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Purrose. We determined interblink corneal surface-temperature decline and tear-film
evaporation rates of localized tear breakup cold regions (LCRs) and localized tear unbro-
ken warm regions (LWRs) of the corneal surface, as well as that of the overall average
corneal surface.

MerHops. Each subject underwent 4 inter-day visits where the interblink corneal surface-
temperature history of the right eye was measured using a FLIR A655sc infrared ther-
mographer. Corneal surface temperature history was analyzed to determine the overall,
LCR, and LWR temperature-decline rates. Evaporation rates of LCR and LWR regions were
determined from the measured LCR and LWR temperature data using the physical model
of Dursch et al.

Resurrs. Twenty subjects completed the study. Mean (SD) difference of LCR temperature-
decline rate was —0.08 (0.07)°C/s faster than LWR (P < 0.0001). Similarly, evaporation
rates of LCR and LWR were statistically different (P < 0.0001). At ambient temperature,
mean LCR and LWR evaporation rates were 76% and 27% of pure water evaporation
flux, respectively. There was no statistically significant difference between the inter-day
measured temperature-decline rates and the interblink starting temperature.

Concrusions. Significant differences in corneal temperature-decline rate and evaporation
rate between LCR and LWR were quantified using infrared thermography. In agreement
with literature, LCRs and LWRs correlate directly with fluorescein break-up areas and
unbroken tear areas, respectively. Because lipid-evaporation protection is diminished in
breakup areas, higher local evaporation rates and faster local cooling rates occur in LCRs
relative to LWRs. Our results confirm this phenomenon clinically for the first time.

Keywords: dry eye, ocular surface temperature, thermography, evaporation, tear film,
ocular surface cooling, evaporative cooling, ocular surface-temperature decline

he human tear film is composed of three major compart-
ments: lipid coating layer, aqueous layer, and mucin
adlayer.! A healthy lipid layer retards evaporation of the
aqueous layer to keep the corneal surface hydrated during
the interblink period.? However, lipid-layer structure and
thickness during an interblink period are inhomogeneous
across the corneal surface.>* This nonuniformity, along with
break-up of the thin lipid layer, leads to increased local
evaporation rate, tear rupture, and hyperosmolarity in the
ruptured regions.>® Theoretical studies reveal that the local-
ized osmolarity in thinning breakup spots can increase to
at least 500 milliosmolar (mOsM) during an interblink due
to the evaporation of the aqueous under layer.>” Increased
osmolarity causes discomfort to the enervated cornea; the
prolonged state of this discomfort/pain throughout the day
is commonly diagnosed as evaporative dry-eye disease.®?
To assess evaporative dry-eye disease, clinicians
commonly instill fluorescein dye on the ocular surface
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and measure the time it takes for a black spot to first
form under fluorescent light.!° Deepening and expanding
black spots and streaks increase fluorescein concentration
in the localized-thin black regions because of high local
evaporation from the thinning aqueous-layer depressions.!!
First appearance of black spots after fluorescein instillation
gives rise to a recorded fluorescein break-up time (FBUT).
One noninvasive method proposed in the literature to
understand evaporative dry-eye disease is to measure the
transient reduction in corneal surface temperature from
infrared thermography.'>"'* Corneal surface-temperature
decline during an open eye period is due to larger evapora-
tive, radiative, and convective heat losses from the eye than
heat gained from the anterior chamber and limbus.!?15-20
Because radiative and convective heat losses on the ocular
surface are expected to be uniform across the ocular surface
in a given environment, localized differences in tempera-
ture of the corneal surface are assuredly due to differences
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in localized evaporation rates. Simultaneous thermal and
fluorescein break-up area recordings of Li et al.'® confirm
that infrared dark spots (i.e. cold) and fluorescein black
break-up areas (i.e. ruptured aqueous film) directly corre-
spond to each other. Abridging the observations of Li et
al.'® is the theoretical work of Peng et al.> These researchers
established that lipid-layer break up diminishes the lipid
layer insulating ability. Lessened insulation increases the
local evaporation rate which results in cold high-evaporation
areas in the corresponding fluorescein tear-film break-up
areas. Peng et al.> and Braun et al.’” establish that high evap-
oration areas result in high tear osmolarity, thus, connect-
ing lipid layer break-up, cold spots, hyperosmolarity, and
fluorescein break-up areas. Further, Dursch et al.'> success-
fully predicted average corneal surface-temperature decline
using measured increasing breakup areas and heat trans-
fer theory. These authors imposed evaporation rates of pure
water inside tear-breakup areas and calculated a reduced
evaporation rate outside tear-breakup regions of between
50% and 95% depending on the individual subject. These
combined works suggest that corneal surface-temperature
history is a potential diagnostic of evaporative dry-eye
disease because fluorescein break-up time differs signifi-
cantly between healthy patients and dry-eye patients.?!

