Received: 26 August 2022

Accepted: 16 April 2023

DOI: 10.1111/0p0.13156

ORIGINAL ARTICLE

§¢ THE COLLEGE OF
{5, OPTOMETRISTS

Role of instrumental factors in Meibomian gland
contrast assessment

Elena Diz-Arias’
Jose A. Gomez-Pedrero'

'Optics Department, Faculty of Optics and
Optometry, University Complutense of
Madrid, Madrid, Spain

’Department of Optometry and Vision,
Faculty of Optics and Optometry, University
Complutense of Madrid, Madrid, Spain

Correspondence

Elena Diz-Arias, Optics Department, Faculty
of Optics and Optometry, University
Complutense of Madrid, Madrid, Spain.
Email: elenadiz@ucm.es

Funding information

European Fund for Regional Development;
Santander-UCM grant for pre-doctoral
research students; Spanish Government’s
Agencia Estatal de Investigacion, Grant/
Award Number: DPI2016-75272-R

INTRODUCTION

| Elena Fernandez-Jiménez?

| AssumptaPeral?® |

Abstract

Purpose: Meibomian gland contrast has been suggested as a potential biomarker
in Meibomian gland dysfunction. This study analysed the instrumental factors
related to contrast. The objectives were to determine whether the mathematical
equations used to compute gland contrast (e.g., Michelson or Yeh and Lin), impact
the ability to identify abnormal individuals, to ascertain whether contrast between
the gland and the background could be an effective biomarker and to assess
whether using contrast-enhancement on the gland image improves its diagnostic
efficacy.

Methods: A total of 240 meibography images from 40 participants (20 controls
and 20 having Meibomian gland dysfunction or blepharitis), were included. The
Oculus Keratograph 5M was used to capture images from the upper and lower
eyelids of each eye. The contrast of unprocessed images and those pre-processed
with contrast-enhancement algorithms were analysed. Contrast was measured on
the eight central glands. Two equations for contrast computation were used, and
the contrast both between glands and within a gland were calculated.

Results: Significant differences were found between the groups for inter-gland
area in the upper (p=0.01) and lower eyelids (p=0.001) for contrast measured with
the Michelson formula. Similar effects were observed when using the Yeh and Lin
method in the upper (p=0.01) and lower eyelids (p=0.04). These results were ob-
tained for images enhanced with the Keratograph 5M algorithm.

Conclusions: Meibomian gland contrast is a useful biomarker of disease related
to the Meibomian glands. Contrast measurement should be determined using
contrast-enhanced images in the inter-gland area. However, the method used to
compute contrast did not influence the results.

KEYWORDS
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Meibomian glands (MGs) are sebaceous glands located
on the tarsal plates of each eyelid. They are composed of
secretory groups of acini connected through small ducts
to a long central duct that runs along the tarsal plate and
ends at the free edge of the eyelid. These structures cre-
ate and transport lipids (meibum) to the tear film. Meibum,

the main component of the tear lipid layer, acts to main-
tain stability and prevent excessive evaporation of the tear
fluid." Changes in the MG may result in reduced produc-
tion of meibum, and modification of the tear film leads to
multifactorial diseases associated with these glands, e.g.,
Meibomian gland dysfunction (MGD) and dry eye disease.

Therefore, it is important to perform a structural and
functional evaluation of the MGs to allow an early and
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accurate diagnosis of related pathology.” This evaluation
comprises a battery of diagnostic objective and subjec-
tive tests for MG-related conditions.** It should include
both symptomatology (using questionnaires such as the
Ocular Surface Disease Index (OSDI),® Visual Analogue
Scale (VAS),6 Contact Lens Dry Eye Questionaire (CLDEQ),4
Meibomian Gland Dysfunction 147 (MGD-14)) and clinical
tests, including tear film breakup time, corneal and con-
junctival staining, evaluation of eyelid morphology as well
as the expression and quality of the meibum.*

Additionally, in vivo visualisation of the MG is conducted
to allow morphological investigation using meibography.
Using specialised lighting, the glands (acini and ducts) are
observed as highly reflective (bright) areas, while the inter-
gland zones appear as areas of low brightness.

