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Abstract: Infrared (IR) thermographic assessment of ocular surface temperature (OST) is
gaining interest as an adjuvant method to evaluate the ocular surface. It is a quick, non-
invasive test that causes minimal, if any, discomfort to patients. The purpose of this
article was to summarize research on how OST relates to tear film parameters and dry
eye disease (DED). PubMed, Google Scholar, and Scopus searches for specific terms
were carried out and eligible articles reviewed. OST of the central cornea is ~34-35°C
when measured as a single time-point (typically right after a blink). Dynamically, OST
values decrease over time at a rate of ~ —0.01 °C/s in healthy eyes. Single time-point
OST values are impacted by temperature, with positive correlations noted with both
ambient (1°C| results in ~0.16°C| in OST) and body (1°C? results in ~0.98°C?t in
OST) temperature. Single time-point OST values are also impacted by tear parameters,
with negative correlations noted with tear break-up time (TBUT; r=—0.61) and positive
correlations with lipid layer thickness (~r=0.50). Dynamically, the rate of OST cooling
over the interblink period correlates with various tear parameters including Schirmer’s
test scores (r=—0.39), tear meniscus height (r=—0.52) and the rate of tear film break-up
(r=—0.74). These data imply that OST decreases more rapidly in individuals with greater
tear production, larger tear volumes, and shorter tear break-up times (faster rates of tear
film break-up). There are discrepancies in relationships between OST and DED across
studies, which is not surprising given that DED encompasses a number of different
phenotypic presentations. However, most studies found that OST decreases at a more
rapid rate in DED vs. control groups. As such, cooling rate may have utility as
a screening tool in DED in combination with established point-of-care tests.
Keywords: ocular thermography, tear film, dry eye

Plain Language Summary

Ocular surface temperature (OST) has potential to provide valuable insight into the status of
the ocular surface. A review of the current literature was carried out to evaluate the relation-
ship between OST and tear film parameters. Each blink “resets” the OST through heat
exchange with the inner eyelid to its maximum temperature and the eye subsequently
cools between each blink as it is exposed to the environment. Overall, studies have found
that single time-point OST values increase with increases in ambient and body temperatures.
Single time-point OST also increases in eyes with a more unstable tear film. When examining
OST cooling rate, an unstable tear film, a larger quantity of tears, and increased blink
frequency were all associated with greater decreases in OST over time. Given that an
unstable tear film is one component of Dry Eye Disease (DED), OST may be developed
into a screening tool for DED, but future studies are needed to clarify how OST can be used
in this regard.
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Introduction

The measurement of ocular surface temperature (OST)
through infrared (IR) thermography was first introduced
by Mapstone in 1968. Using a bolometer, Mapstone quan-
tified the radiation emitted from the surface of the eye,
finding that it provided a better alternative to traditionally
used contact thermometry.! Mapstone explored determi-
nants of OST,> measured interocular differences in OST,’
and developed thermographic profiles of various eyes.*
His work is widely cited today and has informed many
studies of the ocular surface. More recently, advancements
in thermographic technology have increased the accuracy
of OST measurement and the technology is increasingly
being applied to individuals with and without ocular sur-
face diseases. For example, older IR thermographers had
frame speeds of 4 Hz while many today have speeds up to
60 Hz, allowing for greater precision in measuring OST in
real time.” The goal of this article was to review the
literature regarding relationships between OST and ocular
surface health and disease, in order to provide insight into
the application of thermography as an adjuvant tool to
non-invasively evaluate the tear film.

Methods

PubMed, Google Scholar, and Scopus searches were con-
ducted using the search terms “Ocular Surface
Temperature” AND “Ocular Thermography” AND “tear
film” OR “dry eye.” All published scientific articles from
1968 to 2020 were considered, including original research,
meta-analyses, and systematic reviews. Abstract-only
results and uncited excerpts were excluded. Articles were
further excluded if they were deemed not clinically rele-
vant (eg diseases not directly related to the ocular surface
and tear film). Of 164 returned search results, 43 were
deemed eligible and reviewed.

Results

Definitions and Important Equations
Before reviewing data on OST measurements as they relate
to the eye, we first introduce definitions that will be used
throughout the manuscript. We also present two equations
that summarize the influence of various factors on OST.

Definitions

Single Time-Point OST Measurement

The temperature measured at a single time-point, such as
at the beginning of the interblink period.

Dynamic OST Measurement

Cooling rate over the interblink period, reported as °C
decrease per second(s) and expressed as a negative
number.

Interblink Period
The time, in seconds (s), between one blink and the next
blink.

Mean OST
The average OST (single time-point or dynamic) value for
a group of subjects.

Equations
Pennes Bioheat Equation (applied to the Anterior Eye)
(Equation 1):°

oT
- k% = humbient(T - Tambient) + 68(T4 - Tgmb,‘gm) +E
Where:
k = thermal conductivity
oT
— = heatl
o eatloss

h.mbient = ambient convection coefficient

Tambien: = ambient temperature

T = corneal temperature

o = radiation coefficient (Stefan-Boltzmann constant)

€ = emissivity

E = heat loss due to evaporation

Further,

E =c (P, - P,) (Equation 2), where c is the evaporative
cooling constant, P, and P, are the vapor pressure at the
corneal surface and atmosphere, respectively.’

