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Purpose: To investigate whether tear hyperosmolarity, a feature of dry eye disease
(DED), affects central corneal thickness (CCT), corneal light reflectivity, and/or tear film
reflectivity.

Methods: This prospective, cross-sectional study involved 48 participants (38 with
hyperosmolar tears and 10 controls with normo-osmolar tears). Symptoms and signs
of DED (tear osmolarity, sodium fluorescein tear break-up time, ocular surface
staining, Schirmer test) were assessed. CCT, and the reflectivity of the cornea and the
tear-epithelial interface were quantified relative to background noise using Fourier-
domain optical coherence tomography (FD-OCT).

Results: CCT of eyes with severe tear hyperosmolarity, defined as eyes in the upper
quartile of the hyperosmolar group, was less than control eyes (539.1 6 7.4 vs. 583.1
6 15.0 lm, P ¼ 0.02) and eyes with less severe tear hyperosmolarity, defined as
hyperosmolar eyes in the lower quartile (622.7 6 5.8 lm, P , 0.0001). CCT showed a
negative linear relationship with tear osmolarity for values above 316 mOsmol/L (R2 ¼
0.17, P ¼ 0.01). Central corneal reflectivity was lower in hyperosmolar eyes than
normo-osmolar eyes (45.1 6 0.3 vs. 48.1 6 0.6 pixels, P ¼ 0.02); the greatest relative
difference was in the anterior stroma, where corneal reflectivity was 4.7 6 1.9% less in
hyperosmolar eyes (P , 0.01). Peak reflectivity of the tear-epithelial interface was 4.8%
6 3.5% higher in the hyperosmolar group than the normo-osmolar tear group (P ¼
0.04).

Conclusion: Individuals with significant tear hyperosmolarity and clinical signs of
symptoms of DED show reduced CCT and altered corneal reflectivity.

Translational Relevance: Anterior segment FD-OCT provides novel insight into
corneal microstructural differences in individuals with DED.

Introduction

Dry eye disease (DED) is a complex, multifactorial
condition that is associated with ocular surface
damage and impaired visual performance.1 In DED,
lowered aqueous secretion and/or excessive tear
evaporation increase the relative concentration of tear
solutes. The resultant tear hyperosmolarity is proposed
to trigger inflammatory pathways, which promote
epithelial cell damage and tear film instability.1–4

Given the potentially detrimental effects of tear
hyperosmolarity on ocular surface integrity,5,6 a

negative impact upon corneal structure is predicted.
Corneal transparency, which is imparted by the
specific arrangement of collagen fibrils within the
stroma to yield destructive light interference,7 relies
upon the strict maintenance of corneal hydration.
Corneal hydration is regulated predominantly by the
corneal endothelium, but also relies upon a functional
epithelial barrier.8 A disruption to corneal epithelial
integrity could therefore influence corneal hydration,
with secondary effects upon its transparency.

A link between tear osmolarity and changes to
corneal structure has been described in an experimen-
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tal animal model of tear hyperosmolarity. Desiccating
stress, induced acutely by the application of a
hypertonic agent to the rabbit cornea, reduces corneal
thickness and increases corneal light backscatter.9

Furthermore, physiological diurnal fluctuations in
tear osmolarity have been shown to correlate with
changes in central corneal thickness (CCT) in human
eyes, as quantified using high-resolution anterior
segment optical coherence tomography (OCT).10

Preliminary evidence also suggests that individuals
with clinical signs and symptoms of DED have
reduced corneal thickness11 and endothelial cell
changes,12 although the potential effect of tear
osmolarity per se was not considered in these studies.