Non-contact meibography is the most widely used pro-
cedure*®® as described by Arita et al.'® An infrared filter is
coupled to a slit lamp and video camera to obtain images.
This procedure is both simple and fast and provides mini-
mal discomfort to the patient.>®

Meibographic images allow assessment of glandular
loss, as well as providing information regarding the func-
tionality of the glands.” Additionally, there are a num-
ber of subjective measurement techniques and grading
scales, such as those described by Riede Pult et al and
Arita et al."? Using these subjective techniques, the eye
care professional can assess the severity of glandular loss."
Recently, objective methods for evaluating MGs have been
reported. Image processing, machine learning and deep
learning techniques are used to determine MG morphol-
ogy. The goal of these techniques is the objective segmen-
tation of the glands from the surrounding tissues within
the everted eyelids. From this segmentation, the anatomi-
cal and physiological properties of the glands can be quan-
tified as a metric."*”"” Objective MG assessment methods
show good inter and intra-observer repeatability, which
makes them comparable with manual evaluation of MG
morphology.'®%°

Recent studies have reported that objective measure-
ment of the contrast of the glands against the surround-
ing background, computed from the intensity levels on
MG images may be a new indicator of pathology.*"?
The anatomical structure of the MGs, consisting of bright
glands spaced over a dark background, resembles a fringe
pattern. Therefore, it is possible to define the contrast
using Michelson's definition of fringe contrast, or visibil-
ity, as a percentage:

Iy =1
C=100. M mn 1

lmax + lmin

where [, and /i, are the maximum (gland) and minimum
(background) intensities, respectively (intensity is the digital-
ised exposure of the pixels in an image of the tarsal conjunc-
tiva, and it is measured in grey levels). Michelson's contrast
(equation 1), was used to characterise MG contrast by Peral et
al.>> However, Yeh and Lin defined gland contrast as:

Key points

« Objectively measured Meibomian gland con-
trast is a possible biomarker for pathology.

« There are significant limitations in the methodol-
ogies used to capture images of the Meibomian
glands.

« The methods proposed by both Michelson and
Yeh and Lin to quantify contrast are equally ef-
fective when using gland contrast as a patho-
logical biomarker.

C = lmax = Imin (2)

with /., and /i, representing the maximum and minimum
intensities, respectively.22 Notice that for either of these
equations, contrast is defined between the glands and the
background (region within the glands). This contrast will be
referred to here as the inter-gland contrast. It is also possible
to define the contrast within the gland as described later in
the manuscript.

Inter-gland contrast is dependent on the wavelength
of the incoming light,”® reaching its maximum value
around 850nm, as used by many commercial meibog-
raphers. Furthermore, this parameter has shown good
specificity and sensitivity in diagnosing lipid-deficient
dry eye.?? Therefore, it appears that inter-gland contrast
could be a useful biomarker in the diagnosis of MG pa-
thology. However, there are a number of instrumental
aspects of the contrast measurement that need to be ad-
dressed. In this work, it is proposed to assess these instru-
mental issues.

First, there are two separate ways of computing con-
trast, described by equations (1) and (2). Although these
are related, it must be determined whether the two meth-
ods of calculation are equally able to differentiate between
healthy eyes and those with MG pathology. Second, in the
work of Peral et al. a custom meibographer with a highly
sensitive camera was used, whereas Yeh and Lin used
a commercial instrument, the Oculus Keratograph 5M™
(K5M) (en.oculus.de).??? The software of the K5M allows
the user to enhance the contrast of the gland image using
an undisclosed image processing algorithm, and Yeh and
Lin computed the contrast from these enhanced images.
Therefore, it is of interest to determine the effect of the
contrast enhancement, especially the algorithm used by
K5M.

