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Abstract

Purpose.—To evaluate the thickness of the tear film lipid layer (TFLL) in meibomian gland
dysfunction (MGD) using a high-resolution optical microscope.

Methods.—The Ocular Surface Disease Index (OSDI) and meibum grade score (MGS) were
used to classify 190 subjects into four groups: normal (OSDI<13 and MGS<10), mixed
(OSDI=13 and MGS<10), asymptomatic MGD (OSDI<13 and MGS=10), and MGD (OSDI=13
and MGS=10). The high-resolution optical microscope was used to capture TFLL images /in
vivo. The histograms of TFLL thickness were analyzed and curve-fitted using probability density
functions (PDFs).

Results.—There were three obvious peaks in the distributions of TFLL across the groups. From
the curve-fitting process, the main outcomes are displayed according to each Gaussian function
with the position of peak () and the summed percentage within the range of standard deviation
(o). The normal group had distribution as follows: 33.3 + 0.005 nm, 26%; 53.9 + 0.019 nm, 40%;
79.4 £ 0.064 nm, 12%. The mixed group had a distribution as follows: 33.8 £ 0.004 nm, 32%; 53.1
+0.115 nm, 21%; 71.7 £ 0.232 nm, 27%. The asymptomatic MGD group had a distribution as
follows: 33.5 £ 0.004 nm, 20%; 49.2 + 0.041 nm, 25%; 62.9 £ 0.063 nm, 47%. The MGD group
had a distribution as follows: 34.3 + 0.004 nm, 34%; 53.7 £ 0.022 nm, 28%; 74.9 + 0.060 nm,
16%.

Conclusions.—The MGD and mixed groups had the largest percentages of TFLL thicknesses
fall within the thinnest modes (peak 34.3 and 33.8 nm, respectively). These data show that
measures of central tendency (e.g., averages, medians) do not fully appreciate the variable
distributions of TFLL across disease spectra.

T Corresponding author: Jason J. Nichols, The University of Alabama at Birmingham, 1716 University Blvd, Birmingham, AL, 35233.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review

of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bai et al.

Page 2

Keywords

1

meibomian gland dysfunction; optical microscope; tear film; lipid layer; evaporative dry eye
disease

Introduction

The precorneal tear film is approximately 3-5 um thick [1, 2] and is composed of an
aqueous-mucin gel phase and an anterior, superficial lipid layer (~ 40-100 nm) [3-6]. The
tear film lipid layer (TFLL) is primarily composed of lipids secreted by the meibomian
glands (MGs) and primarily includes a mix of non-polar (e.g., cholesterol, cholesteryl

ester, wax ester) and polar (e.g., omega-acyl hydroxy fatty acids (OAHFAS), phospholipids)
lipids [7-10]. The amphiphilic polar lipids act as a surfactant and allow the hydrophilic
aqueous phase to interface with the non-polar lipids or may serve as an evaporative barrier
themselves [11-15]. The role of the TFLL is to retard aqueous evaporation and reduce the
surface tension of the tear film, allowing it to spread evenly [16-21].

In meibomian gland dysfunction (MGD), the meibomian gland orifices become
progressively keratinized, in addition to a loss of meibocyte progenitor cells, leading MG
atrophy over time. The resultant narrowing and obstruction of the MG orifices leads to

an alteration in the quality and quantity of the secreted lipids [22—24]. Due to insufficient
or poor quality lipids supplying the TFLL, the tear film destabilizes rapidly resulting in
rapid evaporation of the tear film aqueous, which is the core mechanism driving evaporative
dry eye disease [10, 19, 25, 26]. Conventional wisdom has suggested that a thicker TFLL
confers greater stability and resistance to evaporation than a thin TFLL [27, 28]. However,
this has not been reported consistently and several studies have noted that TFLL thickness
alone is not a substantial barrier to aqueous evaporation [19, 20, 29-32].

