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ARTICLE INFO ABSTRACT

Keywords: Purpose: To establish reference intervals of Meibomian gland (MG) characteristics in healthy participants, and to
Mefbomlan glands classify meibography images of evaporative type dry eye disease (DED) subjects according to the determined
Meibography reference intervals.

Reference interval

Dry eye disease Methods: Prospective study including healthy and evaporative type DED subjects. Upper eyelid meibography

images were analyzed to evaluate: MG length, minimal distance between endpoints, tortuosity, width, MG
shortening area, deviation from a vertical orientation, number of linear segments, MG global area, and number of
MGs. Reference intervals for MG characteristics were determined using generalized additive models for location,
scale, and shape (GAMLSS). Participants with evaporative type DED were classified as normal or non-normal
based on the reference intervals. Clinical features were compared between groups using Student’s t test or
Mann-Whitney U test.

Results: Participants were 156 healthy individuals (50.6 % males; mean age 44 years) and 39 individuals with
evaporative type DED (74.4 % women; mean age 62 years). MG length, minimal distance between endpoints,
tortuosity, and width, depended on age but not on sex. MG shortening area depended on age and sex. Neither age
nor sex affected the deviation from a vertical orientation, number of linear segments, MG global area, and
number of MGs. Furthermore, 66.7 % of the participants in the evaporative type DED group were classified as
normal (all the MG characteristics fell within the corresponding reference intervals). A significantly higher value
was observed in the non-normal group in OSDI (P = 0.034) and meibum expressibility (P = 0.041, indicative of
poor expressibility).

Conclusions: Reference intervals values may be useful in classifying meibography images as normal or non-
normal, thus aiding in the objective diagnosis of morphological alterations of MGs.

1. Introduction lead to MGD [5], and the proper functioning of the MG depends to a

large extent on its morphology [6]. Meibography is the most used

The worldwide prevalence of dry eye disease (DED) is 29.5 %, higher
in women (28.1 %) than men (24.9 %), and increases with age [1], with
evaporative type DED caused by meibomian gland dysfunction (MGD)
being the most common [2].

Meibomian glands (MGs) are sebaceous glands located in the upper
and lower eyelids [3]. They deliver meibum to the tear film, stabilizing it
and preventing evaporation [4]. Alterations in meibum composition can

method for observing MG morphology. Habitually, these images have
been evaluated using subjective scales to quantify MG loss [7]. However,
the use of automatic software tools enables quantifying new character-
istics of MG morphology, such as length, width, and tortuosity [8-13].

MG loss increases with aging in healthy subjects [8,14-16]. How-
ever, the age at which this loss begins remains unclear. Some studies
suggest it starts between 20 and 25 years of age [17], whereas others
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place it during adolescence [18,19]. Analyzing changes in the MG
associated with factors such as age and sex could improve MGD
diagnosis.

The conventional approach for evaluating diagnostic efficacy in-
volves comparing differences between groups of patients and controls to
confirm a diagnosis [20-23]. However, a more general strategy involves
building reference intervals [24,25]. Reference intervals are statistical
ranges that define the expected values of a parameter in a healthy
population, typically encompassing the central 95 % of the distribution.
These intervals are fundamental in clinical practice as they provide a
standardized framework to evaluate whether a test result fall within
normal limits or suggest an underlying abnormality. This approach
simplifies the application in clinical scenarios, where the aim is to assess
a single patient rather than to analyze population differences. In the field
of visual sciences, a similar approximation has been used in the area of
myopia management, generating the percentile curves of axial length as
a function of age [26]. The generalized additive models for location,
scale, and shape (GAMLSS) methodology provides a robust and flexible
framework for accurately estimating reference intervals [27]. GAMLSS
are a versatile statistical methodology capable of modelling complex
relationships in data, such as non-linear patterns (when relationships
between two variables cannot be described by a straight line), hetero-
scedasticity (when the variance of the errors is not constant over all
observations made), and distributional asymmetries (when the data
distribution around a central point is imbalanced).

In this study, the aim was to use GAMLSS models with a large sample
size of participants without ocular pathology to accurately describe
various MG morphological characteristics derived from upper eyelid
meibography images, verify the influence of age and sex as determining
factors, and establish age- and sex-adjusted reference intervals. These
reference intervals could serve as diagnostic aids to identify abnormal-
ities in MG morphology and classify participants with evaporative type
DED based on MG morphology.