Finally, it would be useful to know whether the contrast
within the gland, that is the contrast between the bright
acini and the gland background (i.e., between neighbour-
ing acini) could also be used as a biomarker of MG. In this
work, this will be referred to as in-gland contrast to differ-
entiate it from the inter-gland contrast defined above.
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The present study aimed to assess those instrumental
issues. Therefore, there were three separate goals: (1) to
determine whether the method used to compute gland
contrast influences the ability to differentiate healthy in-
dividuals from those with an MG abnormality, (2) to as-
certain whether in-gland contrast is equally effective as a
biomarker compared with inter-gland contrast and (3) to
assess whether performing contrast enhancement on the
MG image alters its effectivity as a biomarker.

METHODS

Meibography images from both eyelids of individuals with
healthy MGs, as well as those with MG abnormalities were
obtained with a K5M meibographer. From these images,
contrast (both in-gland and inter-gland) was computed
using custom software, both with and without processing
of the images using a contrast enhancement algorithm.

Meibography images were obtained during an ongoing
prospective study approved by the ethics committee of
the Hospital Clinico San Carlos de Madrid C.P. EO4/DPI2016-
75272-R-C.l. 16/550-E, and carried out at the Faculty of
Optics and Optometry, University Complutense of Madrid,
Spain. All the procedures adhered to the Declaration of
Helsinki.

Participants were enrolled in the Faculty of Optics and
Optometry at the University Complutense of Madrid and
provided written consent after an explanation of the na-
ture of the study. The participants were classified into two
groups (control and pathology). The pathological group
had two inclusion criteria: an OSDI score > 15 and a diagno-
sis of MGD or blepharitis confirmed by a specialist.”

The diagnosis of MGD was made by a single ophthal-
mologist on the staff of the Clinic of Optometry at the
Faculty of Optics and Optometry. This diagnosis was based
on ocular symptoms, observation of the palpebral struc-
tures (tarsal conjunctiva, lid margin, eye lashes, eyelid vas-
cularisation), meibography images and meiboscore.*"* The
ophthalmologist verified that all participants with pathol-
ogy presented signs and symptoms of dry eye and abnor-
mal meibography, with a degree of glandular loss >25%,
which is equivalent to grade 2 on Pult's scale."" The inclu-
sion criteria for the control group were as follows: (1) no
contact lens wear, (2) a score< 15 on the OSDI test and (3)
no changes in the tarsal conjunctiva. Participants with ocu-
lar inflammation, using systemic medication or presenting
with a disease that could impact ocular health and a history
of eye trauma or surgery (including corneal refractive sur-
gery) were excluded from the study, as were participants
who did not meet the inclusion criteria for either group.

To calculate the sample size, values reported in the lit-
erature for similar studies were used, with an alpha risk of
0.05, a beta risk of 0.20 and a minimum difference between
groups of three points. A minimum sample of 18 eyes for
each group (control and pathology) was determined.??
Therefore, a total of 20 eyes per group was included to

provide statistical reinforcement. The data from the 40 par-
ticipants, comprising the control and pathology groups,
were taken from a larger study that included 65 partic-
ipants, of whom 25 were contact lens wearers. However,
contact lens wearers were excluded from this study, since
it has been reported that the use of contact lenses for more
than 2years can alter the morphology and function of the
MGs.** One image of the upper and lower lid of each par-
ticipant was selected randomly for analysis.

Meibography

The K5M was used to perform meibography by capturing
images of the upper and lower eyelids. For each partici-
pant, two images per eyelid were obtained. Contrast was
calculated for the eight central glands. Of the two images
captured, one was contrast-enhanced using the algorithm
provided with the instrument software (K5M C), while the
second image, denoted as the raw image (K5M R), was cap-
tured without contrast enhancement. Finally, a third image
was obtained by applying another contrast-enhancement
algorithm (a contrast-limited adaptive histogram equalisa-
tion [CLAHE] algorithm)25 to the raw image (K5M RQ), to ex-
amine the impact of the contrast enhancement algorithm
in determining gland contrast.