The eye is constantly exposed to, and exchanges heat
with, the environment. Heat loss primarily occurs through
convection (caused by unrestricted air flow across the
convex surface of the cornea), radiation, and
evaporation.® The first term in Equation 1 refers to con-
vective heat loss between the eye and environment
(Pampient(T — Tampient))> the second term refers to radiation
heat between the eye and the

)), and the third term refers

loss
environment(ae(T MR A
to evaporative heat loss (E). Notably, other factors not
directly present in this equation will affect these terms,
such as humidity and water vapor pressure in the case of
evaporation, as shown in the second equation (P, - P,). In
addition, increases in air flow velocity can increase both

convective and evaporative heat loss from the eye.® Each
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of these forms of heat loss, and their individual factors,
impact the overall cooling at the ocular surface.>* For
example, higher corneal temperatures (7), lower ambient
temperatures (7,,.»ien;), and higher evaporative heat loss
(E) will result in a faster (larger) cooling rate (reflected by
-kg—ﬁ) at the ocular surface, expressed as a negative num-
ber. Equation 1 explains many of the noted relationships
described below.®’” It is also important to note that
although cooling rates are reported as linear in the various
studies, actual cooling rates, as reflected in Equation 1, are
not linear in nature.

Instruments to Measure Ocular Surface

Temperature

The technology used to measure OST has evolved over
time. Early methods, like thermistors and mercury bulbs,
utilized direct contact to measure temperature. However,
conductive heat exchange between the probe and ocular
surface, reflex tearing, and potentially poor resolution pro-
duced inaccurate results.> Since 1968, IR thermography
has become the standard for obtaining OST. IR thermo-
graphy offers two important advantages over direct contact
methods. First, it is noninvasive and quickly obtains mea-
surements. Second, IR thermographers can reflect tem-
perature variations across the ocular surface, which direct
contact methods are unequipped to do.>'*!!

Specifically, IR Thermographers measure radiation
emitted from a specified region of interest (ROI) on the
ocular surface, which can include the entire cornea or
a circle of specific diameter around the center or limbus.
A specific range of the IR spectrum passes through
a coated lens onto a photosensitive detector which con-
verts the stimulus into a measured voltage, current, or
resistance. These changes are processed through software
and reflected as temperature through a color-coded ther-
mographic profile.'*"!

The typical measurement protocol affords subjects
1020 minutes to adjust to room conditions followed by
subjects closing and/or blinking their eyes before keeping
them open for a specific period of time. Several studies
restricted measurements to between late morning to early
afternoon, as OST varied significantly throughout the day
in some’ but not all'* studies. The temperature is then
measured in a predefined circular ROI (eg 4 mm diameter)
set through the thermographer.>%-13:14

With this set up, thermographers can provide different
measurements. Single time-point measurements reflect

OST at a defined time point, such as immediately after
a blink. For example, a study of 60 healthy young Chinese
adults obtained single time-point temperature measure-
ments in various areas of the cornea 5 seconds after
blinking. They found that temperatures varied across the
cornea, both vertically and horizontally. The corneal center
was approximately 34.39 + 0.47°C with peripheral tem-
peratures increasing to 34.91 + 0.48°C superiorly, 34.62 +
0.49°C inferiorly, 35.25 + 0.46°C temporally, and 35.33 +
0.36°C nasally.” Dynamic measurements reflect OST cool-
ing rate, such as over a period of 10 seconds after a blink.
In a cohort of 62 individuals with dry eye disease (DED,
defined as use of tear replacement therapy and tear break-
up time (TBUT) <10 s or Schirmer test <10 mm at 5
minutes) and 63 sex- and age-matched controls, the cool-
ing rate over 10 seconds of sustained eye opening
(obtained through constant thermographic recording) in
dry eyes (—0.02 °C/s) was greater than in controls (—0.01
°C/s)."* However, it is important to note that the resolution
may differ between thermographers (Table 1),%'>?” which
needs to be considered when interpreting the above data.
Overall, the different IR thermographers share many
properties, but differences exist between devices. For
example, while many devices utilize a frame speed of 30
Hz, each has a slightly different resolution (Table 1).
Furthermore, repeatability has been established through
studies for some,'® but not all instruments. As such,
when evaluating the studies below, it is important to note
that different devices were used for different studies and

between devices
5,9,13,14

values may not be completely

interchangeable.