2. Methods

The East Valladolid Health Area Ethics Committee (Valladolid,
Spain) approved this prospective study, which was conducted in
compliance with the tenets of the Declaration of Helsinki. Written
informed consent was obtained from all participants before enrollment.

The overall methodology is explained in Fig. 1. Two samples were
initially recruited: a sample of healthy individuals (healthy group) and a
sample of patients with evaporative type DED (evaporative-type DED
group). The first step was to define the MG morphology in the healthy
group. The second step was to select the best GAMLSS model. The third
step was to calculate the reference intervals as a function of age and sex
for each MG characteristic. The fourth step was to apply the established
reference intervals to classify the MG morphology of the evaporative
type DED group as normal and non-normal: meibography images of the
evaporative type DED group were analysed to extract MG features
values; then participants were classified as normal if all values fell
within the corresponding reference intervals, and as non-normal if at
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least one value lay outside these intervals. Fifth and final step was to
compare the clinical values between the normal and non-normal group.

2.1. Study samples

This study included volunteers aged 16-76 years. Inclusion criteria
were having no preexisting eye disease. Exclusion criteria were any
acute or chronic ocular disease, systemic disease, use of medication that
could affect the ocular surface, history of contact lens wear and ocular
surface surgery, use of topical ocular medication in the previous 3
months, pregnancy, and breastfeeding.

To assess the utility of the age- and sex-related reference intervals,
they were applied to classify participants from an external sample. In-
clusion criteria was having evaporative type DED due to MGD. Exclusion
criteria were punctal occlusion in the previous 3 months, contact lens
wear in the previous week, and use of topical ocular medication in the
previous 24 h. DED was defined as having two or more of the following
test results altered: ocular surface disease index (OSDI) >13 [28], tear
fluorescein break up time (TFBUT) <7 s [29], fluorescein corneal
staining >1 in the Oxford scheme [30], lissamine green staining >1 in
the Oxford scheme [30], and Schirmer’s test values without anesthesia
<5 mm in 5 min [31]. MGD presence was defined by meibum expres-
sibility and quality >2 based on the Bron and Shimazaki scales [32,33].

2.2. Clinical evaluation

Ocular symptoms were evaluated using the OSDI questionnaire,
scored from O to 100, considering as symptomatic a value >13 [28].
Sodium fluorescein strips (I-DEW FLO; Entod Research Cell, Ltd. Lon-
don, UK) were wetted with sodium chloride, and fluorescein break up
time (TFBUT) was measured under cobalt blue light and the Wratten
#12 yellow filters (Eastman Kodak, Rochester, NY, USA). TFBUT was
defined as the time between the last of three blinks and the appearance
of the first dry spot. The procedure was repeated thrice, and the mean
values were recorded [34]. Corneal fluorescein staining was graded
from O (no staining) to 5 (severe staining) using the Oxford scheme [30].
Marx’s line displacement was evaluated in both eyelids from 0 (no
displacement) to 9 (high displacement) using Yamaguchi’s scale [35].
Lissamine Green strips (I-DEW Green; Entod Research Cell, UK Ltd.
London, UK) were wetted and used to evaluate conjunctival staining
from O (no staining) to 5 (high staining) using the Oxford scheme [30].
MG function was evaluated by grading meibum expressibility (Shima-
zaki scale) and quality (Bron scale) from O (easy expressibility, clear
quality) to 3 (no expressibility, inspissated quality) [32,33]. Infrared
meibography was performed on the upper eyelid using the Easy Tear
View+ (EASYTEAR S.R.L., Trento, Italy). Finally, the Schirmer’s test was
performed without anesthesia. Schirmer’s strips (I-DEW Tearstrips;
Entod Research Cell Ltd., London, UK) were applied to the inferior
fornix, and the wet length was measured after 5 min with the eyes
closed. Both eyes were evaluated. For data analysis, one eye was
randomly selected to avoid bias.