OCT enables noninvasive, in vivo cross-sectional
imaging of the eye. High-resolution anterior segment
OCT has been used to document longitudinal changes
in corneal reflectivity subsequent to anterior ocular
inflammation in rodent models.13–15 Our laboratory
has demonstrated the utility of OCT for monitoring
changes to corneal thickness and haze in a murine
model of corneal inflammation.15 The application of
OCT for measuring corneal pachymetry, described by
Izatt and colleagues,16 was one of the earliest anterior
eye applications of OCT.16,17 CCT measurements
using OCT have been shown to be comparable to
conventional ultrasound-based pachymetry tech-
niques, being highly repeatable and reproducible with
the additional advantage of being non-contact.17,18

OCT has been used to characterize changes during
recovery to the structural and optical properties of the
human cornea following surgical intervention.19–21

The technique has been applied to document alter-
ations to corneal light reflectivity, as a measure of
corneal haze, at the flap interface following laser-
assisted in situ keratomileusis.21 In addition, OCT can
quantify changes to tear film thickness in patients
with DED.22

Together, these studies provide rationale for
examining the novel application of OCT to assess
whether tear hyperosmolarity alters CCT, corneal
and/or tear film reflectivity. This study tests the
hypotheses that in individuals with DED, tear
hyperosmolarity leads to alterations to corneal
reflectivity, corneal thickness, and tear film reflectiv-
ity.

Methods

This project was conducted in accordance with the
tenets of the Declaration of Helsinki and was
approved by the University of Melbourne Human

Research Ethics Committee. All study participants
provided written informed consent to participate.

Sample Size Calculation

An a priori target sample size of 49 participants,
comprising of n¼ 39 with tear hyperosmolarity and n
¼ 10 controls with normo-osmolar tears, using a 4:1
allocation ratio of cases:controls, returned 80% power
to detect a difference of 7% in CCT, given a standard
deviation of 7%.10,11

Participants

This study involved 38 individuals with hyperos-
molar tears and 10 age-similar controls with normo-
osmolar tears, recruited from the University of
Melbourne.

The inclusion criteria for the hyperosmolar tear
group involved the presence of clinically significant
dry eye symptoms23 (ocular surface disease index
[OSDI] score: 18–65) and tear hyperosmolarity24

(�316 mOsmol/L in at least one eye).25 Eligibility
criteria for the control (normo-osmolar) group were
consistent with those proposed by Miller and
colleagues26 for symptoms (OSDI , 13) and by
Lemp and colleagues27 for tear osmolarity (,308
mOsmol/L).

Exclusion criteria included: contact lens wear,
anterior segment surgery, history of ocular disease
(other than DED), active ocular allergy or infection,
pregnancy or lactation, topical medications (other
than ocular lubricants), punctal plug placement, or
ocular trauma within 6 months of enrollment.

Potential participants underwent a comprehensive
ophthalmic examination involving, in sequential
order: symptom assessment (OSDI; Allergan Inc.,
Irvine, CA), tear osmolarity measurement, anterior-
segment OCT, full slit-lamp examination (including
sodium fluorescein [NaFl] tear break-up time
[TBUT], corneal NaFl staining and conjunctival
lissamine green [LG] staining), and Schirmer testing.
All procedures were completed by the same clinician,
in the same clinical environment, which was main-
tained at a temperature of 22 6 28C and humidity of
55 6 5%; participant examinations were undertaken
between 10 AM and 3 PM, to minimize the potential
influence of diurnal variations.

Tear Osmolarity

Tear osmolarity was assessed bilaterally using the
TearLab system (TearLab Corp., San Diego, CA).
The instrument was calibrated daily in accordance
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with manufacturer guidelines. Participants were
instructed not to instill any eye drops 2 hours prior
to testing. Room temperature was maintained at 22 6

28C.28

Tear Break-Up Time

TBUT was measured using NaFl-impregnated Dry
Eye Tests (DET; Nomax Inc., St. Louis, MO) and
diffuse blue illumination on a SL-D4 slit-lamp
biomicroscope (Topcon Corporation, Toyko, Japan)
with 310 magnification and a Boston Wratten-12
yellow barrier filter (Bausch and Lomb, Rochester,
NY). TBUT was recorded as the average of three
consecutive readings measured using a stopwatch.

Ocular Surface Staining

Corneal and conjunctival staining assessment was
performed using the method described by Bron and
colleagues,29 with NaFl for corneal staining and LG
(Green Flo; HUB Pharmaceuticals, Rancho Cuca-
monga, CA) for conjunctival (nasal and temporal)
staining. Staining was graded in 0.1 increments using
the five-point Oxford grading scale.29

Schirmer Test

Tear production was measured in a dimly lit room.
Four minutes after instilling topical anesthetic (0.5%
proxymetacaine hydrochloride; Alcon Laboratories,
French Forest, NSW, Australia), a Schirmer strip

(Mark Blu; Optitech eyecare, Allahabad, India) was
placed in the inferior lid margin and the participant

closed their eyes. The strip was removed after 5
minutes; the amount of wetting was recorded (mm).