Ocular Surface Temperature in Healthy
Eyes

The growing importance of thermography and temperature
in understanding the ocular surface has also increased the
importance of establishing normal values in healthy eyes.
The single time-point OST of healthy eyes typically ranges
from 31 to 37°C in older literature.>” The wide range may
be due to several factors, including the use of older instru-
ments, inherent variability among individuals, and the
inclusion of different ROIs (entire eye vs. center).>”’
Several factors can affect OST in healthy individuals.
The first variable is time. OST is at its maximal value
immediately after each blink as the ocular surface comes
into contact with the vascular supply of the eyelid, allow-
ing for heat exchange. After blinking, the ocular surface
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Table | Relevant Specifications for Selected IR Thermographers. NR = Not Reported in Available Specifications on Company Website

Model Resolution at Accuracy Accuracy Range Thermal Frame Speed
30°C (°C) (%) °C) °C) Image (Pixels) | (Frames/Second)

TH9100 Pro™'> 0.06 +2 +2 20 to 100 | 320 x 240 60

TH9260*'¢!7 0.06 +2 +2 —20 to 100 | 640 x 480 30

FLIR 320A'8'° 0.5 (at 37°C) £2 £2 —20 to 120 | 320 x 240 NR

TH7102MXx*202! 0.08 “% Range-Full Scale” NR 20 to 100 | 320 x 240 30 or 60

ThermaCAM P620%223 0.06 +2 +2 —40 to 500 | 640 x 480 60

FLIR A655sc>*2® 0.012 +2 +2 —15t0 50 | 640 x 480 50

VarioTHERM head 11?*% | <100 mK (not °C) | 2 +2 K (not °C) | —15to 50 | 256 x 256 50

Note: *Discontinued models.

remains exposed to the environment, decreasing the sur-
face temperature until the next blink can reset the tem-
perature back to its initial, maximal value.'” Other
variables include age and location measured within the
ocular surface. One study measured OST in five distinct
regions - the temporal canthus, temporal-central region,
central cornea, central-nasal region, and nasal canthus -
over 7 seconds after a blink in the right eyes of 220
healthy individuals. While no significant differences were
found between male and female subjects, temperature did
vary with age and across the regions. Immediately after
each blink, ocular surface was warmest at the nasal
canthus (35.78 £ 0.49°C in males, 35.68 + 0.49°C in
females) and coolest at the corneal center (35.00 + 0.58°
C in males, 34.93 + 0.46°C in females). Younger eyes
(1840 years) were significantly warmer than middle-age
(41-64 years) and elderly (65+ years) eyes. At the central
cornea in females, young eyes measured 35.20 = 0.45°C,
middle-age eyes measured 35.00 = 0.54°C, and elderly
eyes measured 34.60 + 0.39°C (p < 0.05)."® Overall, single
point OST in healthy eyes ranges from 34-35°C (Table
2).13:14:18.22.242832 However, values can be impacted by
age (declining values with increasing age), location (lower
values in central cornea compared to other regions), and
seconds elapsed since the last blink (lower values with
more time elapsed since blink).

Determinants of Ocular Surface
Temperature (OST)

Both intrinsic and extrinsic factors can impact OST
(Figure 1).

Extrinsic Factors

Ambient temperature can affect single time-point OST. In
a 1968 study of four healthy subjects, ambient temperature
was restricted between 18 and 27°C and the corneal

temperature in both eyes was measured 17 times in the
late afternoon over the course of 8 weeks with 15 minutes
allocated for equilibration with room conditions prior to
measurement. The study found a mean fall in OST of
—0.15°C per 1°C fall in ambient temperature across this
specific temperature range.’

A more recent study utilized a controlled environment
(CEC) this
relationship.’® A British study exposed 12 healthy indivi-

chamber to more robustly investigate
duals to a constant RH of 40% and varying ambient
temperatures of 5, 10, 15, 20, and 25°C. After 10 minutes
of adjustment to the environment, OST was measured at
the corneal center over an area with a 4 mm diameter. OST
dropped from approximately 35 to 31°C as ambient tem-
perature dropped from 25 to 5°C (p < 0.05). Of note,
cooler temperatures were also associated with decreased
lipid layer thickness, shorter tear break-up times, and
slower tear evaporation rates.>*

Studies have also investigated relationships between
RH and OST with constant ambient temperature.
A study in Singapore assessed OST in 2 RH conditions,
45% and 65%, with a constant ambient temperature of
30°C in 10 healthy individuals. After 20 minutes of
adaptation to each condition, thermal imaging of the
entire cornea in both eyes was taken over a 20 second
period. The OST in 65% RH (mean: 35.2°C, 95% CI =
35.0-35.6°C) was minimally yet significantly greater
than in 45% RH (mean = 34.9°C, 95% CI = 34.6—
35.2°C) (p = 0.001). Interestingly, blink rate, tear eva-
poration rate, and TBUT did not significantly correlate
with changes in humidity.*®

A British study evaluated OST in lower RH conditions
by exposing 12 healthy individuals to 20% (dry) and 40%
(control) RH with a constant temperature of 25°C for 60
minutes. Median OST at the corneal center was not sig-
nificantly different in the dry (35.4°C, 1Q: 34.7-36.1°C)
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Table 2 Summary of Mean OST and Change in OST (if Measured) in Healthy Individuals Participating in Studies Referenced in This