| Healthy group (n=156)

| | Evaporative type dry eye disease group (n=39) |

MG morphology definition | | GAMLSS Models

Selection of the best
model as a function of
age and sex

Define MGs morphological
characteristics using a
custom-developed algorithm

Referenceintervals

Calculate reference
intervals for each
characteristic adjusted
for age and sex

MG morphology classification Clinical comparison

Divide DED individuals into MG
morphology normal or non-normal
based on referenceintervals

Compare clinical values
between normal and
non-normal groups

Fig. 1. Schematic presentation of the methodology of the study. MG: Meibomian gland. DED: dry eye disease.
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2.3. MG feature extraction

Meibography images were analyzed using a custom-developed al-
gorithm implemented in the R statistical software and developed by co-
author IF. Using this algorithm, each image was processed, skeletonized
and finally, each MG was divided into linear segments based on changes
in direction using a piecewise regression model (see Supplementary
Material, Section 1. Image analysis process, eFig. S.1). Based on these
piecewise regression models, 6 individual MG metrics were quantified:
length, minimal distance between endpoints, deviation from a vertical
orientation, number of linear segments, tortuosity, and width. For each
image, the individual MG metrics were summarized using the median
value of all analyzed glands in the same image. In addition, 3 global
metrics were included: the MG global area, the MG shortening area, and
the number of MGs (Table 1).

2.4. Reference intervals determination

Reference intervals were calculated for each MG characteristic to be
used as a diagnostic rule when classifying a value as normal or non-
normal. For example, assuming that the reference interval of MG area
for 50-year-old individuals is between 10 % and 20 %, a subject with 5 %
would be classified as having an altered MG area (outside the normal
range), while a patient with 15 % would be classified as having a normal
MG area.

GAMLSS models were used to estimate the 5th and 95th percentile
curves for each of the variables related to MG morphology, considering
the possible influence of age and sex of the subjects, which results into
the 90 % reference intervals. The GAMLSS package [27], R version 4.2.1
[36], was used to fit one of these models to each of the variables related
to MG morphology. Model validation and diagnosis were verified by
evaluating the randomized/normalized quantile residuals [37]. Addi-
tionally, a worm plot was used to identify possible ranges of explanatory
variables where the model did not adequately fit. Fig. 2 summarizes the
fitting of the GAMLSS models and the estimation of the corresponding
percentile values. More details on the analysis can be found in the
Supplementary Material (Section 2: Reference Interval Determination,
eTable S.1-3 and eFig. S.2).

2.5. Data analysis

Sex, a categorical variable, is expressed as a percentage. Quantitative
variables are expressed as means and 95 % confidence intervals (Cls) for
the mean, minimum, and maximum. Ordinal variables are expressed as
median, interquartile range (IQR), minimum, and maximum. The
normal distribution assumption was verified using the Shapiro-Wilk test
for small sample sizes (<50 participants) and the Kolmogorov-Smirnov
test for larger samples.

Using the age- and sex-related reference intervals estimated with
GAMLSS models, participants from the evaporative type DED group
were classified as non-normal when the observed value of at least one of
the characteristics related to MG morphology was outside the corre-
sponding reference interval. Clinical features were compared between
the normal and non-normal groups. Student’s t-test for two independent
samples was used when the hypotheses of normality and homogeneity of
variance were met. The homogeneity of the variance hypothesis was
tested using Levene’s test. When this could not be assumed, a robust
Welch test was used to compare the means. If the normality hypothesis
could not be assumed, a nonparametric alternative, the Mann-Whitney
U test, was used.

3. Results
3.1. Sample description

Overall, 156 participants were included in the healthy sample. The
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mean age was 44 years (95 % CI: 41-46), and approximately half were
men (n = 79; 50.6 %). In the evaporative type DED sample, 39 partici-
pants were included (74.4 % women; mean age 62 [95 % CI: 58-65]
years; range 45-89). More information has been included in the Sup-
plementary Material, section 4. Supplementary Results, 3.1 De-
mographic distribution, eTable S.4-5, that shows the age and sex
distributions of the participants. Table 2 presents the results of the
clinical evaluation, and Table 3 presents the mean values of the MG
morphological characteristics for both samples.

3.2. Reference intervals for MG morphology

Model selection involved selecting the distribution and identifying
relevant explanatory factors (see Supplementary Material, section 3.
Suplemmentary Results, 3.2 Distributions selected, eTable S.6-9 lists the
best GAMLSS models for each morphological characteristic of MGs).