Meimobian gland contrast measurement

Contrast measurement was carried out on the eight central
glands. Contrast was calculated from the meibography im-
ages using a software application (app) written in MATLAB
(mathworks.com).® Contrast was calculated as described
by Peral et al.”? However, the image pre-processing was
modified using the following steps:

1. After loading the image of the eyelid, a region of in-
terest (ROI) was determined manually by selecting a
set of points defining the polygonal contour of the
ROI, as shown in Figure 1a. A binary ROl mask was
defined from this polygonal contour using MATLAB's
‘roipoly” function.

2. Glare was removed by setting a glare threshold inten-
sity, established by trial as gth = (6max(/) — 1) / 7, where
max(/) and / are the maximum and mean intensity of
the gland image within the ROI, respectively. Therefore,
those pixels located within the ROl mask whose intensity
I, was higher than gth were removed by setting the value
of the ROI mask as false.

3. After removing glare, an optional image pre-processing
was performed. The application user can select a low-
pass Gaussian filter to remove noise, and independently
an adaptive histogram equalisation for contrast enhance-
ment. Contrast enhancement was carried out using
MATLAB's ‘adapthisteq’ function, which implements
the contrast-limited adaptive histogram equalisation
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FIGURE 1

Oculus Keratograph 5M meibography with contrast enhanced by the device (K5M C). (a) Polygonal contour used to select a region

of interest (ROI) comprising the eight central glands. (b) Local maxima (red circles) and minima (yellow diamonds) within the glands define the
pairs for computing in-gland contrast. A cyan line joins each valid pair. (c) Local maxima (red circles) and minima (yellow diamonds) define the pairs
for computing inter-gland contrast. Each valid pair is joined by a cyan line. The contrast in Figure 1b has been enhanced to show that all pairs are
contained within a given gland. CIN, in-gland contrast; CINTER, inter-gland contrast.

(CLAHE) algorithm.?' This step was applied to the raw
images (K5M R) captured by this instrument to obtain
the contrast-enhanced K5M RC images.

4. To distinguish the foreground objects (glands) from the
background, Niblack's thresholding algorithm, using
the implementation described by Senthilkumaran and
Kirubakaran was employed.?” This algorithm determines
a local threshold for each pixel by combining the local
mean and standard deviation of the neighbouring pix-
els.”’ By applying this threshold, and performing a logi-
cal union operation with the ROl mask obtained in the
first step, a mask that distinguishes the MGs from the rest
of the image was obtained.

After these pre-processing steps, the algorithm pro-
ceeded as described by Peral et al.?> The goal was to com-
pute both the in-gland and inter-gland contrast using the
image of the eyelid plus the binary mask, separating the
glands from the background. The app can calculate the
contrast from either a contrast-enhanced image (K5M C) or
araw image (K5M R). In this latter case, the user can option-
ally generate a contrast-enhanced image using the CLAHE
algorithm (K5M RC). In the following, the inter-gland con-
trast computed using Michelson equation (1) is termed
CINTER. The in-gland contrast will be denoted as CIN and
S8CIN when calculated using the Michelson (equation 1) and
Yeh and Lin (equation 2) methodologies, respectively.

Next, the algorithm for computing contrast is sum-
marised, as detailed in Diz-Arias et al.?® To calculate in-
gland contrast, the algorithm computed a set of pixels
within the gland that present maximum local intensity. It
also identified the minimum local intensity pixels within a
gland. The algorithm forms a set of pairs, with each pair
combining a local maximum and minimum (both belong-
ing to the same gland) and computes the contrast for
each pair using either Michelson's (1) or Yeh and Lin's (2)
equation. Finally, the in-gland contrast is calculated as the
average contrast of the pairs. Figure 1b shows the pairs
used when computing in-gland contrast for the rectan-
gular region marked in Figure 1a. When computing inter-
gland contrast, the algorithm proceeds in the same way,
but here the pixels presenting minimum local intensities
were located in the background area between the glands
as shown in Figure 1c.