Review
Year Sample Age Mean OST (°C) (Time Point After OST Cooling Measured Region of Interest
Size (Years) Blink, if Available) Rate (Diameter, if Applicable)
(Eyes)
1995%8 | 27 57+ 16 31.94 + 0.54 (average over 5 seconds) NA Central Cornea (2.26 mm,
area = 4 mm2)
20007 | 13 248 + 4.1 33.82 + 0.36 (4-5 seconds) NA Entire Cornea
Temperature Variation Across the Cornea:
0.17 + 0.73 (4-5 seconds)
2007°° | 25 27.1 + 3.8 36.14 = 1.11 (0 seconds) —0.97 £ 0.93°C Central Cornea (4 mm)
35.17 = 1.46 (8 seconds) over 8 seconds
2011 | 30 42.7 £ 17.0 | 34.58 + 0.75 (0 seconds) —0.06 * 0.08°C over | Central Cornea (4 mm)
34.51 = 0.79 (10 seconds) 10 seconds
201322 | 16 244 33.60 + 0.58 (average over 20 seconds) NA Entire Cornea
(range: 18
to 44)
2014°' | 44 72+7 Corneal Center: NA NA
34.64 + 0.84 (0 seconds)
Nasal Canthus:
35.89 + 0.52 (0 seconds)
Temporal Canthus: 35.23 + 0.60 (0 seconds)
20142 | 22 63.4 + 158 | 34.7 £ 0.7 (within 10 seconds of eye —0.2 £ 0.2°C over Entire Cornea
opening) 10 seconds
2015%* | 20 212+24 | 352 0.4 (0 seconds) —0.057 + 0.036 °C/s | Central Cornea (dimensions
over 10 seconds unclear)
20163 | 63 46 +7 NA —0.55 + 0.45 Central Cornea, (2.26 mm,
°Cls over 10 area = 4 mm?)
seconds
2020'8 | 220 M:45.7 M: (over 7 seconds) NA Entire Eye
(108 F 112 | 199 Nasal Canthus: 35.78 + 0.49
M) F: 444 Central-nasal: 35.42 + 0.49
17.6 Central Cornea: 35.00 + 0.58
Temporal-Central: 34.93 £ 0.45
Temporal Canthus: 35.15 + 0.44
F: (over 7 seconds)
Nasal Canthus: 35.68 + 0.49
Central-nasal: 35.33 + 0.48
Central Cornea: 34.93 + 0.46
Temporal-Central: 34.97 + 0.48
Temporal Canthus: 35.15 + 0.48

Note: Mean OST refers to the average of all measurements obtained from individuals participating in the study.
Abbreviations: OST, ocular surface temperature; NA, not available; F, female; M, male.

versus control condition (35.2°C, 1Q: 34.6-35.9°C) (p =
0.859). Furthermore, tear production, as measured by the
Schirmer Test, and core body temperature did not differ

between the two conditions.”> Overall, ambient

temperature appears to have a greater impact than RH on
single-point OST measurements. Notably, larger differ-
ences in RH may have had a larger effect on OST, but
further controlled investigation are needed.
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Positive Correlation
Negative Correlation |  year Break-Up Time Tear Break-Up Time
Body Temperature Schirmer’s Test
Ambient Temperature Tear Meniscus Height
TFLL Thickness Blink Frequency
Single Time-Point OST OST Cooling Rate

Ocula rface Tem perature

\w D

Figure | Tear film characteristics are associated with ocular surface temperature (OST) and change in OST over time. OST correlates positively and negatively with
different variables, most notably tear break-up time, body temperature, ambient temperature, lipid layer thickness, Schirmer’s Test (tear production), Tear Meniscus Height
(tear volume), and blink frequency. Green text indicates that the variable is positively correlated with either OST or change in OST and red text indicates a negative
correlation. Eyes with short tear break-up times and thin lipid layers from an individual with a warmer body temperature and in warmer surroundings would be expected to
have warmer OST. On the other hand, eyes with short tear break-up times, high Schirmer’s test scores, and high tear meniscus height are expected to have larger changes in
OST over the interblink period, which is also associated with a higher blink frequency.

Intrinsic Factors
Like the ambient temperature, body temperature can also
influence OST. A British study of 25 healthy individuals
evaluated correlations between OST in the right eye (area
4 mm in diameter at the corneal center after 10 minutes of
adaptation) and body temperature (measured just above
the root of the nose). Mean OST (36.14 + 1.11°C) mea-
sured immediately after eye opening and mean body tem-
perature (35.63 = 0.91°C) had a strong positive correlation
(r =0.80, p < 0.001). A regression line fitted to the data
found that a 1°C rise in body temperature resulted in
a 0.98°C rise in single time-point OST measured immedi-
ately after blinking.*°

In addition to body temperature, contact time with the
vascular palpebral conjunctiva (as a local heat source) can
affect OST.' In a 1968 British study, the effect of lid
closure on corneal temperature was investigated in 5
healthy individuals. OST was measured (across the entire
cornea after 15 minutes of adaptation to the environment)
immediately before and after subjects closed their eyes for
5 minutes. Overall, OST increased by a mean of 1.5°C
with a range of 1.1 to 2.0°C after lid closure for 5

minutes.!