Fig. 3 represents the age- and sex- adjusted reference curves for each
morphological characteristic of the MG where age and/or sex had an
effect.

Regarding the individual measurements, age had an influence in
length (mean = 2.2 mm, 95 %CI [2.1-2.2 mm]) and the minimal dis-
tance between endpoints (mean = 2.1, 95 %CI [1.9-2.1 mm]),
increasing between 25 and 50 years of age. Neither age nor sex had any
effect on deviation from a vertical orientation (mean = 0.4, 95 %CI
[0.3-0.4], reference interval: 0.3-0.5), and number of linear segments
(mean = 6.1, 95 %CI [5.8-6.4], reference interval: 3-9). Finally, age had
an influence in tortuosity (mean = 0.3, 95 %CI [0.3-0.3]) and width
(mean = 0.3 mm, 95 %CI [0.3-0.4 mm]), increasing with age and nar-
rowed between 45 and 60 years of age. For width, the reference interval
remained constant between 20 and 55 years of age and narrowed
thereafter.

Regarding the global measures, neither age nor sex had any effect on
the MG global area, remaining constant (mean = 14 %, 95 %CI [14-15
%], reference interval: 8-20 %). Age and sex had an influence in MG
shortening area (mean = 63 %, 95 %CI [62-64 %]), increasing with age
in men and women, although higher values were observed in men.
Neither age nor sex had any effect on the number of MGs (mean = 16.1,
95 %CI [15.3-16.8], reference interval: 8-27).

Residual analysis of each of the final fitted models was performed.
During the diagnostic stage, none of the features exhibited inadequacy
in the final fitted model (see Supplementary Material, section 4. Resid-
ual analysis, eTable S.11-12, eFig. S.3.20).

3.3. Diagnostic utility of estimated RIs

According to the reference intervals classification, 66.7 % (95 % CI:
49.7-80.4) of the participants with evaporative type DED were classified
as normal (normal) and 33.3 % (95 % CI: 19.6-50.3) as non-normal
(non-normal). The MG characteristics altered can be found in the Sup-
plementary Material, Section 3. Supplementary Results, 3.3 Reference
intervals applied for the evaporative type dry eye group, eTable S.10.
Once this classification was established, the clinical variables of the
normal group were compared with those of the non-normal group. A
significantly higher value was observed in the non-normal group in
OSDI and meibum expressibility (indicative of poor expressibility),
whereas meibum quality was on the edge of significance. No significant
differences were observed among the other variables analyzed (Table 4).

4. Discussion

In this study, age- and sex-adjusted reference intervals for various
morphological characteristics of MGs in the upper eyelid were estab-
lished and applied to classify participants with evaporative type DED. In
healthy participants, MG length, minimal distance between endpoints,
tortuosity, and width depended on age, whereas MG shortening area
depended on age and sex. However, deviation from a vertical



Table 1
Measures obtained from the MG feature extraction.
Measure Type Description Units Graphical description
MG Length Individual ~ Cumulative pixel-wise length across all linear segments that formed the Pixels converted to MG Length: 108px
gland within the skeletonized image mm \
\\\
5
Minimal distance Individual ~ Euclidean distance between its endpoints Pixels converted to
between mm
endpoints
Deviation from a Individual ~ Determined by measuring the MG inclination degree with respect to the Index (from O as
vertical vertical reference lines minimum to 1 as = ol
orientation maximum) g2
B1
Number of linear Individual =~ Each MG is divided into linear segments according to their changes of Units (0-c0) B
segments direction h S -
Number of segments = 5
150 o 1 100 190

(continued on next page)
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Table 1 (continued)

Description

Units

Graphical description

Measure Type

Tortuosity Individual

Width Individual

MG global area Global

MG shortening Global
area

Assessed by evaluating the slope changes between consecutive straight-
line linear segments, and summarized as an index obtained by summing
the product of each angle and its corresponding linear segment length
divided by the total linear segment length

Average of the number of pixels in the horizontal orientation in the image
before skeletonization

Proportion of the eyelid area covered by MGs in the pre-skeletonized image

Proportion of the MG area considering only the half closest to the free
eyelid margin