Figure 2 represents the distribution of in-gland and
inter-gland contrasts, as measured from the pairs depicted
in Figure 1b,c, respectively. As can be seen in this figure, the
mean in-gland contrast is considerably lower® than the av-
erage inter-gland contrast.

Figure 3a shows a screen capture from the app before
computing contrast, while Figure 3b depicts the result

after calculating in-gland and inter-gland contrasts. The
app is available on the web (https://github.com/Infor
UCM/ContrasteMG) and runs on MATLAB version 2021b
(mathworks.com).?® In addition to calculating gland con-
trast, the app can determine other morphological param-
eters, such as the relative gland length and the relative
gland area. The first parameter is defined as the average
length of the major axis of an elliptical area that best fits
each gland divided by the width of the box that circum-
scribes the ROI. The second parameter is the quotient be-
tween the sum of the areas of the gland and the ROl area.

STATISTICAL ANALYSIS

For the statistical analysis, Microsoft Excel v.15.30 (Microsoft.
com) and SPSS v.22.0 (IBM SPSS Statistics for Macintosh.
Version 22.0; ibm.com) were used. Granmo calculator v.7.12
(imim.es/ofertadeserveis/software-public/granmo) was used
to calculate the sample size. The normality of all datasets
was tested with the Kolmogorov-Smirnov test. The non-
parametric Mann-Whitney U test was used to compare con-
trast differences between the control and pathology groups.

RESULTS

A total of 40 eyes of 40 participants (20 control/20 pathol-
ogy) were included in the study. Sex, age and clinical test
scores are shown in Table 1. Significant differences were
found for gender, with more women in the control group
(p=0.03). Statistically significant differences were also
obtained for the OSDI scores between the groups, with a
higher value in the pathology group (p <0.001). Significant
differences were observed for the VAS symptomatology
test for symptoms of pain (p=0.03), irritation (p <0.001),
burning (p=0.03) and photophobia (p <0.001); in all cases
the dry eye symptoms were higher in the pathology group.
The clinical tests showed significant differences between
the groups for tear break up time (p=0.04), bulbar conjunc-
tival integrity (p=0.04), lid margin irregularity (p=0.03),
telangiectasia (p=0.00), meibum quality (p =0.02) and mei-
boscores (p<0.001). The clinical signs were poorer in the
pathology group.

Analysis of MG contrast
The contrast of 120 meibography images, 40 K5M C, 40

K5M R and 40 K5M RC were analysed. The MG contrasts ob-
tained show the following trends: In-gland (CIN) contrast
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FIGURE 2 Boxplotrepresenting the in-gland (Cin) and inter-gland
(Cinter) Michelson contrast measured from the pairs represented in
Figure 1b,c, respectively. Note that the mean inter-gland contrast was
higher than the mean in-gland contrast, with greater dispersion.?

quantified using the Michelson method was equivalent for
both groups. However, 8CIN determined using the Yeh and
Lin method was slightly lower in the pathology group. The
inter-gland (CINTER) contrast was lower in the pathology
group for all images (K5M C, K5M R and K5M RC) when de-
termined using either the Michelson or Yeh and Lin meth-
ods. These results are shown in Table 2.

Given the number of comparisons presented in Table 2, it
was important to verify that this was not due to a type | error
(false positive). Therefore, the joint probability of the statisti-
cally significant comparisons was checked. Assuming statis-
tical independence, if this joint test probability is reasonably
high (i.e., close to 1), then it can be assumed that these re-
sults are correct. In fact, the assumption of statistical inde-
pendence may be too strong here, since one might expect a
significant correlation between the Michelson and Yeh and
Lin contrast measures for the same eyelid and image pre-
processing, given the similarity of equations (1) and (2).