While tear film thinning is largely driven by aqueous evaporative loss [16, 33], the relation
between tear film thinning and TFLL thickness is less clear [20, 27, 34]. One study found
that the variability in tear film thinning rates was not fully explained by TFLL thickness

and proposed that other factors such as lipid structure and composition could also influence
thinning rates [16]. Supporting these notions, other studies found that despite having a thick
TFLL, “holes” in the structure of the TFLL could occur and locally destabilize the tear film
[32, 35], suggesting that TFLL integrity is independent of thickness. Other studies identified
specific OAHFAS or wax esters that retarded evaporation rates [11, 34], providing evidence
that lipid composition of the TFLL influences evaporation [26]. Finally, a recent study found
that thick TFLLs were associated with greater dry eye symptoms and reduced tear stability
[36], highlighting the complex relationship between TFLL thickness and overall tear film
health.

Evaporative loss of the tear film is a core element of the pathophysiology of MGD.
Addressing knowledge gaps related to TFLL structure could advance the understanding
of the pathological tear film in MGD. The purpose of this study was to investigate TFLL
thickness and variability across a cohort of subjects with and without MGD using a high
resolution, microscopy-based, non-invasive imaging system.
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2 Materials and Methods

2.1 Human Subjects

The study adhered to the principles of the Declaration of Helsinki and ethics approval was
obtained from the Institutional Review Board at the University of Alabama at Birmingham.
A total of 190 human subjects were consented from the University of Alabama at
Birmingham Academic Medical Center and the University of Alabama at Birmingham
Ocular Surface Research Center IRB approved patient database. Subgroup classifications
were determined subsequent to the clinical examination based on the recommendations of
the Tear Film and Ocular Surface Society International Workshop on MGD: Report of the
Diagnosis Subcommittee (examiners were masked as to final subgroup assignment) [37].
Briefly, subjects were classified based on the Ocular Surface Disease Index (OSDI) and
meibum grade scores (MGS) as follows: normal (OSDI<13 and MGS<10), mixed (OSDI=13
and MGS<10), asymptomatic (Asx) MGD (OSDI<13 and MGS=10), and MGD (OSDI=13
and MGS=10), which has been extensively detailed in three other publications from this
work [10, 19, 26].

2.2 System Design and Measurement

The optical system was developed based on a high-resolution optical microscope described
elsewhere—a lipid layer microscope (LLM) [3, 35, 38]. The LLM objective lens has a
numerical aperture (NA) of 0.6 and a depth of focus (DOF) of ~1.5 um (58-373, Edmund
Optics, New Jersey). A stroboscopic light (X-Strobe 400, Excelitas, Wheeling) serves as

the illuminating source. The light has a pulse duration of less than 100 ps, which serves to
reduce movement blur of the lipid layer and the eye. Light falling on the cornea at normal
incidence is reflected straight back along its incident path. The reflected signal is focused
and used to form an image of the ocular surface via a color video camera (acA645-100gc,
Basler, Berlin, Germany). The LLM has a circular field of view of 240 um in diameter and a
spatial resolution of 0.56 pum.

All measures were conducted in a dimmed room with controlled temperature (23-25°C) and
humidity (30%-50%). The subject’s head was positioned on a chin and head rest. After

the lipid layer microscopy image was focused on the display, the patient was instructed to
gently blink once and to keep their eyes open until they were instructed to close them. The
operator used the foot pedal to start data acquisition. After the recording, images that were in
focus collected between 4.5 s to 5.0 s after blinking were selected for the analyses described
here. The right eye from each subject was imaged with the system twice and averaged. This
protocol has been described extensively elsewhere [3, 35].

2.3 Data Analysis

The TFLL thickness was calculated using the interference pattern arising from the lipid
layer, as described previously [20, 39]. Briefly, when a TFLL image was acquired with RGB
camera, each pixel of the image could be characterized by three values representing the
intensity of the three-color channels — red, green, and blue (g, Ig and Ig, respectively). The
TFLL thickness of each pixel was determined with the plot of color versus intensity based
on the principles of thin film interferometry [3]. To visualize the TFLL distribution over the
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surface, shaded surfaces were created using TFLL thickness values for the color data as well
as surface height, as shown in Figure 1.

