences between the eyes 
(right and left) for any of the metrics.

There was a significant effect of time on LLT (F = 6.22, 
p < 0.0001), with LLT for the 19:00 h (mean difference 
[95% confidence interval]): (−10.87 [−20.83, −0.92] nm) 
and 21:00 h (−12.87 [−22.91, −2.82] nm) visits being signifi-
cantly thinner than that of the 09:00 h baseline (Figure 4). 
Time of the visit had no effect on NIBUT (F = 0.81, p = 0.60, 
see Figure  5) and evaporation rate (F = 0.90, p = 0.53, see 
Figure 6).

Individual meibomian gland change

Figure S2 shows the differences in meibomian gland met-
rics across a day when each gland was considered individu-
ally. Table 1 shows the corresponding percentage of values 
that were either higher or lower than the values set by the 
coefficients of repeatability.

Monthly variations in meibomian gland 
structure and function

Aggregate meibomian gland change

Figure  S3 shows the LSM differences from baseline for 
changes in meibomian gland metrics over a month for 
both the upper and lower eyelids.

There was a significant effect of time on LLT (F = 6.22, 
p < 0.0001), with LLT at Week 2 being significantly thicker 
by 11.32 (1.13, 21.50) nm than that at the Week 1 base-
line. Figures  7–9 show the absolute values of LLT, NIBUT 
and evaporation rate and the differences for each from 
baseline.

Individual meibomian gland change

Figure S4 shows the differences in meibomian gland met-
rics across a month when each gland was considered indi-
vidually. Table  1 shows the corresponding percentage of 
values that were either higher or lower than the values set 
by coefficients of repeatability.

Correlation between meibomian gland 
structure and function metrics

Correlations between meibomian gland appearance met-
rics and meibomian gland function metrics for the upper 
and lower eyelids of the right eye, respectively, are shown 
in Tables  2 and 3. The Bonferroni- corrected p- value was 
0.001 (the number of analyses on the dependent vari-
able = 48). There was no significant correlation between 
any meibomian gland appearance metrics and meibomian 
gland function metrics.

D ISCUSSIO N

The main goal of the current study was to determine 
whether there was a measurable change in meibomian 
gland appearance over short periods of time, specifically at 
12 h and 4 weeks. To our knowledge, this is the first study to 
undertake a longitudinal analysis of meibomian gland ap-
pearance changes over such short time frames. The results 
of this investigation show that generally, meibomian gland 
structure does not change when all glands were evaluated 
en masse, that is, averaging across all glands for each eyelid. 
However, when looking at the results on a gland by gland 
basis, some metrics showed significant variation over time 
both diurnally and monthly.

It is generally known that not all glands are in op-
eration simultaneously.20 For example, Norn showed 
that approximately 45% glands were active at any one 
time.21 Furthermore, Korb and Blackie noted that gland 

F I G U R E  3  Meibomian gland tortuosity calculation.
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activity varied across the lower eyelid, as the majority of 
active glands were found in the nasal third of the eyelid 
while the least activity was found in the temporal third.13 
The number of active glands was found to be around 
six, with a tendency to decrease as dry eye symptoms 
progressed.13

A further interesting finding regarding gland activity 
was observed by the same research group. A study fo-
cused on the time needed for a meibomian gland to be 
drained and the recovery time needed to express lipids 
again after full drainage.22 It was observed that a single 
central gland can be drained within 8–20 s and it took 

F I G U R E  4  Diurnal changes in lipid layer thickness. (a) Least- square (LS) means for changes in lipid layer thickness throughout the day (expressed 
in nm). (b) Least- square mean (LSM) differences from baseline for changes in lipid layer thickness throughout the day (expressed in nm).
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8 |   MEIBOMIAN GLAND DYNAMICS

over 2 h for the gland to partially recover and secrete lip-
ids again.22 In addition, Blackie and Korb demonstrated 
diurnal secretory characteristics of individual meibomian 
glands.23 They showed that a single gland is capable of 
continuous lipid secretion over 9 h. Moreover, the likeli-
hood of secretion on demand varies across the eyelid as 

69% of tested glands within the nasal third were secret-
ing lipids at each measurement (four times a day; 3- h in-
tervals) compared with only 31% and 22% of the central 
and temporal thirds, respectively.23 These findings have a 
number of practical implications. A full understanding of 
individual gland function in a young, healthy population 

F I G U R E  5  Diurnal changes in non- invasive break- up time. (a) Least- square (LS) means for changes of non- invasive break- up time throughout 
the day (expressed in seconds). (b) Least- square mean (LSM) differences from baseline for changes of non- invasive break- up time throughout the day 
(expressed in seconds).
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   | 9SWIDERSKA et al.