Other published studies also found that dry-eye patients
have faster rates of corneal surface temperature decline than
do healthy eyes.?"%° Further, Efron et al?’’ showed that
subjects with slower rates of temperature decline are more
likely able to keep their eyes open longer. However, existing
studies on corneal surface temperature focus on overall aver-
age corneal surface temperature and not the temperatures
in localized colder regions (LCRs) and in localized warmer
regions (LWRs) that exist over the corneal surface.!>16:22-26
In this study, we investigate how corneal temperature-
decline rates differ in thinning localized breakup regions
(i.e. LCRs) and along intact tear-film regions (i.e. LWRs).
For the first time, we determine how evaporation rates
differ between the two regions based on differing localized
temperature-decline rates.

METHODS

In ophthalmic literature, the cooling rate is often interpreted
as how fast the temperature changes per unit time (e.g.
in units of °C/s). However, the term “cooling rate” means
energy lost per unit time (e.g. Joules/s). To avoid confusion,
the term “temperature-decline rate” is adopted in this paper
to describe temperature change per unit time. In addition,
the phrase “evaporation rate” used here strictly refers to a
rate of mass loss per unit area or a mass flux.

Study Protocol

Subjects were recruited from the University of California —
Berkeley, and the surrounding community. All subjects were
18 years of age or older, had visual acuity correctable to
20/40 or better, were free of any ocular surface pathol-
ogy, and were not taking ocular medications or systemic
medications with ocular manifestations. Subjects discontin-
ued contact-lens wear and use of any eye drops for at least
24 hours before each visit. Informed consent was received
from all study participants after they were informed of the
procedures, goals, and risks of the study. The study protocol
was approved by the Committee for Protection of Human
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Subjects of the University of California — Berkeley, and
followed the tenets of the Declaration of Helsinki.

Four measurements were made for each subject with
repeat measurements taken on separate days. Each visit was
scheduled at least 1 week apart from the previous visit,
and all appointment times were scheduled 2 hours after
subject’s wake time. Room temperature and humidity were
measured every visit using a combination digital thermome-
ter and hygrometer (General Tools & Instruments, Secau-
cus, NJ, USA). Examination-room temperature and relative
humidity were measured for each subject visit. Slit-lamp
(SL120; Carl Zeiss Meditec Inc., Jena, Germany) examina-
tion was also performed at the beginning of each visit to
ensure a healthy ocular surface. Subjects were acclimated to
the ambient room environment for a minimum of 10 minutes
prior to the corneal surface-temperature measurement.

Ocular surface-temperature history of the right eye was
recorded at each visit using a FLIR A655sc Infrared Ther-
mographer (FLIR Systems, Inc., Wilsonville, OR, USA). The
thermographer has a thermal sensitivity of <0.03°C and a
17 pm pixel size.”® Subjects were instructed to close their
eyes for 2 minutes prior to recording the ocular surface-
temperature history to ensure that the starting corneal
temperature closely reached steady state.!>1¢

During recording, subjects were asked to keep their eyes
open for as long as they comfortably could and to focus
on the center of the camera to minimize eye movement.
Obtained recordings were analyzed using ResearchlIR 4.40.8
software (FLIR Systems, Inc., Wilsonville, OR, USA) to deter-
mine the corneal-surface temperature-decline rates.

Instrument software allowed a single operator to specify a
local region of interest to examine containing approximately
4000 to 7000 pixels from the last frame of the interblink
period for each measured eye. As illustrated in Figure 1,
regions chosen to examine correspond to localized dark
breakup areas and localized light non-breakup areas. Within
each specified corneal region, the same operator randomly
determined 3 unique dark and light spots each of size of
3-by-3-pixel area. Because each pixel provides a tempera-
ture value, LCRs and LWRs can be classified. Temperature
values within the LCR and LWR regions were averaged to
specify temperature-decline rates in the local cold and warm
areas, as illustrated in Figure 2. In agreement with the clini-
cal observations of Li et al.'° and with the tear-film breakup
theory of Peng et al.,’> we thus establish that cold regions
correspond to black-spot breakup areas and warm regions
correspond to continuous non-breakup areas.

Statistical Analysis

Figure 2 provides an example of temperature histories and
linear regression slopes of LCRs inside black spots (blue
circles), LWRs outside black spots (red circles), and over-
all average cornea (black circles) for a single subject’s eye.
Linear regression of the measured histories gives the best-fit
straight line, shown as a dashed line in Figure 2. The slope
of the best-fit straight line defines the temperature-decline
rate. Three localized corneal surface-temperature decline
rates of LCRs and LWRs were averaged, respectively, to
determine the reported average temperature-decline rate for
colder breakup areas and warmer non-ruptured tear regions.
A t-test, assuming unequal variance with 95% confidence
interval, was performed to assess whether the straight-
line temperature-fit slopes for LCR and LWR were statisti-
cally different. Temperature-declines rates of the LCRs and
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Ficure 1. Example of localized and overall corneal regions of interest. Cursors 1 through 3 are the localized colder black-spot regions,
whereas cursors 4 through 6 are localized non-black warmer regions. The ellipse demarks the corneal region of interest determined by the
operator. The dark (cold) and light (warm) regions were determined from the frame before the subject started to close their eyes.
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Ficure 2. Example of temperature history of the average overall
corneal (black), localized colder (blue), and localized warmer (red)
regions from subject 6 visit 2. Solid circles represent measured data
and the dasbed lines represent the linear regression. Slopes obtained
from linear lines represent the temperature-change rate. R? values
are greater than 0.8 indicating good fits for the measurements. Local-
ized colder black-spot regions exhibit lower starting temperature
and faster temperature-change rate than localized non-black warmer
regions.