Ocular inflammation may also contribute to OST,
although the data is less robust in this regard. A small
case series evaluated differences in OST across the entire
eye in 6 individuals with unilateral ocular inflammation (1
anterior uveitis, 2 anterior scleritis, 2 posterior scleritis,
and 1 meibomian gland dysfunction associated keratitis
(MGD-keratitis)), 2 individuals with other unilateral
pathologies (conjunctival benign reactive lymphoid hyper-
plasia (BRLH) and central serous chorioretinopathy
(CSCR)), and 1 control. Five of six individuals with ocular
inflammation (all except for the individual with MGD-
keratitis) had higher OST in the affected vs. non-affected
eye, with affected eyes measuring between 0.35°C (ante-
rior uveitis) and 1.13°C (anterior scleritis) warmer than
non-affected eyes. Interestingly, the affected eye in the
individual with MGD-keratitis was cooler (—0.63°C) than
the non-affect eyes, a pattern also seen in the individuals
with BRLH and CSCR (0.2 and —0.18°C compared to
non-affected eyes, respectively).>> OST in the healthy
control were equal between the eyes. These findings indi-
cate that ocular surface inflammation may impact OST.

Overall, the data suggest that OST is impacted by
ocular and systemic

status, with a strong positive
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correlation between OST and body temperature and
weaker data on effects of ocular inflammatory pathologies
and OST.

Blinking
Quality and quantity of blinks are also related to OST. The
process of blinking increases OST along the corneal surface
by facilitating heat transfer between the eyelid and ocular
surface. A complete blink is necessary to fully reset the
OST after each interblink period. On the other hand, partial
blinks leave areas of the ocular surface exposed and thus
cooler after each blink. A mathematical, computer-
generated model demonstrated that a series of partial blinks
would slowly decrease the OST across the entire cornea
measured immediately after each incomplete blink.*®

This relationship has also been studied in humans.
A prospective study examined 98 eyes of 69 Japanese
subjects one month after cataract surgery. OST was con-
tinuously measured over the central cornea (4 mm diameter)
for 10 seconds and, on a separate occasion, blink rate was
measured over 60 seconds. Subjects were stratified by the
presence of a stable (TBUT > 5 s) or unstable (TBUT < 5 s)
tear film. In both groups, blink rate (stable tear film: 4.9 +
5.8 blinks/minute; unstable tear film: 9.3 +£7.5 blinks/min-
ute) negatively correlated with OST cooling rate over 10
seconds (stable tear film: —0.27 & 0.23°C; unstable tear film:
—0.56+0.23°C, r = =043, p <0.0001);37 that is, a faster
cooling rate was associated with a higher blink rate. One
hypothesis is that TRPMS8 receptors on corneal thermore-
ceptors drive this association by sensing temperature drop

on the ocular surface and triggering a blink reflex.*®*!

Tear Film

The tear film acts as an interface between the external
environment and the ocular surface. It provides a smooth
layer over the cornea necessary for clear vision and pro-
tection. The tear film consists of muco-aqueous and lipid
layers, the latter acting as a barrier to aqueous evaporation.
Different qualities of the tear film can affect the OST.*

Tear Film Break-Up Time

Tear Break-Up Time (TBUT), which represents tear film
stability, is defined as the time interval between
a complete blink and the first occurrence of a dry spot
on the tear film. It can be visualized with fluorescein dye
(FTBUT) or with specialized instruments (non-invasive
break up time (NIBUT)).> In the British study above,

NIBUT was assessed in 23 participants as they held their

eyes open for as long as possible after a complete blink.
Mean NIBUT (14.4 + 6.7 seconds) negatively correlated
with mean OST measured immediately after a blink
(36.14 £ 1.11°C; r = —0.68, p = 0.001). That is, the
ocular surface of individuals with poor tear film stability
(shorter NIBUT) was warmer (higher OST) immediately
after a blink than those with good tear film stability.*’
This association may be driven by a faster blink rate
(just prior to the measurement period) in individuals with
shorter NIBUT, driven by heat exchange between the
ocular surface and vascular palpebral conjunctiva.'

The relationship between tear film stability and OST
cooling rate has also been studied. For example, an
American study assessed the rate of formation of areas
with fluorescein tear break-up (FTBU) (defined as the
percentage of the corneal surface with areas of FTBU
over time) and OST cooling rate (3 successive measure-
ments taken across the entire cornea with 20 seconds of
rest in between) in 20 control eyes. The mean OST at the
start of the interblink period measured 35.2 + 0.4°C and
then decreased by —0.80 + 0.47°C over a mean interblink
period of 15.50 £ 10.27 seconds. OST cooling rate
(mean: —0.06 = 0.04 °C/s) negatively correlated with
the FTBU formation rate (mean: 3.1%/s; r = —0.74, p <
0.001).* That is, individuals with decreased tear film
stability (higher FTBU) had a larger OST cooling rate.
Unstable tear films likely result in greater evaporative
heat loss (E in Equation 1) from the aqueous layer and
would consequently lose more heat over time ( — k%)
compared to eyes with stable tear films and lower eva-
porative heat loss (Equation 1).5*

Other
A Taiwanese study evaluated tear film parameters of 227
individuals (195 with DED, defined as an Ocular Surface
Disease Index score > 23 and FTBUT < 5 seconds or
a Schirmer’s Test < 5 mm over 5 minutes, and 22 con-

studies have found similar relationships.