Therefore, the joint probability of the comparisons in
Table 2 where statistically significant differences between
the groups were observed has been calculated using the
following expression:

P, = H(1 _pi)i=1,2,...N (3)

i

where P, is the joint probability of the test, p; the statistical
significance level for each significant test and N is the number
of significant tests, which from Table 2 was ten. The value ob-
tained was P, = 0.824, that is, very close to 1, indicating that
the significant tests have a high probability of being true so
that no further correction factor was needed.

Regarding in-gland contrast, statistically significant dif-
ferences were found between the control and pathology
groups. CIN contrast values for the pathology group were
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FIGURE 3 (a) Capture of the application window before processing
aloaded image. (b) The same image after processing a region of interest
(ROI) enclosing the central eight glands. DeltaC_in and DeltaC_inter
represent the in-gland (8CIN) and inter-gland (8 CINTER) contrast
computed using the method of Yeh and Lin (equation 2). Cin-gland and
Cinter-gland are the in-gland (CIN) and inter-gland (CINTER) contrasts
determined using the Michelson method (Equation 1) and expressed as
a percentage. For illustrative purposes, the contrast of the gland image
is enhanced in (b), although the contrast value was computed from the
original image shown in (a), which was already a contrast-enhanced
image provided by Keratograph 5M.

lower than the control group in the lower eyelid for the K5M C
(p=0.02) and K5M RC (p=0.004) images using the Michelson
equation. For the Yeh and Lin calculation, statistically signifi-
cant differences were obtained for the 8CIN variable, with the
contrast being lower in the pathology group than the con-
trols for the K5M RC images (p=0.03) in the lower eyelid and
the K5M R images (p=0.05) in the upper eyelid.

For the inter-gland Michelson CINTER variable, sig-
nificant differences were found between the groups for
the lower eyelid K5M C (p=0.001) and K5M RC (p=0.007)
images, with the contrast in the pathology group always
being lower than the controls. CINTER contrast determined
from the upper eyelid K5M C images of the pathology
group was significantly lower than the control (p=0.01).
For the 8CINTER variable (Yeh and Lin method), signifi-
cant differences between the groups were observed in the
lower eyelid for the K5M C (p=0.04) and K5M RC (p=0.01)
images, as well as for K5M C in the upper eyelid (p=0.01).
In all these cases the SCINTER contrast was lower for the
pathology group (see Table 2).
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TABLE 1 Summary of demographic characteristics and clinical results obtained for the control and pathology groups.

Sex Male/female
Age Mean (SD)
Clinical test
Ocular surface disease index (range 0-100)
Visual analogue scale (range 0-100)
Pain
Dry eye sensation
Irritation
Burning
ltching
Photophobia
Foreign body sensation
Visual acuity (LogMAR)
Meniscus (um)
Tear break-up time (seconds)
Corneal integrity assessment (range 0-15)
Bulbar conjunctival integrity (range 0-18)
Lid margin irregularity (range 0-2)
Telangiectasia (range 0-2)
Meibum quality (range 0-4)
Meibomian gland Expression (range 0-3)

Meiboscore (range 0-4)

Control [n=20; 40 eyelids]

mean (SD)

2/18
279 (2.18)

8.60 (3.70)

6.9 (15.6)
25.3(27.6)
13.0(23.8)
11.0 (27.4)
18.2(25.4)
15.2(22.9)
13.5(19.0)
0.1(0.2)
0.1)
1.8)
0.8)
2.0(1.9)
0.6 (0.5)
0.6 (0.5)
0.1(0.2)
0.4 (0.5)
0.6 (0.5)

0.2 (
5.2(
0.8 (

Pathology [n=20;40 eyelids]

mean (SD)

8/12
37.3 (14.54)

32.5(18.3)

7.2 (15.0)
44.3(32.6)
36.0 (27.8)
21.4(26.3)
27.7 (29.3)
39.4 (23.8)
26.8 (31.7)
0.1(0.1)
0.2(0.1)
4.0(1.8)
1.2(2.3)
47 (4.1)
1.1(0.7)
1.5(0.5)
0.6 (0.7)
0.7 (0.7)
2.0(0.9)

Note: Data represent the average and standard deviation (SD). p-Values are shown for the differences between the groups.