Anterior-Segment OCT

A Fourier-domain (FD) OCT (3D-OCT; Topcon

Corporation) with an axial resolution of approxi-
mately 7 lm was used to capture three scans of 6-mm

length through the central cornea. Participants were
instructed to place their forehead and chin in the

headrest, such that the OCT position and movement
could be controlled in the x, y and z planes.
Participants were positioned to ensure that all of

the OCT images were captured through the corneal
apex (Fig. 1A), defined as the position were specular

reflection was evident. Each image was captured
approximately 1 second after the participant was

instructed to gently blink twice. The three OCT
images, each hereby referred to as an ‘averaged

OCT’ image, were extracted with each averaged
OCT image being the mean of eight, 6-mm B-scans
derived using the Topcon OCT software (Fig. 1B).

These three averaged OCT images were used to
quantify tear-epithelial interface reflectivity, corneal

reflectivity, and CCT measurements. Although raw
OCT reflectivity data is logarithmic in nature,

normalized units (log over log) are reported in this
study.

Figure 1. (A) An en face corneal image showing the location and direction of the 6.0-mm OCT B-scan captured through the corneal
apex. (B) A representative averaged OCT image of the central 1.7 mm of the cornea. For each averaged OCT, Bowman’s membrane was
demarcated with a white line and the pixel intensity profile was measured for three vertical cross-sections, positioned approximately 100
lm apart (dashed vertical white arrows) as shown. Following alignment to Bowman’s membrane (as the nominated ‘zero’ position for
corneal depth), an average reflectivity profile was plotted. (C) A representative reflectivity profile, being the average of 18 scans (3
averaged OCT images 3 6 vertical cross-sections) normalized to mean background pixel intensity. The tear film and epithelium are
represented by negative corneal location values, while the stroma and endothelium are represented by positive values. CCT was
calculated as the distance between the two points with a threshold pixel intensity of 15 units, chosen to exclude background noise. TF,
tear film; EP, corneal epithelium; BL, Bowman’s layer; ST, corneal stroma; DM, Descemet’s membrane; EN, corneal endothelium.
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Image Analyses

Tear-Epithelial Interface Reflectivity and Corneal
Reflectivity

Bowman’s layer, visible on the OCT scan as the
dark band immediately beneath the highly reflective
epithelial-tear interface, was manually demarcated
using a white line on each of the averaged OCT
images (Fig. 1B). For each averaged OCT image, the
pixel intensity profile (measured in grayscale units;
range, 0–255) of six vertically oriented corneal cross-
sections were analyzed relative to the mean back-
ground pixel intensity using Matlab (vR2012a; Math-
works, Natick, MA). The ‘background noise’ was
determined by sampling a horizontal line of pixels
approximately 600 lm in length, at a position 10
microns down from the upper left corner of each OCT
image.

Three cross-sections, separated by approximately
100 lm, were positioned either side of the corneal
apex; interference from the zone of specular reflection
was avoided (Fig. 1B). Reflectivity profiles were
produced for each cross-section by plotting pixel
intensity as a function of location. The 18 resultant
reflectivity profiles (3 averaged OCT images 3 6
vertical cross-sections) were aligned relative to the
demarcated Bowman’s layer (corneal position¼ 0, on
the x axis). As such, regions to the left and right of
this point represent the corneal epitheliumþ tear film
(negative values) and stromaþ endothelium (positive
values), respectively. The artificially generated Bow-
man’s layer reference peak was replaced with a trough
in each corneal reflectivity profile by substituting the

average of the pixel intensities immediately either side
of this reference pixel in place of its nominal value of
255 (white) grayscale units.