Index (from O as
minimum to 1 as
maximum)

Pixels converted to
mm

Percentage (0-100)

Percentage (0-100)

global MG area

v

(continued on next page)
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Table 1 (continued)

Graphical description

Units

Type Description

Measure

L
.v,.
O
-
B
o
.
2
&
=)
Zz

Units (0-c0)

Number of MGs in the skeletonized image

Global

Number of MGs

MG: Meibomian gland; mm: millimeters.
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orientation, the number of linear segments, the MG global area, and the
number of MGs remained constant. By applying these reference in-
tervals, 33.3 % of the participants with evaporative type DED had an
altered MG morphology compared to the healthy group of reference,
and these participants had more severe ocular symptoms and worse MG
function.

This study proposed two novelties: evaluating new variables related
to the morphology of MGs and establishing an age and sex-adjusted
reference intervals for the described variables in meibography images,
configuring a diagnostic rule of what is defined as normal in healthy
individuals. The most important advantage of using reference intervals
is that although they are established on the basis of a group of in-
dividuals, it is not necessary to have a group to make decisions about an
individual case. A single individual’s value outside the reference inter-
val can already help in its diagnosis, without requiring a direct com-
parison with a group. In clinical practice, cut-off points are commonly
used to determine whether a test result is normal or abnormal. This
approach is useful when there is a clear relationship between the vari-
able of interest and the disease, but has limitations, such as the possi-
bility of generating false positives or false negatives if the threshold is
not well defined due to significant biological variability, or the contin-
uous nature of the variable. The advantage of reference intervals over
cut-off points is that cut-off points do not consider anything other than
the variable of interest, whereas reference intervals allow modelling of
the values of the variable taking into account other characteristics that
may influence it, such as age and sex, resulting in a more personalised
approach. Reference intervals also allow to assess whether an individual
is within the expected range according to his or her specific character-
istics as they take into account the natural variability that exists in the
variables of interest.

Age had an effect on MG length as both mean values and IRs
increased between the ages of 20 and 60. The mean values obtained in
the present study are consistent with those published for an age range of
40-45 years, which were also obtained automatically [38]. Another
study found a higher value and negative correlation with age [8]. These
results may be attributed to a bias introduced by the selection of the five
central MGs, as MGs are longer in the center of the eyelid. In contrast, in
the present study, the length of all the MGs were quantified, except for
small regions of the temporal and nasal areas, which were not consid-
ered owing to lower visibility.

Similar behavior was observed in the minimal distance between
endpoints. Furthermore, it has been observed that the mean values of
minimal distance between the endpoints of the MGs are similar to those
of MG length, and the path of reference intervals over age is also similar.
The ratio of the length to minimal distance between endpoints has
previously been used as an index of tortuosity [12,13]. However,
assessing tortuosity using this ratio may not be a good indicator, as
tortuosity refers to a change in direction along the path of a straight line.
The ratio of the MG length to minimal distance between endpoints of the
MG could be more useful when circular-type MGs predominate but is
similar to the MG length of the gland in other cases, an issue that does
not affect in the proposed concept of tortuosity.

Age had an effect on tortuosity since although the mean value
remained almost constant, the reference intervals narrowed between the
ages of 45 and 60 years, indicating lower variability in that age range,
but sex did not. A tortuosity mean value of 0.3 and reference interval
values between 0.2 and 0.4 was found. However, these results are not
comparable to those of previous studies because the tortuosity definition
is different, along with differences in the quantification method. One
study found a mean of 2 MGs distorted per eyelid [39], another study
found a mean of 0.11 of tortuosity in a 0-2 scale [10], and two studies
found a mean of 0.2 [12] and 1.68 [13] using the MG length/Euclidean
distance ratio. In other studies where tortuosity has been analyzed, the
relationship between tortuosity and age or sex has not been studied
[12,13,39].

Age also had an effect on the width because although the mean value
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GAMLSS model
selection

Model
optimization

Distribution
selection

—

Model validation
and refinement

f—|

Reference intervals
estimation

The model for each
distribution is adjusted

Selection ofthe model
with lowestAIC

Selection ofthe model
with best distribution

Analysis ofthe
randomized/normalized
quantile residuals

Calculation of the
percentile values and
graphic representation

Fig. 2. Summary of the estimation of the GAMLSS models and the calculation of the percentile values. GAMLSS, using generalized additive models for location, scale,

and shape; AIC: Akaike information criterion.

remained almost constant, the reference intervals narrowed from the
age of 60 onwards, indicating less variability. The mean values obtained
are similar to those reported in a previous study [39].