Statistical analyses were conducted using MATLAB (MathWorks, Natick, Massachusetts,
USA). The primary outcome of this study was the distribution of TFLL thickness within
and across the four disease groups, which were non-normally distributed. The histograms
of TFLL thickness were analyzed using a curve-fitting algorithm, as described previously
[6]. Probability density functions (PDFs) were fitted to these histograms by a maximum-
likelihood method. The Gaussian functions were combined to fit the histograms within each
of the four disease groups. A Gaussian distribution is described below:

1 _G-w*

f(ﬂ’ 6) = O'\/Ee 262 (1)
where x represents the TFLL thickness, | represents the peak of TFLL thickness, and
orepresents the standard deviation. A trimodal PDF, including the combination of three
Gaussian functions, was created to completely fit the overall profiles as described in
equation (2),

PDF = p f1(u1,01) + p2f2(u2. 02) + p3.f3(13. 63) @

where py, p», ps are weight fractions (i.e., mixing proportion) of the functions A, 5, £
within the PDF, and py + p» + p3 = 1. The parameters py, o, P, U1, Ho, U3, 01, 00, 03 Were
adjusted to maximize likelihood. After curve fitting, the distributions of TFLL thickness
were summed within the range of standard deviation (o) away from the mean (), i.e., [u+o]
according to individual fitted functions £, % and £.

The goodness of fit for each model was measured using the coefficient of determination (R-
square values), ranging from 0 to 1, with those closer to 1 being considered the best fitting.
Several models of PDFs were tested to maximize R-squared. Finally, the mixed Gaussian
models were chosen to fit the distributions of TFLL thicknesses, yielding R-squared values
greater than 0.95 for the trimodal curves for each of the four disease groups. Within a
trimodal PDF, py, p», ps are weight fractions (i.e., mixing proportion) of the functions 7, %,
f3. The parameters Ly, Uy, [z represent the peaks of TFLL thickness and o1, o, o3 represent
the standard deviations corresponding to the individual three functions. Date are expressed
with = 95% confidence intervals unless otherwise stated.

3 Results

3.1 Subjects

Of the 222 subjects consented, 195 were eligible based on clinical classifications and
complete TFLL data were obtained from 190 subjects. Table 1 summarizes the baseline
characteristics of these subjects, which has already been described extensively in previous
publications [10, 19, 26].
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3.2 TFLL Descriptive and Model Parameters from Curve Fitting

The TFLL thickness are summarized in Figure 2. Briefly, two images were obtained from
the right eye of each subject. The value of TFLL thickness was first averaged within each
image and then averaged between two images. The median value of TFLL thickness in each
group was as follows: Normal (67 nm), Mixed (62 nm), Asymptomatic MGD (72 nm), and
MGD (60 nm).

Figure 3 illustrates the curve-fitting models of TFLL thickness and Table 3 summarizes the
models. From the curve-fitting process, the main outcomes are displayed according to each
mode with the position of the peak (1) and the summed percentage of TFLL thickness values
with each mode [u £o]. Note that the percentage is the sum within the range of [y o] rather
than the total range, so the percentage of the three peaks does not add to 100%. The normal
group had a distribution with the individual peak position £ 95% confidence intervals and
the corresponding summed percentages within each mode as follows: (33.3 £ 0.005 nm,
26%; 53.9 + 0.019 nm, 40%; 79.4 £ 0.064 nm, 12%). The mixed group had a distribution

as follows: 33.8 + 0.004 nm, 32%; 53.1 + 0.115 nm, 21%; 71.7 £ 0.232 nm, 27%. The
asymptomatic MGD group had a distribution as follows: 33.5 + 0.004 nm, 20%; 49.2 +
0.041 nm, 25%; 62.9 = 0.063 nm, 47%. The MGD group had a distribution as follows:

34.3 £ 0.004 nm, 34%; 53.7 + 0.022 nm, 28%; 74.9 £ 0.060 nm, 16%. A common mode

was observed around 33-34 nm across the four groups, but with different magnitudes of
thickness values within these modes. The MGD and mixed groups had the largest percentage
of TFLL thicknesses fall within the thinnest modes (peaks 34.3 and 33.8 nm, respectively),
particularly compared with the normal and asymptomatic groups. The normal group had the
largest percentage of TFLL thickness values fall within mode 2 (peak 53.9 nm), while the
asymptomatic MGD group had the largest percentage of TFLL thickness values fall within
mode 3 (peak 62.9 nm).