The aligned profiles were averaged to produce a
single profile, representing mean central corneal
reflectivity for each eye. A representative averaged
OCT image and average reflectivity profile is shown
in Figures 1B and 1C, respectively. Central corneal
reflectivity was calculated as the mean pixel intensity
across the full CCT (Fig. 1C). Peak tear-epithelial
reflectivity was defined as the average of the three
adjacent pixels with the highest mean pixel intensity
(i.e., first positive peak in Fig. 1C). Corneal stromal
reflectivity was assessed in two components, being the
mean pixel intensity averaged across the anterior and
posterior halves of the corneal stroma (Fig. 1C). The
‘relative reflectivity’ of the corneal stroma (Fig. 2C),
was calculated as the ratio of the mean corneal
stromal reflectivity of hyperosmolar eyes (n ¼ 38)
relative to the mean corneal stromal reflectivity of
normo-osmolar eyes (n ¼ 10) across relative stromal
depth (0.0–100.0%).

Central Corneal Thickness
CCT was measured as the longitudinal distance

between the anterior and posterior corneal surface, as
defined by the two points with a threshold pixel
intensity of 15 grayscale units (Fig. 1C), as previously
described.15 The criterion for the start and end of the
corneal profile was chosen to exceed background
noise (i.e., maximum background noise was 15.0
grayscale units).

Figure 2. (A) Representative OCT B-scan images from the corneal apex of a control (normo-osmolar) participant (left) and an individual
with hyperosmolar tears (right) that have been artificially juxtaposed, to highlight the reduction in CCT and decrease in anterior stromal
reflectivity associated with tear hyperosmolarity. (B) Mean corneal stromal reflectivity was lower in hyperosmolar eyes relative to controls
(P , 0.05). (C) Plot showing mean corneal stromal reflectivity in hyperosmolar eyes relative to controls; ‘relative reflectivity’ is defined as
the hyperosmolar pixel intensity divided by the control pixel intensity across the relative stromal depth (%). The ‘relative reflectivity’ of
the anterior corneal stroma is reduced in eyes with hyperosmolar tears. The gray shaded area represents the 95% confidence interval for
corneal reflectivity in control (normo-osmolar) eyes. Asterisks show statistically significant differences between groups; *P , 0.05.
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Statistical Analyses

The eye with higher tear osmolarity was defined as
the ‘study eye’ and used for all analyses. GraphPad
Prism (version 6.01; GraphPad Software, San Diego,
CA) and SPSS (version 22.0; IBM Corp, Armonk,
NY) were used to perform the statistical analyses. The
normality of the data was assessed using the
D’Agostino & Pearson omnibus test. Demographic
and CCT data were analyzed using unpaired t-tests
with Welch correction, the Wilcoxon rank sum test,
or a v2 test as appropriate.

Tear-epithelial interface reflectivity and corneal
reflectivity were compared between groups using a
hierarchical design with main effect of group (hyper-
osmolar or control) and corneal location nested
within subjects. The relationship between tear osmo-
larity and CCT was described with a two-line function
with the transition allowed to float to minimize the
sum-of-square error. For CCT, an exploratory
analysis involving the subgrouping of hyperosmolar
eyes by quartiles of tear hyperosmolarity was
performed to assess for potential differential effects
of mild (lower hyperosmolar quartile, Q1) versus
severe (upper hyperosmolar quartile, Q4) elevations in
tear tonicity relative to controls. The quartiles were
defined based upon the method recommended by
Joarder and Firozzaman,30 who propose that a series
of ordered sample observations should be evenly
divided into four segments with the same number of
observations in each segment. Given the sample size
in this study (n ¼ 38), the upper and lower quartiles

were defined first (Q1: n¼10 and Q4: n¼10), with the
remaining 18 individuals evenly distributed into the
second and third quartiles (Q2: n¼ 9 and Q3: n¼ 9).

A post-hoc power calculation for this comparison
indicated 95% power to detect a statistically signifi-
cant difference (alpha of 0.05) between the CCT of the
upper quartile of hyperosmolar eyes (Q4) and control
(normo-osmolar) eyes. Unless otherwise specified,
data are expressed as mean 6 standard error of the
mean (SEM).