No influence of age or sex was observed in the MG global area. The
mean value was 14 % and the reference interval varies from 8 to 20 %.
These results contrast with what has been published so far, since a
relationship between the increase in the degree of MG loss and age has
been described in healthy individuals [15]. These differences may be
due to the method of evaluation of the area of interest, obtaining
different values depending on whether the area of loss, the area occu-
pied by the MG, and whether the interglandular space is included. In the
present study, the MG global area was defined as the ratio between the
eyelid area and the area occupied by the MGs. However, with regard to
the effect of sex, the results are in line with those of Chen et al. [40] who
found no differences between men and women in the area of loss in a
sample of individuals without DED. The results of this study indicate
that in people without ocular surface pathology, age has no effect on the
area occupied by MGs.

With respect to MG shortening area, it was observed that both mean
values and reference intervals increased with age and were higher in
men than in women. The MG shortening area values indicated that if the

Table 2
Clinical evaluation results of healthy participants and patients with evaporative
type DED.

Test Sample Mean (95 % Range P value
CcDh
OSDI (0-100) Healthy 3.6 (3.0-4.1) 0-12.5 <0.001
Evaporative 32.8 13-82.5
DED (26.4-39.1)
TFBUT (seconds) Healthy 9.8 (9.5-10.9) 2.3-38 <0.001
Evaporative 3.3(2.9-3.7) 1.3-7
DED
Marx Line (0-18) Healthy 5.3 (4.7-5.8) 0-15 <0.001
Evaporative 9.3 (8.1-10.4) 0-15
DED
Conjunctival staining Healthy 0.5 (0.3-0.6) 0-4 <0.001
(0-5) Evaporative 2.3(1.9-2.8) 0-5
DED
Schirmer’s test (mm) Healthy 17.4 1-35 0.006
(15.3-19.5)
Evaporative 11.7 0-35
DED (8.7-14.7)
Test Sample Median Range Pvalue
[IQR]
Corneal staining (0-5) Healthy 0 [0] 0-1 <0.001
Evaporative 11[1] 0-4
DED
Meibum expressibility Healthy 0 [1] 0-2 <0.001
(0-3) Evaporative 2 [1] 1-3
DED
Meibum quality (0-3) Healthy 11[1] 0-2 <0.001
Evaporative 2 [1] 1-3
DED

CI, confidence interval; DED, dry eye disease; IQR, interquartile range; OSDI,
ocular surface disease index; TFBUT, tear film break-up time.

eyelid is divided into two equal halves, the upper half being the one
closest to the palpebral margin, 63 % of the area occupied by the MGs is
in that upper half. Therefore, a value greater than 50 % indicates a
shortening of the MGs. This may indicate MG shortening area more
accurately than length does, as percentage is a relative variable that
considers the total eyelid area whereas length is an absolute measure. In
fact, studies quantifying the percentage loss with Image J software
actually measure the area to which the MGs reach, so it would perhaps
be more appropriate to speak of MG shortening area rather than degree
of loss, as a subject with all MGs shortened would have the same per-
centage as a subject with MG loss in a particular area of the eyelid, such
as the nasal or temporal area. This measurement makes it possible to
distinguish whether the MGs have shortened or whether they have been
lost only in one sector of the eyelid. This parameter may have substantial
clinical utility. Age and sex influenced this variable; therefore, consid-
ering these two demographic variables when assessing whether the
shortening area of the MGs is within or outside the normal range is
necessary.

Finally, neither age nor sex had an effect on the number of MGs. A
wide reference interval (from 8 to 27) was observed in comparison with
other studies although the mean value (mean = 16.1) was similar
[13,38]. In the present study, the degree of MG loss was not an inclusion

Table 3
Morphological characteristics of Meibomian glands of healthy participants and
those with evaporative type DED.