4 Discussion

The aim of this study was to measure TFLL thickness and its variability in the context of
MGD. It has been proposed that the TFLL has a uniform multilamellar structure and that
TFLL is mainly composed of two parts, a thin monolayer of polar lipids adjacent with the
aqueous-mucin gel phase and a thick multilayer lamella of non-polar lipids covering the
polar sublayer [40-42]. This study, along with several others, have showed that the TFLL is
not uniform under microscopic examination and that a uniform non-polar lipid layer would
not be expected to form on the surface of precorneal tear film [3, 13, 18, 35]. This study

has also found that the TFLL exhibited unique characteristics across the four disease groups,
normal, mixed, asymptomatic MGD, and MGD. This finding reinforces the notion that
rough and irregular TFLL surfaces are common in the human tear film structure. Therefore,
measures of central tendency when assessing the TFLL, particularly across disease groups, it
critically important when probing the data for insight.

The present study showed that there were several obvious peaks in the TFLL distributions
across the groups, and that a simple distribution and measures of central tendency do

not adequately explain TFLL variation. As shown in Figure 3, the model combined with
three-Gaussian functions well-fitted the distributions of TFLL thickness for each of the four
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disease groups (R-squares >0.95). The results show that the TFLL contains various modes
with different thicknesses and frequencies of observations within those thickness ranges.
These results are consistent with a previous study that proposed that localized regions of

the TFLL could contain highly thick non-polar lipid aggregates or droplets, whereas other
regions were merely a monolayer thick [13]. Therefore, it is possible that the peaks within
the histograms of TFLL thickness may correspond to various individual components of the
TFLL, i.e., the polar lipid monolayer, non-polar lipid aggregates, or the combination of these
components. Further investigations on the TFLL components are required to provide a more
detailed clarification for the irregular micrographs of TFLL.

In addition, the recent study showed that both low and high concentrations of polar lipids
destabilized the TFLL [13, 43]. Therefore, the ratio between polar and non-polar lipids
appears crucial the formation of a TFLL barrier. The findings may, in part, address the
controversial relationship between precorneal tear film (PCTF) evaporation rate and TFLL
thickness [20, 44-47]. Because a polar lipid monolayer is significantly thinner than the
non-polar lipid portion, it is more challenging to capture the subtle alteration of polar lipids
in its concentration or its ratio to non-polar lipids. Corroborating this idea, the current
study found no significant difference in overall (average) thickness across the four groups.
However, with the assumption that a monolayer of polar lipids forms the thin areas of TFLL,
the thin areas of the TFLL histograms were summed and used the results as the relative
percentage of polar lipid monolayer in the TFLL. The percentage thicknesses in each thin
mode were 26%, 32%, 20% and 34% in the normal, mixed, asymptomatic MGD, and MGD
groups, respectively.

While the concentrations of polar lipids may determine the stability of TFLL, the current
study also brought out another property essential to maintenance of a stable TFLL: the
thickness gradient across the TFLL micrograph. As shown in Figure 1b, the spatial
distribution of TFLL thickness was visualized using a 3D surface plot. There were several
regions with steep gradients that are characterized by abrupt changes (e.g., 20 nm to 80