can provide the groundwork for understanding changes 
in gland secretion in MGD. Meibomian glands undergo a 
cycle of activity, which means that not all glands are ac-
tive at the same time. During the gland's inactive phase, 
it is difficult to distinguish between a gland in a resting 
state and one in a diseased state. Thus, a gland may not 
be active because of its normal cycle or due to a disease 

that affects its ability to produce lipids. Therefore, it is 
important to consider the stage of the gland's activity 
cycle when evaluating meibomian gland function and 
appearance.24

Looking from a different perspective, as noted by 
Blackie and Korb, warm compresses used as an eyelid 
treatment might be less effective than previously thought 

F I G U R E  6  Diurnal changes in evaporation rate. (a) Least- square (LS) means for changes in evaporation rate throughout the day (expressed in g/
m2/h). (b) Least- square means (LSM) ratios for changes in evaporation rate throughout the day (ratio unitless).
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10 |   MEIBOMIAN GLAND DYNAMICS

because gland drainage could cause a counterproductive 
response resulting in discomfort sometime after treat-
ment.23 The results of the present study provide additional 
evidence with respect to the meibomian gland cycle of 
activity. While the overall performance of a set of meibo-
mian glands remains more or less constant, this cannot be 

generalised to an individual gland. A change in individ-
ual meibomian gland appearance may be related to the 
meibocyte cycle. A study on rats has shown that cells mi-
grate from the basement membrane towards the centre 
of the acinus (approximately 0.6 μm/day). The basal layer 
of meibocytes acts as a proliferating progenitor which 

F I G U R E  7  Monthly changes in lipid layer thickness. (a) Least- square (LS) means for changes in lipid layer thickness throughout the month 
(expressed in nm). (b) Least- square means (LSM) differences from baseline for changes in lipid layer thickness throughout the month (expressed in 
nm).
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generates new meibocytes every 4 days,25 which differ-
entiates through the acinus. Furthermore, according to 
Olami et al.,25 undifferentiated cells are located at the pe-
riphery of the acinus and it takes approximately 9 days for 
differentiating cells to migrate towards the centre of the 
acinus where the totally differentiated cells are located. 

Olami et al.25 explained the constant secretion of meibum 
by identifying the movement of descendant meibocytes. 
These movements, together with mechanical forces at 
each blink, which implicate the muscular action of the or-
bicularis and Riolan's muscle, are responsible for the deliv-
ery of meibum into the orifice.26

F I G U R E  8  Monthly changes in non- invasive break- up time. (a) Least- square (LS) means for changes in non- invasive break- up time throughout 
the month (expressed in seconds). (b) Least- square mean (LSM) differences from baseline for changes of non- invasive break- up time throughout the 
month (expressed in seconds).
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12 |   MEIBOMIAN GLAND DYNAMICS

The diagnostic capability of many meibomian gland 
metrics has been comprehensively described.27 Even 
though the objective analysis of meibography images is still 
a developing field, there is some tentative initial evidence 
that overall meibomian gland appearance correlates with 
ocular function parameters such as bulbar redness, foam 

secretion, conjunctival staining and fluorescein break- up 
time (FBUT).28 Tear break- up time has received the most 
interest out of these parameters. It has been shown that 
FBUT is positively correlated with meibomian gland width, 
length ratio and irregularity.28 Similarly, Pult et al.29 found 
that meibomian gland tortuosity and the width of the 

F I G U R E  9  Monthly changes in evaporation rate. (a) Least- square (LS) means for changes in evaporation rate throughout the month (expressed in 
g/m2/h). (b) Least- square mean (LSM) ratios for changes in evaporation rate throughout the month (ratio unitless).
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upper eyelid glands were significantly correlated with 
NIBUT. However, these results do not align with those pre-
sented here, as none of the subjects in this study had ocular 
surface disease or symptoms of discomfort, and different 
metrics and measuring processes were used. Building on 
these insights, it is noteworthy that Singh et  al.30 delved 
into the histopathological features of various morpholog-
ical variants of meibomian glands. Their research revealed 
that the dark areas on meibography, indicative of meibo-
mian gland dropout, lack residual glandular structure upon 
histological examination. This compelling evidence high-
lighted diverse morphological changes within the meibo-
mian glands, alluding to the intriguing observation that 
these alterations do not necessarily translate into signifi-
cant functional consequences. Importantly, the majority of 
the morphological changes were not linked to crucial func-
tional alterations, except for the instance of short glands, 
which exhibited atrophic changes characterised by a loss 
of meibocyte differentiation and cellular proliferation.30