*Indicates a statistically significant difference.

TABLE 2 Mean contrast (standard deviation) calculated for each eyelid, image contrast and study group.

K5M C

Michelson CIN
Control UE 5.0(0.7)

LE 5.3(0.5)
Pathology UE 4.7 (0.6)

LE 4.6 (0.8)
P-Value UE 0.30

LE 0.02*
Yeh and Lin 8 CIN
Control UE 18 (3)

LE 20 (3)
Pathology UE 16 (3)

LE 18 (4)
p-Value UE 0.09

LE 0.06

CINTER

18(3)
22(7)
15 (4)
17 (4)
0.01*
0.001*

O CINTER

56 (12)
62 (13)
46 (12)
55 (15)
0.01*
0.04*

K5M R

CIN CINTER
2.6(0.7) 6(1)
2.8(0.5) 7(1)
2.9(0.9) 6(3)
3(1) 6(2)
0.56 0.72
0.47 0.20

5 CIN 5 CINTER
8(2) 17(2)
10 3) 22 (5)
7(1) 16 (3)
10 (4) 22(8)
0.05* 0.35
>0.99 0.76

i THE COLLEGE OF 7
OPTOMETRISTS

p-Value
0.03*
0.06
<0.001 *
0.03*
0.08
<0.001*
0.03*
0.26
<0.001*
0.10
0.45
0.61
0.04*
0.80
0.04*
0.03*
<0.001*
0.02*
0.14
<0.001*
K5M RC
CIN CINTER
5(1) 14 (3)
6(1) 19 (3)
4.3(0.9) 13 (3)
5(1) 16 (4)
0.45 0.19
0.004* 0.007*
3 CIN 5 CINTER
16 (4) 43(9)
21 (4) 61 (9)
14 (4) 39 (11)
18 (4) 54 (11)
0.25 oM
0.03* 0.01*

Note: Results were obtained using the Michelson (upper table) and Yeh and Lin contrast (lower table). p-Values compare the control and the pathology group. All
measures were made separately for the upper (UE) and lower eyelids (LE).
Abbreviations: K5M C (Oculus Keratograph 5M meibography image with enhanced contrast); KSM R (Oculus Keratograph 5M meibography raw image); K5M RC, Oculus
Keratograph 5M meibography raw mage with enhanced contrast; CIN, In-gland contrast with Michelson equation; § CIN, In-gland contrast with Yeh and Lin equation;

CINTER, Inter-gland contrast with Michelson equation; 8 CINTER, Inter-gland contrast with Yeh and Lin equation.

*Statistically significant differences (p <0.05).
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DISCUSSION

In the present study, contrast differences between a MG
pathology group and normal control subjects were ana-
lysed to assess a number of instrumental factors regarding
the use of contrast as a biomarker for MGD. Those factors,
based on the goals outlined in the introduction were: (1)
the difference between the Michelson and Yeh and Lin's
equations for computing contrast, (2) whether the in-gland
and inter-gland contrast are equally useful as a biomarker
and (3) the impact of image pre-processing (or more accu-
rately, contrast enhancement) when using contrast to dis-
tinguish between normal individuals and those with MGD.

Two measures of contrast were calculated using the clas-
sical Michelson equation (Equation 1), and the one used by
Yeh and Lin (Equation 2).2228 The results for both inter- and
intra-glandular contrast were similar for each determinant of
contrast, although the p-values shown in Table 2 were, on av-
erage, lower for the Michelson calculation. Nevertheless, these
results suggest that the definitions of contrast are compara-
ble for differentiating between healthy eyelids and those with
MGD. For either method of quantifying contrast, when signifi-
cant differences were found, inter-gland contrast was lower for
the pathology group, in both the upper and lower eyelids. As
noted by Knop et al,,' this may be because MG-related pathol-
ogies lead to an alteration in the glands so that they appear
blurred or even disappear. To date, no study has assessed the
relationship between the MG contrast and its functionality,
but it is possible that changes in the MG lead either to a reduc-
tion in the production of meibum and/or the meibum is less
consistent, resulting in a lower contrast image.