trols). After 10 minutes of adjustment to the environment,
OST was measured over 4 seconds in 3 separate regions of
interest each 3 mm in diameter: nasal, corneal center, and
temporal. This study then calculated a normalized OST by
dividing the OST at a given number of seconds after each
blink (eg at 1 second post-blink, 2 seconds post-blink, etc.)
by the maximum value measured at the beginning of the
interblink period. A smaller normalized OST indicated
faster cooling. Individuals were divided into four groups
based on right eye FTBUT and Schirmer Test values:
Group 1: FTBUT > 5 seconds and Schirmer > 5 mm
Group 2: FTBUT < 5 seconds and Schirmer > 5 mm
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Group 3: FTBUT < 5 seconds and Schirmer < 5 mm

Group 4: FTBUT > 5 seconds and Schirmer < 5 mm

Overall, Groups | and 4 had the smallest decrease in
OST while Group 2 had the greatest decrease in OST over
the 4 second period. These differences were significant at
the corneal center, but similar trends were observed
nasally and temporally. These data suggest that eyes with
a less stable tear film (FTBUT < 5 seconds) had a larger
(more negative) decrease in OST compared to eyes with
a more stable tear film, independent of tear production. In
fact, eyes with poor stability but sufficient tear production
had the fastest decline in temperature (more negative OST
cooling rate). Perhaps this finding can be explained by
a greater volume of tears evaporating off the ocular surface
and thereby removing more heat.*?

To summarize, multiple studies have demonstrated that
tear film instability correlates with a faster OST cooling
rate over the interblink period. Taken together, eyes with
short TBUTs may blink more frequently®’ with the effect
of generating a warmer single time-point OST measure-
ment immediately after blink, but then exhibit a greater
cooling rate over the interblink period due to more rapid
tear film break-up.

Lipid Layer

The tear film lipid layer (TFLL) is a protective covering
that improves tear film stability by retarding evaporation
of the aqueous component.>*?*** One British study of 13
healthy volunteers and 8 individuals with dry eye disease
(DED defined by prior diagnosis, symptoms, and NIBUT
< 20 s) assessed relationships between lipid layer thick-
ness, OST, and NIBUT. While lipid layer thickness did not
significantly correlate with OST, it did influence NIBUT,
where thinner lipid layers were associated with faster tear
breakup times.?’

In contrast, a study of 29 young healthy individuals
from the UK and Spain reported a moderate positive
relationship between TFLL thickness and OST (r = 0.52,
p = 0.004). After 20 minutes of adjustment to the environ-
ment, OST for each individual was calculated (at the
corneal center, 4 mm diameter) by averaging the initial
(immediately after blinking) and final (just prior to the
subsequent blink) OST during the interblink period.
Overall, eyes with thinner lipid layers (30-50 nm) had
a mean OST ~ 1°C cooler than eyes with thicker lipid
layers (50-90 nm).?® These data demonstrate discrepancies
in the relationship between the TFLL thickness and OST.

Tear Production and Volume
The lacrimal gland is responsible for the bulk of aqueous
production. The Schirmer’s Test is used to measure aqueous
production while Tear Meniscus Height (TMH) is an indica-
tor of tear volume. Several studies investigated the influence
of tear production and volume on OST.*** A Taiwanese
study of 43 eyes of healthy individuals evaluated the relation-
ship between OST dynamics, TMH, and Schirmer’s Test
results. OST dynamics were calculated as the difference in
OST at various time points and immediately after blinking.
After 10 minutes of adjustment to the environment, OST was
measured in an area over the corneal center (5 mm in
diameter) over 4 seconds. TMH and Schirmer’s Test were
measured separately, with 10 minutes between each test.
Overall, OST decreased by —0.06°C at 1 second, —0.07°C
at 2 seconds, —0.1°C at 3 seconds, and —0.12°C at 4 seconds
as compared to immediately after a blink. Mean TMH and
Schirmer’s Test values were 218.6 + 94.8 um and 7.0 = 5.1
mm, respectively. Both TMH and Schirmer’s Test negatively
correlated with a decrease in OST (3 seconds: TMH: r =
—0.52, p=0.0003 and Schirmer’s Test: r =—0.39, p = 0.008).
That is, eyes with greater tear volumes and production had
faster (more negative) OST cooling rates.*®

Table 3 summarizes relationships between the determi-
nants discussed above and single time-point and/or
dynamic (over the interblink period) OST measures.

Ocular Surface Temperature in Dry Eye

Disease (DED)
The TFOS DEWS II Report defined DED as

A multifactorial disease of the ocular surface characterized
by a loss of homeostasis of the tear film, and accompanied
by ocular symptoms, in which tear film instability and
hyperosmolarity, ocular surface inflammation and damage,

and neurosensory abnormalities play etiological roles.

It is a heterogeneous condition with a plethora of symp-
toms (pain and poor visual quality) and signs (increased
break up, corneal epithelial disruption, decreased tear
volume and production, high or unstable osmolarity, ocu-
lar surface inflammation).*’

Single Time-Point OST Measurements and DED

Several studies have investigated differences in single
time-point OST measures in individuals with DED as
compared to controls. A British study measured single
time-point OST in 36 individuals with DED (defined as
FTBUT < 10 s or Schirmer’s test < 10 mm at 5 minutes)
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Table 3 Determinants of Ocular Surface Temperature

Determinants Correlation with | Correlation
Single Time- with OST
Point OST Cooling Rate