Results

Participant Characteristics

The Table summarizes the demographic and dry
eye clinical characteristics of the study participants.
OSDI scores (34.6 6 2.1 vs. 7.1 6 1.8, P , 0.0001),
tear osmolarity (327.6 6 2.8 vs. 300.8 6 1.7, P ,

0.0001), and proportion of females (68% vs. 50%, P¼
0.02) were relatively higher in the tear hyperosmolar
group. There was no difference between groups for
age, Schirmer test, TBUT, corneal NaFl staining, or
conjunctival LG staining.

Tear-Epithelial Interface Reflectivity and
Corneal Reflectivity

Representative OCT scans are shown in Figure 2A.
Peak tear-epithelial reflectivity relative to OCT
background noise was comparably higher (4.8 6

2.5%, P ¼ 0.04) in the tear hyperosmolar group.

Table. Study Participant Characteristics

Control
(Tear Normo-Osmolar)

(n ¼ 10)

Tear
Hyperosmolar

(n ¼ 38) P Value

Age, years 43.2 6 6.0 42.8 6 2.4 0.95
Female 50% 68% 0.02*
OSDI (/100) 7.1 6 1.8 34.6 6 2.1 , 0.0001***
Tear osmolarity, mOsmol/L 300.8 6 1.7 327.6 6 2.8 , 0.0001***
Corneal fluorescein staining (score /5.0) 0.4 6 0.2 0.5 6 0.1 0.78
Conjunctival lissamine green staining (score /10.0) 0.2 6 0.1 0.7 6 0.2 0.09
TBUT, s 11.3 6 3.4 8.1 6 0.8 0.39
Schirmer score, mm/5 minutes 10.6 6 2.2 11.8 6 1.5 0.66

Data are expressed as mean 6 SEM. One participant with a tear osmolarity reading above the range measured by the
TearLab osmometer (.400 mOsmol/L)51 was identified as an outlier using the Grubbs test and was removed from the
analysis. Asterisks indicate statistically significant differences between groups.

* P ,0.05.
*** P , 0.001.
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Central corneal reflectivity relative to OCT back-
ground noise was significantly less in hyperosmolar
eyes (45.1 6 0.3 vs. 48.1 6 0.6 pixels, P ¼ 0.02, Fig.
2B); difference was most pronounced in the anterior
half of the corneal stroma where eyes with hyperos-
molar tears had 4.7 6 1.9% less corneal reflectivity
(Fig. 2C, P , 0.01).

Central Corneal Thickness

Overall, there was no significant difference in
CCT between study groups (hyperosmolar: 569.2 6

40.3 lm, n¼ 38 versus normo-osmolar: 583.1 6 15.0
lm, n¼ 10; P . 0.05). The CCT of the most severely
hyperosmolar eyes (539.1 6 7.4 lm, n¼ 10), defined
as those in the upper quartile (Q4) for osmolarity in
the hyperosmolar group, was significantly thinner
than both control eyes (583.1 6 15.0 lm, P¼ 0.02, n
¼ 10) and eyes in the lower quartile (Q1) of the
hyperosmolar group (622.7 6 5.8 lm, P , 0.0001, n
¼ 10, Fig. 3A). There were no significant difference
between normo-osmolar (control) eyes (n ¼ 10) and
the CCT of eyes in the second hyperosmolar quartile
(Q2: 578.0 6 14.6 lm, n ¼ 9) or third hyperosmolar
quartile (Q3: 554.2 6 4.9 lm, n ¼ 9). There was no
relationship between CCT and tear osmolarity when
osmolarity was less than 316 mOsmol/L (Fig. 3B).
For tear osmolarity readings of 316 mOsmol/L or
more, there was a significant, negative linear
correlation (R2 ¼ 0.17, P ¼ 0.01) with CCT. There
was no significant difference in CCT between males
and females in either the hyperosmolar or normo-

osmolar (control) groups (P . 0.05 for both compar-
isons).

Discussion

This study has used anterior segment OCT to
investigate whether tear hyperosmolarity, being an
ubiquitous feature of DED, affects central corneal
reflectivity and/or thickness. We report, for the first
time, that there are significant changes to CCT that
relate to the degree of tear hyperosmolarity. Further-
more, we find both a relative increase in reflectivity of
the tear film–epithelial interface and a reduction in
corneal reflectivity in eyes with hyperosmolar tears.
Specifically, eyes with hyperosmolar tears were found
to have less relative central corneal reflectivity than
control eyes, as measured from cross-sectional images
captured with OCT using near infrared light; this
effect was most pronounced in the anterior stroma.