Regarding inter-gland and in-gland contrast, the results
show that inter-gland contrast is most useful, as this vari-
able provides greater consistency for discerning between
the control and pathology groups. For in-gland contrast,
homogeneity in the measurements was not obtained, sug-
gesting that this is a weak biomarker. This is consistent with
previous studies such as Yeh and Lin, who evaluated inter-
gland contrast and noted significant differences between
the control and the MG pathology groups.*?

It has been observed that the contrast varies with the
type of image being processed. Many previous studies?*?
using the Oculus Keratograph 5M have used the enhanced
images (K5M C) provided by the instrument. In both these
investigations and the present study, statistically sig-
nificant differences in these contrast-enhanced images
were found between the control and pathology groups.
However, this was not the case when using the raw images
(K5M R) captured by the instrument. This may be because
the instrument camera does not have sufficient dynamic
range to discriminate gland contrast properly.

Accordingly, it seems that contrast enhancement is nec-
essary to discriminate between healthy and pathological
glands. Applying a generic contrast enhancement algo-
rithm (K5M RC), which simulated the program included
with the Oculus K5M, only provided statistically significant
differences between the groups for the CIN and CINTER

variables in the lower lid. Without knowing the exact de-
tails of the contrast enhancement algorithm employed by
the Oculus K5M, it is difficult to state why this algorithm
gives better results. However, this point should be em-
phasised. Almost all image processing algorithms are de-
pendent on numerical parameters that determine their
performance. In the present work, the standard values of
the CLAHE algorithm were maintained, while it may be that
the parameters used in the K5M software have been opti-
mised for MG images.2 Therefore, further study is needed
on this point. These results stress the importance of the
contrast enhancement algorithm, and particularly optimis-
ation of the algorithm parameters for the MGs.

Other instrumental issues can make it difficult to mea-
sure contrast. The anatomy of the inner eyelid and the ar-
rangement of the glands are paramount. The curvature of
the eyelid influences the quality of the captured images
due to the limited depth-of-field of the instrument (note
that MG images are captured in micro-photographic condi-
tions). Thus, if the instrument camera is focused on the cen-
tral eyelid, then it is difficult to assess contrast in the nasal
and temporal areas due to loss of definition. Consequently,
the area in which gland contrast is computed should be
limited to the central portion of the eyelid. This is con-
firmed by previous studies on gland segmentation using
machine learning techniques.'®'® The depth at which the
glands are located in the eyelid is another variable that di-
rectly affects contrast measurements.

Additionally, artefacts, such as glare and flare, produced
by the interaction of light, the tear film and the imaging
camera influence the quality of the image. Given the results
obtained here, it would be of interest to analyse how con-
trast varies when light filters are used to enhance the con-
trast of raw images. In addition, further work is needed to
extrapolate these results to devices other than the OCULUS
Keratograph 5M. In addition to the instrument used to ob-
tain MG image contrast, it would also be valuable to assess
possible changes in MG contrast throughout the day for
both normal and abnormal participants, to deepen the
knowledge of glandular physiology.

In conclusion, this study suggests that measurement
of the MG contrast can be a biomarker for pathology, pro-
vided adequate testing conditions are adopted. The re-
sults indicate that the optimal method to proceed with the
OCULUS Keratograph 5M is to measure contrast-enhanced
images using the algorithm included in the device's soft-
ware. However, further clinical and symptomatology test-
ing should be carried out to expand the information for
obtaining an accurate diagnosis.
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