Ambient Temperature Positive -

Humidity Unclear -

Body Temperature Positive -

Blink Frequency - Negative

Tear Film Stability (TBUT) | Negative Positive

Tear Film Lipid Layer Positive -

(TFLL) Thickness

Tear Volume/Production - Negative

and 27 age- and sex-matched controls. After 20 minutes of
adjustment to the environment, OST was assessed 4-5
seconds after blinking at five distinct regions (I mm?
area): corneal center, nasal limbus, nasal conjunctiva, tem-
poral limbus, and temporal conjunctiva. The mean OST
was slightly higher in the DED versus control group
(32.38 £ 0.69°C vs. 31.94 £ 0.54°C; p < 0.001). In addi-
tion, the difference between corneal and limbal OST was
also greater in the DED versus control groups (0.64 +
0.26°C vs. 0.41 £ 0.20°C; p < 0.001). Looking at indivi-
dual tear parameters, the difference between corneal and
limbal OST was greater in eyes with TBUT < 6 seconds
(0.81 £ 0.29°C) and Schirmer’s Test <4 mm (0.83 + 0.26°
C) compared to eyes with TBUT > 6 seconds (0.56 + 0.17°
C) and Schirmer’s Test > 4 mm (0.55 £ 0.28°C) (p <
0.05).%® Overall, mean OST was slightly warmer at the
corneal center of the DED vs. control group, with a larger
difference in temperature between the limbal and central
cornea in the DED group, as well. Limbal hyperemia
(leading to warmer limbal temperatures) in the DED
group may explain the regional variation in temperature
between the limbus and central cornea.”®*

However, discrepancies exist across studies. In another
British study, 8 individuals with DED (previous symp-
toms/diagnosis and NIBUT < 20 s) and 13 controls under-
went measurements of central corneal OST (average
temperature across the entire cornea) 4-5 seconds after
each blink after 20 minutes of adaptation to the environ-
ment. In contrast to the previous study, mean OST was
cooler in the DED vs. control group (33.24 + 0.78°C vs.
33.82 + 0.36°C; p = 0.032).>’ Notably, the control group in
the latter study (mean 24.8 years) was significantly
younger than the DED group (mean 60.3 years) and the
definition of DED used in the study was unusual (NIBUT

< 20 s, while typical values are < 5 or 10 s to define
DED).*

Yet another study found no differences in single time-
point OST measures between DED and control groups.
A prospective Japanese study examined 30 individuals
with DED (subjective symptoms, TBUT < 5 s or
Schirmer I test < 5 mm, and cornea and conjunctiva
staining) and 30 controls and measured OST continuously
over 10 seconds after blinking at 3 regions: corneal center
(4 mm diameter), nasal conjunctiva (2 mm diameter), and
temporal conjunctiva (2 mm diameter). Mean single time-
point OST immediately after blinking did not differ
between the two groups in any of the regions studied
(corneal center: DED: 34.45 + 0.86°C, control: 34.58 +
0.75°C; nasal conjunctiva: DED: 34.96 + 0.73°C, control:
35.09 + 0.72°C; temporal conjunctiva: DED: 34.75 + 0.82°
C, control: 34.79 + 0.75°C)."*

To summarize, discrepancies have been found across
studies regarding single time-point OST measurements in
DED and control groups. Possible contributors to these
discrepancies include population and timing (after 4-5
seconds vs. immediately after a blink) differences.
However, overall, single time-point OST measurements
do not appear to be a reliable method for differentiating
between DED and healthy controls.

OST Cooling Rate and DED
The relationship between DED and OST cooling rate over
the interblink has been more robust. The Japanese study
above found a larger decrease in OST over 10 seconds in
the DED vs. control group (—0.32 £ 0.23°C vs. —0.06 +
0.08°C, p < 0.05)."* Similarly, a Taiwanese study of 76
individuals with DED (FTBUT < 10 s and Schirmer’s Test
< 5 mm over 5 min) and 47 controls found that OST
(measured across the entire eye over an interblink period
of 6 seconds after 10 minutes of adjustment to the envir-
onment) decreased to a greater extent in the DED com-
pared to control group (—0.75 £ 0.24°C vs. —0.48 + 0.18°
C, respectively; p < 0.0001).%®

Based on these data, cooling rate has been investigated
as a potential screening tool for DED. In the previously
discussed Taiwanese study, the normalized OST at the
corneal center over an interblink period of 3 seconds
dropped from 1.00 to ~0.93 in the DED group and from
1.00 to ~0.96 in controls (indicating that eyes with DED
cooled to a greater extent). When a normalized OST after 3
seconds of 0.97 was applied as a cutoff for a DED diag-
nosis, the sensitivity, specificity, and area-under-the-curve
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were 0.71, 0.77, and 0.71, mspectively.43 However,
a limitation in the study is that individuals with DED
were significantly older than controls (50.1 years + 14.4
vs. 38.4years £15.0; p < 0.001) and OST has been
shown to decrease with age.