The secondary aim of this study was to examine whether 
there were any substantial changes in the LLT, NIBUT and 
tear film evaporation rate within a day (12 h) and a month. 
The results demonstrated that NIBUT and evaporation rate 
did not exhibit significant changes over the course of a day 
or a month. Conversely, LLT decreased gradually as the day 
progressed. It has been reported previously that these pa-
rameters can vary throughout the day.31–38 The evapora-
tion rate tends to be lowest after awakening and highest 
2 h after awakening and then it reaches a plateau.31 In con-
trast, Arroyo et  al. showed that the tear evaporation rate 
had no significant variability over the course of a day.32 In 
addition, Wojtowicz and McCulley33 highlighted that mea-
surements should be taken in the afternoon rather than in 
the morning, as the evaporation rate showed less variabil-
ity at this later time of the day. TBUT may reduce at the end 
of the day.34 However, other studies found no changes as 
the day progressed.32,35–37 Dry eye patients tend to have a 
longer NIBUT in the morning than at the end of the day.35

The findings in this report are subject to at least four 
limitations. First, the current study had a small sample 
size, which reflected the exploratory nature of the inves-
tigation. Second, a source of uncertainty that could have 
affected the measurement of meibomian gland metrics 
was the subjective and manual process of annotating the 
images. Even though the images were labelled by a sin-
gle masked annotator, it was still a subjective matter to 
distinguish between gland and eyelid regions. A more 
reliable and objective method of image segmentation is 
needed. There are a number of published examples that 
used artificial intelligence- based algorithms to perform 
meibomian gland image segmentation in an objective, 
repeatable and reliable way.15,39–44 Third, there is the 
possibility of measurement errors in the calculation of 
meibomian gland intensity. Since the manner in which 
the LipiView® processes images is proprietary, we can-
not affirm that the measurements captured at different 
time points reflect actual changes or induced differences T
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14 |   MEIBOMIAN GLAND DYNAMICS

caused by image processing/enhancement. Finally, the 
coefficient of repeatability was calculated for only one 
subject, which could be considered a weakness and could 
have affected the interpretation of significant changes in 
meibomian gland structure. However, since the reference 
variance was much lower than that for the study subjects, 
the calculation of the coefficient of repeatability for sub-
ject 0 is justified. Despite these limitations, the study adds 
to our understanding of the complicated nature of the 
meibomian glands.

This research raises many questions in need of further 
investigation. The meibomian glands do indeed demon-
strate measurable variability over short periods of time, 
but we do not know whether or not they are diurnal. We 
also do not know whether the glands interact with each 
other. The data presented here demonstrated that normal 
meibomian gland morphology is dynamic and subject to 
measurable change over short time periods such as the 
course of a day. The clinical implications of this research 
will be revealed as we improve our ability to assess and 
interpret meibomian gland morphology as captured with 
meibography.
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T A B L E  2  Pearson correlation coefficients and p- values for the upper eyelid metrics of the right eye.

Length ratio Area Intensity Tortuosity Widthmean Widthmedian Width10th Width90th

LLT −0.0667 −0.2527 −0.0252 −0.1178 −0.231 −0.2332 −0.0841 −0.288

0.4459 0.0033 0.7731 0.1771 0.0075 0.0069 0.3359 0.001

NIBUT 0.0244 −0.0634 −0.1243 −0.2432 −0.1313 −0.1242 −0.0374 −0.1716

0.7689 0.4453 0.1335 0.003 0.1129 0.1337 0.6525 0.0377

Evaporation rate −0.0983 −0.0347 0.0761 0.2434 0.0399 −0.0138 −0.0254 0.1335

0.2361 0.6766 0.3596 0.003 0.6314 0.8683 0.7603 0.1069

Note: Number of observations = 133 (LLT) and 147 (NIBUT and evaporation rate). 10th and 90th refer to the respective percentiles. The italic values indicate the Bonferroni- 
corrected p- value was 0.001 (the number of analyses on the dependent variable = 48).
Abbreviations: LLT, lipid layer thickness; NIBUT, non- invasive break- up time.

T A B L E  3  Pearson correlation coefficients and p- values for the lower eyelid metrics of the right eye.

Length ratio Area Intensity Tortuosity Widthmean Widthmedian Width10th Width90th

LLT 0.0095 0.024 0.1746 −0.2597 −0.1302 −0.1561 −0.0913 −0.0848

0.2762 0.7841 0.0445 0.0025 0.1354 0.0727 0.2961 0.3318

NIBUT 0.2396 0.064 −0.0678 −0.037 0.1121 0.0828 0.1449 0.098

0.0035 0.4414 0.4143 0.6561 0.1763 0.3189 0.0798 0.2356

Evaporation rate 0.0013 0.0633 0.2474 −0.0224 −0.0095 0.9945 0.0725 −0.0431

0.988 0.4459 0.0025 0.7881 0.9091 0.7564 0.383 0.604

Note: Number of observations = 133 (LLT) and 147 (NIBUT and Evaporation rate). 10th and 90th refer to the respective percentiles. The italic values indicate the Bonferroni- 
corrected p- value was 0.001 (the number of analyses on the dependent variable = 48).
Abbreviations: LLT, lipid layer thickness; NIBIT, non- invasive break- up time.
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