Variable Sample Mean (95 % Range P
(@] value
MG Length (mm) Healthy 2.1 (2.1-2.3) 0.8-4.6 0.030
Evaporative 1.9 (1.7-2.2) 0.7-4.0
DED
Minimal distance Healthy 2.0 (1.9-2.1) 0.8-4.4 0.053
between endpoints Evaporative 1.9 (1.6-2.1) 0.7-4.1
(mm) DED
Deviation from a Healthy 0.4 (0.4-0.4) 0.3-0.5 0.405
vertical orientation Evaporative 0.4 (0.4-0.4) 0.3-0.5
(0-1) DED
Number of linear Healthy 6.1 (5.8-6.4) 2.2-13.4 0.025
segments Evaporative 5.4 (4.8-5.9) 2.3-9.6
DED
Tortuosity (0-1) Healthy 0.3 (0.3-0.3) 0.1-0.4 0.936
Evaporative 0.3 0.1-0.4
DED (0.3-0.31)
Width (mm) Healthy 0.3 (0.3-0.4) 0.2-0.5 0.457
Evaporative 0.4 (0.3-0.4) 0.1-0.2
DED
MG global area Healthy 0.1 (0.1-0.1) 0.1-0.2 0.147
(0-100) Evaporative 13.4 4.4-24.1
DED (11.7-15.0)
MG shortening area Healthy 0.6 (0.6-0.6) 0.5-0.9 0.432
(0-100) Evaporative 62.2 43.4-74.8
DED (60.2-64.1)
Number of MGs Healthy 16.1 7-32 0.655
(15.3-16.8)
Evaporative 15.1 3-24
DED (13.3-16.8)

CI, confidence interval; DED, dry eye disease; MG, Meibomian gland.
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Fig. 3. 90 % Reference intervals based on Meibomian gland (MG) morphological characteristics depending on age and sex. The black lines represent the 90 %
reference intervals, and the dotted line represents the median. Blue dots and lines represent values for women, whereas pink dots represent values for men. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Clinical results of the normal and non-normal groups in DED participants.

Test Group Mean (95 % CI) Range P value

OSDI (0-100) normal 29.1 (21.2-36.9) 22.2-77.5 0.034
non-normal 40.1 (28.9-51.4) 15.5-82.5

TFBUT (seconds) normal 3.3(2.8-3.8) 1.3-6 0.787
non-normal 3.3(2.3-4.2) 1.7-7

Marx Line (0-18) normal 9.1 (7.7-10.5) 2-15 0.725
non-normal 9.5 (7.3-11.6) 3-14

Conjunctival staining (0-5) normal 2.5(2-3) 1-5 0.391
non-normal 2.1(1-3) 0-5

Schirmer’s test (mm) normal 11.2 (7.4-15.1) 0-35 0.540
non-normal 12.8 (7.3-18.3) 1-30

Test Group Median [IQR] Range P value

Corneal staining (0-5) normal 1[1] 0-2 0.241
non-normal 1 [0] 0-3

Meibum expressibility (0-3) normal 2 [1] 1-2 0.041
non-normal 2 [0] 1-3

Meibum quality (0-3) normal 2 [1] 1-3 0.052
non-normal 2 [0] 1-3

CI, confidence interval; TFBUT, tear fluorescein break-up time; IQR: interquartile range; OSDI, ocular surface disease index.



A. Novo-Diez et al.

criterion; therefore, the variability in the number of MGs may be
because of the different degrees of MG loss in the included participants.
This variability could explain the discrepancies with other studies owing
to the inclusion of participants with different degrees of MG loss [13,38].

The results found in the present study are important for two reasons.
On the one hand, they show a variability in the morphology of MGs in
healthy individuals, i.e. there is not a single reference value considered
“normal”, but rather an interval of values considered “normal”, which
cover the reality of the population and could be used as a reference for
normality. On the other hand, these reference intervals vary depending
on factors such as age or sex. Therefore, when assessing an individual, it
should be classified as pathological if the values are outside the refer-
ence interval according to age and sex, by consulting the curves and
percentile tables proposed in this study.