Corneal transparency is known to depend upon the
regular arrangement of collagen fibrils that encourage
scattered light to undergo destructive interference,
except in the direction of the incident beam.7 Changes
to the spacing between the stromal collagen fibrils will
affect the degree of destructive interference, thereby
impacting upon corneal transparency.7 We propose
that in DED, a subtle, hyperosmolarity-dependent
alteration to corneal epithelial barrier function may
promote the diffusion of water from the cornea into
the tear film along osmotic gradients created by
elevated tear osmolarity.

Figure 3. (A) CCT of control (normo-osmolar) eyes, eyes in the lower quartile (Q1) for tear osmolarity in the hyperosmolar group, and eyes
in the upper quartile (Q4) for tear osmolarity in the hyperosmolar group. CCT was less in Q4 eyes compared with other groups. Asterisks
show statistically significant differences between groups; *P , 0.05. (B) A two-line best fit of CCT data as a function of tear osmolarity
shows a significant negative linear relationship between CCT for tear osmolarities of 316 mOsmol/L or greater (R2¼ 0.17, P¼ 0.01).
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A chronic alteration to corneal dehydration would
be predicted to impact upon the collagen fibril
spacing, affecting the destructive interference of
scattered light, which we find to be expressed
clinically as reduced anterior stromal corneal reflec-
tivity on OCT. Interestingly, our findings contrast
with the corneal stromal hyperreflectivity response
reported to occur following the induction of acute
corneal thinning with a highly hypertonic solution in
the rabbit cornea.31 This variance may relate to
differences in the time course of changes to corneal
hydration between these studies. In the investigation
by Hosseini and colleagues,31 the dehydrating effect
of an 100% hypertonic agent applied to the rabbit
cornea was reported to involve an instantaneous and
drastic corneal deswelling (i.e., up to 40% reduction in
thickness within 10 minutes). In contrast, the effects
of tear hyperosmolarity that we describe in this study
reflect the outcome of a potentially long-term, low-
grade osmotic challenge in a human clinical popula-
tion; this scenario appears to yield a differential
alteration to corneal ultrastructure, the significance of
which is uncertain.

There is evidence that changes to corneal kerato-
cytes can also influence the reflectivity properties of
the cornea.32,33 In this respect, our findings for
decreased stromal corneal reflectivity may indicate
an altered number of corneal keratocytes and/or
changes to keratocyte reflectivity within the anterior
stroma in eyes having hyperosmolar tears. Interest-
ingly, our finding of a hyporeflectivity response in the
anterior corneal stroma contrasts with findings
reported in more severe expressions of DED quanti-
fied using in vivo confocal microscopy. Sjögren’s
syndrome dry eye has been associated with hyper-
reflective changes in the corneal stroma that have
been attributed to abnormal keratocyte activation.32

This increase in the density of hyperreflective
keratocytes is similar to that described in Graves’
disease, being another chronic autoimmune disorder
that is characterized by systemic inflammation.32 As
our study population consisted of individuals with
mild to moderate DED, and not those with severe
autoimmune forms of dry eye, it is possible that the
findings reflect differential changes to corneal stromal
architecture that are dependent upon the severity and
etiology of the dry eye. A further consideration is that
our study adopted OCT imaging, and involved
quantifying corneal reflectivity using cross-sectional
images of the cornea, in contrast to earlier studies that
quantified changes to reflectivity used en face images

from confocal microscopy; this difference in method-
ology may also contribute to these findings.