OST by DED Sub-Types

Another study investigated if OST could differentiate var-
ious DED sub-types. An American study examined indi-
viduals with evaporative DED (EDE, FTBUT < 10 s and
Schirmer’s Test > 10 mm), aqueous-deficient DED
(ADDE, Schirmer <10 mm), Sjogren’s Syndrome (SS),
and controls (10 patients in each group). In a controlled
environment chamber, OST was measured over 5 seconds
at the corneal center (5.4 mm diameter), nasal conjunctiva
(3.6 mm diameter), and temporal conjunctiva (3.6 mm
diameter). At all regions (nasal (n), corneal center (c),
temporal (t)), mean OST measured at the beginning of
the interblink period was lower in DED (both EDE and
ADDE) than control eyes (EDE: n: 35.12 + 0.60°C; c:
34.56 = 0.56°C; t: 34.56 + 0.56°C; ADDE: n: 34.89 +
1.00°C; c: 34.16 £ 1.12°C; t: 34.57 + 0.94°C; SS: n: 34.99
+ 0.65°C; c: 34.40 + 0.62°C; t: 34.85 + 0.51°C; controls:
n: 35.78 + 0.52°C; c: 35.11 £ 0.64°C; t: 35.26 = 0.47°C,
p<0.05 for all). With regards to cooling rate over the entire
interblink period, eyes with ADDE had the largest percent
decline in OST (—2.8%) followed by SS (—2.2%), controls
(—2.2%), and lastly EDE (—1.9%). These data contradict
previous studies. First, prior studies reported that indivi-
duals with DED (combined ADDE and EDE sub-types)
had greater decreases in OST compared to controls
whereas in this study ADDE but not EDE followed this
trend. Second, a prior study found that eyes with shorter
TBUT but sufficient tear production (similar to EDE group
in this study) showed the greatest OST cooling rate
whereas in this study that group (EDE) showed the smal-
lest OST cooling rate. Again, population and methodol-
ogy-based differences between the studies may be driving
these discrepancies.

To add to the confusion, not all studies found differ-
ences in OST by DED subtype. An Italian study also
grouped individuals by DED sub-types (without control
group) and included 24 individuals with ADDE (TBUT <
5's, Schirmer < 7 mm, a diagnosis of SS, and/or normal
meibomian gland function) and 14 with EDE (TBUT < 5
s, Schirmer > 7 mm, no diagnosis of SS, and/or abnormal
to other

meibomian gland function). In contrast

studies,*** OST decreased to a uniform degree in eyes

with ADDE (-0.0037 °C/s) and EDE (—0.0042 °C/s).
Overall, these decreases are also much lower than those
found in other studies evaluating eyes with DED.”

Overall, the most robust finding among studies is that
the cooling rate is faster in individuals with DED (variably
defined) compared to controls. However, discrepancies
arise with regards to single time-point OST and OST
differences by DED sub-type. Because DED can be char-
acterized by several abnormal tear film parameters, includ-
ing TBUT and Schirmer’s, each of which may have
a different effect on OST, these discrepancies are not
unanticipated.

Discussion and Clinical Applications
Since the introduction of ocular thermography in 1968,
OST has been used to study conditions of eye health and
disease. Values for OST measured immediately after blink-
ing are around 34-35°C in eyes without ocular pathology
with a decrease over the interblink period. The avascular
central cornea is cooler than the limbus immediately after
a blink and experiences a greater decrease in OST over
time. Many factors affect OST including ambient and body
temperature, inflammation, and blinking. For example,
OST correlates more strongly with body temperature (r =
0.80) and less strongly with ambient temperature (OST
dropped by 4°C when temperature dropped by 20°C).
Blinking exposes the ocular surface to the vascular con-
junctival palpebra and facilitates heat exchange, essen-
tially resetting the OST to its maximal value after each
complete blink. OST is also affected by tear film para-
meters. Studies have consistently shown that shorter tear
break-up times lead to larger decreases in OST over the
interblink period (that is, faster cooling rates). Less con-
sistent associations have been noted between OST and tear
volume and production. Given that these parameters define
DED, there is interest in using OST as a screening tool for
DED. DED, however, is an umbrella term and includes
different sub-types including EDE and ADDE and it is not
clear that OST can differentiate between DED sub-types.
Furthermore, as highlighted in this review, there are incon-
sistencies across studies that must be taken into account
when interpreting results, such as differences in instrumen-
tation, measurement techniques, and populations studied.
As many factors can influence OST, standardizing proto-
cols will be important when designing studies that evaluate
the utility of IR thermography for clinical use, such as for
a point of care test in dry eye. This includes using the
same ROI, room conditions (temperature, humidity), and
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time points (immediately after a blink) across studies and

considering the contribution of patient related confounders

(age, gender). Furthermore, studies are needed to clarify

relationships between other aspects of the anterior eye and

OST, such as corneal thickness and endothelial cell

density.”!

Designing studies with standardization of different

parameters — like ROI, room conditions, and population

characteristics — will improve the utility of IR thermogra-

phy in clinical use, such as for diagnosing dry eye disease.

Conclusion
To conclude, cooling rate is impacted by tear film para-

meters, measured via tear break-up time, lipid layer thick-

ness, and tear volume/production. All of these parameters

may be abnormal in DED and as such, OST may be

developed into a point of care test to assess ocular surface

health. However, considerations such as temporal and

spatial variation of temperature on the ocular surface,

environmental conditions, and population-based factors

need to be recognized when investigating disease pathol-

ogy and developing screening tools for disease based
on OST.
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