With the parameters used and the calculated reference intervals, 66
% of the participants with evaporative type DED had an upper eyelid MG
morphology within normal limits. The MG global area was the most
altered characteristic, whereas the MG shortening area was the least
altered. Although all the patients included had evaporative type DED, it
can also be observed that they had a medium-moderate degree (Table 2).
This can be explained by the fact that alterations in MG function occur
before alterations in its morphology [3,41-43], even alterations in MG
expressibility have been observed even with an unaltered morphology
[44]. Some authors argue that meibum viscosity increases first [45,46],
leading to the obstruction of orifices and [47,48] causing MG atrophy
and loss [15].

The findings of the present study align with this theory, as partici-
pants with evaporative type DED had altered MG function relative to
that of healthy participants, but MG morphology was within the refer-
ence intervals in 66 % of them. These findings reinforce prior evidence
that MGD involves both morphological and functional alterations.
Importantly, they further demonstrate that altered MG morphology does
not necessarily correlate with impaired function, underscoring that
altered MG morphology alone is insufficient for diagnosing MGD.

The non-normal group had a higher degree of symptoms and worse
expressibility of MG secretion, indicating that alterations in MG
morphology occur in severe cases of evaporative type DED and, there-
fore, could be useful for detecting such cases but not for mild and
moderate cases. These results align with those of other studies, which
state that the degree of MG loss is related to the severity of DED
[39,49-51]. Finally, no significant differences were observed in the
remaining clinical tests, which could be attributed to the lack of corre-
lation between the signs and symptoms of DED [50,52].

The results of this study suggest that meibography should not be used
in isolation for evaporative type DED diagnosis. Along with meibog-
raphy and the proposed reference intervals, other tests such as symp-
tomatology or MG function should be performed. The alterations in MG
morphology of the upper eyelid had a greater effect on symptoms than
on signs, indicating that, in two participants with evaporative type DED
of equal severity, when assessing only ocular signs, the subjective
severity may differ. Thus, assessing MG morphology could provide more
information, indicating whether it is inside or outside the reference in-
terval, and help detect cases with worse MG function and a higher de-
gree of symptoms when ocular signs are similar.

It is important to emphasize that reference intervals identify struc-
tural deviations relative to healthy norms, but are not intended as
diagnostic tools per se. As such, the fact that a large proportion of pa-
tients with evaporative DED were classified as morphologically normal
does not imply misclassification, but rather reflects the variability in
disease presentation. Functional impairment often precedes detectable
structural changes in MGs, and the findings of this study align with this
interpretation. Therefore, reference intervals may be particularly useful
in identifying more advanced cases or in supplementing functional as-
sessments in a multimodal diagnostic approach.

This study has some limitations. Only images of the upper eyelid
were evaluated because of the difficulty in obtaining quality

Contact Lens and Anterior Eye xxx (Xxxx) XXX

meibography scans of the lower eyelid; for this reason, most of the
published studies are focused on the wupper eyelid
[8,11-13,22,38,39,53]. Moreover, the software developed depends on
the instrument used to capture the images (Easy Tear View+), because
different parameters were adjusted to process the images obtained from
this instrument. This dependence exists in the early stages of the anal-
ysis, as the MG modeling and quantification stages are valid for any
instrument used, and the group is working to adapt it to other in-
struments. Another limitation lies in the order of clinical testing, as
meibography imaging was performed after meibum expressibility
assessment. Although this sequence followed standard clinical protocols
and published studies at the time of recruitment [8,9,15,38], and all
images were acquired during clinical visits under consistent conditions,
recent research [54] suggest that therapeutic gland expression may
transiently alter MG morphology, including reduced brightness and
length in infrared images, and that MG structure may exhibit temporal
variability throughout the day [55]. Although the expression of MG in
this study is performed only with diagnostic purposes, therefore the
conditions in terms of time and pressure may be different, future studies
should consider the possible influence of test order and time of image
acquisition when designing protocols involving morphological assess-
ments of the MG.

5. Conclusions

This study characterizes upper eyelid MG the morphology in healthy
participants and establishes reference intervals across a broad age range.
It also introduces new objectively measured parameters, accounting for
the influence of age and sex. These values are useful for classifying
meibography images as normal or non-normal, thus helping to objec-
tively diagnose MG morphological alterations. Alterations in MG
morphology may contribute to detecting cases with worse MG function
and a higher degree of symptom severity when the ocular signs are
similar in patients with evaporative type DED.
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