Another noteworthy finding of this study is that
the peak reflectivity of the tear-epithelial interface
relative to OCT background reflectivity was relatively
higher under conditions of hyperosmolarity. Experi-
mental evidence has shown that while there is a
correlation between refractometry and the osmolality
of aqueous sodium chloride solution, this effect does
not apply to human tears.34 Rather, tear refractive
index is linked more closely to composition, being
moderately well correlated with tear lactoferrin
levels.34 These findings suggest that tear hyperosmo-
larity may be associated with significant changes to
the tear proteome. Indeed, altered levels of tear
proteins have been documented in heterogeneous
clinical populations of dry eye patients.35–39

In DED, decreased aqueous secretion and/or
excessive tear evaporation results in reduced tear
volume and increased tear osmolarity.40 Based upon
meta-analysis, a tear osmolarity value of 316 mOsmol/
L has been proposed to be a sensitive diagnostic
threshold for clinically significant DED.24 Our data,
which show a negative correlation between CCT and
hyperosmolarity, suggest that tear osmolarity readings
greater than 316 mOsmol/L disrupt the normal
homeostatic osmotic gradient that exists between the
cornea and tear film. This disruption likely contributes
to the observed lower CCT, through increased fluid
outflow from the corneal stroma into the hypertonic
tear film. Clinical evidence describing an association
between tear osmolarity and corneal thickness in
humans with healthy tears is in support of this
concept. Niimi and colleagues10 have shown that
physiological, diurnal fluctuations in tear osmolarity
correlate with changes to CCT of approximately 3.5%
quantified using anterior-segment OCT. Furthermore,
application of highly hypertonic agents to the ocular
surface reduces corneal thickness by up to 30% in
experimental animal models.9,41 Indeed, this rationale
is applied in the therapeutic management of patients
with severe corneal edema, such as bullous keratop-
athy, to reduce stromal swelling and improve visual
acuity.42

Because DED is more prevalent in females, we
acknowledge that while there was a greater percentage
of females in the tear hyperosmolar group, we
consider the hyperosmolar group to be a representa-
tive sample of DED patients.43 In addition, this
finding is unlikely to affect the validity of CCT
measurements given that CCT was found to not be
significantly influenced by sex in this study or in a
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previous investigation.44 An acknowledged limitation
of this study is that CCT measurements could not be
automatically derived from the OCT device used, but
instead were calculated from OCT images with the
requirement for user input. To minimize the potential
for operator error and/or bias, a robust, objective
method of digital image analysis was adopted for this
calculation, as previously reported.15 Our adoption of
a custom threshold criterion for CCT calculations
may also affect the direct comparability of absolute
thickness measures relative to studies adopting
different methods.

Our finding for reduced CCT in eyes with higher
hyperosmolar tears has clinical implications for the
measurement of intraocular pressure with applana-
tion tonometry. Meta-analysis has shown that a 10%
change in CCT alters the measured intraocular
pressure by 3.4 6 0.9 mm Hg.45 Therefore, corneal
thinning in severe DED may affect intraocular
pressure readings, which can have implications for
the diagnosis and monitoring of glaucoma.

The demonstrated capacity for OCT to detect
subtle microstructural changes within the cornea and
tear film provides a rationale to further investigate its
application as a noninvasive diagnostic tool for ocular
surface disease. Many of the tests in standard clinical
use are relatively invasive46 and demonstrate relative
poor sensitivity and specificity for diagnosing DED.47

While tear osmolarity assessment is regarded as a
sensitive diagnostic test,48 the ongoing cost of
consumables and the requirement for daily calibration
represent potential barriers to its widespread adop-
tion.28,49 Similar to a recently defined novel clinical
measure of tear stability,50 OCT imaging is noninva-
sive and enables rapid image acquisition. Further-
more, we have shown the capacity for OCT to detect
subtle, localized changes to tear film reflectivity,
corneal reflectivity, and corneal thickness. The
method we describe in this study to quantify changes
to corneal reflectivity profiles could be applied to
monitor microstructural changes in other anterior
segment conditions affecting corneal transparency,
including corneal infection, corneal scar regression,
wound healing, and degenerative conditions, such as
keratoconus or endothelial dystrophies. Studies in-
vestigating these additional potential applications are
warranted.

This study demonstrates the application of anteri-
or-segment FD-OCT to noninvasively assess the
thickness and optical properties of the cornea and
reflectivity properties of the tear film. We report
relatively decreased CCT, reduced corneal reflectivity,

and heightened tear-epithelial reflectivity in individu-
als with hyperosmolar tears. Further studies on larger
samples of participants with varying degrees of DED
are necessary to examine the diagnostic potential of
these new OCT-derived parameters.
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