nm, “cliffs”). We propose that these abrupt transitions between “thin” and “thick” regions
may be weakly reinforced areas that are easily sheared open under the deformation of the
TFLL. It has been demonstrated that the TFLL can withstand shear deformation caused by
tangential forces and other extensional deformations [18]. Under the forces of deformation,
the stress on the local TFLL region is inversely proportional to its thickness. A greater
change in TFLL thickness leads to a greater stress gradient at the local position, and greater
susceptibility to disruption via shear forces. Indeed, our previous work has found that the
cracks appeared around the edges of thick but not thin TFLL areas [32]. There is also a
growing body of evidence to support the idea that the properties of the TFLL in resisting
deformation play a key role in the overall stability of the PCTF [48, 49]. A recent study
showed that in the context of MGD, different deformation resistance of meibomian secretion
was detected between normal and MGD subjects [50]. Further studies quantifying stress
gradients across the TFLL is needed to fully understand mechanisms underlying the stability
of TFLL /n vivo.

The novel high-resolution microscopy used herein has permitted a closer examination of the
thickness distribution of TFLL in the context of MGD. When combined with contemporary
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biochemical techniques to analyze the lipid components of the TFLL and other methods
to evaluate the stability of TFLL, the current imaging system may further advance the
understanding of role of the TFLL structure and function in health and disease [9, 51].
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Figure 1.
Quantitative processing of a LLM TFLL image showing physical thickness distribution. (A)

Representative image of the TFLL. (B) Visualization of the spatial distribution of TFLL
thickness using a 3D surface plot.
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Figure 2.
Summary descriptors of the TFLL thickness by group.
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Figure 3.
Histograms and related curve-fitting of the TFLL thickness of the four disease groups.

A: Individual Gaussian functions were plotted, overlapping with the histograms of TFLL
thickness. B: A trimodal PDF, the sum of three Gaussian functions, was created to
completely fit the overall profile of each group. C: The trimodal PDFs for the four disease
groups were put together for comparisons. There is a common peak around 33 nm across
the four group, but with different magnitudes. Both the mixed and MGD groups exhibit a
higher percentage of TFLL thicknesses in thinnest modes compared with the normal and
asymptomatic groups.
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Table 1:
Baseline characteristics of the study subjects.
Normal Mixed Asymptomatic MGD MGD
Number of Subjects 63 47 29 51
Male: Female 19: 44 17: 30 12:17 21: 30
Age Mean + (SD) years 33.3+13.0 | 39.7+130 38.3+125 46.6 +14.2
Race (Asian, African Amercian, Causasian, Others) | 10,27,25,1 | 6,29,11,1 3,13,13,0 2,29,19,1
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Table 3:
Summary of the TFLL thickness trimodal probability density distributions of the four disease classification
groups. py, o, s are weight fractions (i.e., mixing proportion) of the functions £, 5, 3. The parameters |y,
U2, U3 represent the peak of TFLL thickness and o1, o, o3 represent the standard deviations corresponding to
the three functions.

Normal Mixed Asymptomatic MGD MGD
R-square 0.96 0.96 0.95 0.97
p1 0.32+0.004 | 0.40+0.001 0.27£0.001 | 0.47+0.007
M1 33.3+0.005 | 33.8+0.004 33.5+0.010 | 34.3+0.004
Function 1
o1 3.3+0.004 3.4+0.005 3.7+0.008 3.8+0.003
PCT, 26% 32% 20% 34%
p2 0.56+0.001 | 0.46+0.003 0.16+0.003 | 0.37+0.001
U2 53.9+0.019 | 53.1+0.115 49.2+0.041 | 53.740.022
Function 2
-2} 9.9+0.016 | 10.8+0.118 5.8+0.042 8.8+0.016
PCT, 40% 21% 25% 28%
p3 0.13+0.001 | 0.14+0.004 0.57+0.003 | 0.17+0.001
M3 79.4+0.064 | 71.7+0.232 62.9+0.063 | 74.9+0.060
Function 3
o3 8.7+0.033 | 15.2+0.392 12.740.021 | 11.6+0.032
PCT 3 12% 27% 47% 16%

Note: the percent (PCT) is the sum within the range of [ o] rather than the total range, so the percentage of the three peaks does not add to 100%.
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