LWRs were also compared by Limits of Agreement and the
difference-versus-means plots.?’

Importantly for later analysis, starting corneal surface
temperatures of the cold and warm spots were also recorded
along with the determined corneal surface-temperature

rates. Three corneal surface temperatures at LCRs and LWRs
at the beginning of the interblink period were likewise aver-
aged, respectively, to compare the two tear regions’ start-
ing temperatures. The differences in the interblink start-
ing corneal surface temperature of localized regions were
also compared using the above statistical methods. To assess
the inter-day repeatability of the interblink starting corneal
surface temperature and temperature-decline rate, visits one
and two data for each subject were averaged and compared
with that of averaged data from visits three and four using
Limits of Agreement and difference-versus-means plots.

Localized Evaporation-Rate Determination

The studies of Dursch et al.'”> and Li et al.'® establish quan-
titatively that the decline in ocular surface temperature is
the result of convective, radiative, and evaporative cool-
ing. Of the three contributions, evaporative cooling is the
major source of heat loss. This loss can vary significantly
from subject to subject even in a controlled environment
due to thickness/composition variances in the tear-film insu-
lating lipid layer.” By imposing energy conservation (equa-
tions 2 and A8 of Dursch et al.'®), initial surface tempera-
ture and best-fit temperature-decline rates of localized black-
spot areas (i.e. LCRs) and localized lighter continuous tear-
film areas outside black spots (i.e. LWRs; see Fig. 2), are re-
expressed from theory analysis into local evaporation rates,
for example, in kg/m?/s. Details are found in the Supple-
mentary information.

Evaporation rates of LCRs and LWRs are also reported
here as fractional reductions of tear-film evaporation flux
compared to that of pure water, as signified by the symbol
B (see the Supplementary information for detailed informa-
tion on assessment of 8).!> B = 1 is equivalent to pure water
evaporation rate whereas B = 0 is equivalent to no evap-
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oration. Said differently, 8 = 1 corresponds to no insula-
tion by the tear-film lipid layer, whereas § = 0 corresponds
to complete insulation by the tear-film lipid layer. Thus,
by measuring localized temperature declines, the insulating
effectiveness is assessed for a subject’s lipid layer in both
ruptured (LCR) and intact tear film (LWR).

RESULTS

Of the 22 subjects that successfully completed the study, 20
subjects (2 men and 18 women, mean [SD] age = 23.05
[3.47] years) provided data usable for the analysis. One
(1) subject did not complete the study; the data file from
another subject was corrupted. With 4 visits, there were 80
pairs of corneal surface temperature-decline rates for LCR
and LWR and 80 corneal-surface temperature-decline rates
for overall corneal regions. Similarly, there were also 80
starting interblink temperatures for LCR, LWR, and overall
corneal regions. Study demographics consisted of 11 Asians,
4 Caucasians, 1 African American, 2 Hispanics, and 2 others.
All subjects were habitual contact-lens wearers. Descrip-
tive statistics for corneal surface temperature-decline rates
and interblink start temperatures for LCR, LWR, and over-
all corneal regions are provided in Table 1 along with the
examination-room temperature and relative humidity. LCR
black-colored regions occurred randomly throughout the
central and peripheral cornea with LWR non-ruptured tear
regions encompassing the LCR regions.

Figure 3 shows a scatter box plot of corneal surface-
temperature decline rates in LCR and LWR domains. The
t-test evaluation shows statistically significant differences
(P < 0.0001) in corneal surface-temperature decline rates
between the two localized regions. Mean (SD) difference
between the two regions is —0.08 (0.07)°C/s. Limits of
Agreement were 0.06 to —0.21°C/s, and the difference-
versus-means plot is highlighted in Figure 4. Five LWR data
resulted in non-physical positive average corneal surface-
temperature change rates, meaning that the corneal surface
actually warmed up rather than cooled down. However,
these change rates were small and within experimental error
suggesting almost complete insultation by the lipid layer.
Interestingly, a positive association was observed between
the localized mean rates and rate differences (i.e. subjects
with small average corneal surface-temperature decline
rates exhibit more uniform temperature declines across the
corneal surface), further indicating that those subjects with
minor break-up areas exhibit lower evaporation rate. Differ-
ences in the interblink start temperatures for LWR and LCR
are also statistically significant (P = 0.0045); this indicates
temperature variation across the cornea at the beginning of
each interblink period.
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Figure 3. Scatter box plot of the corneal-surface temperature-
decline rate. Open circles represent clinical localized temperature-
decline rates. Solid centered borizontal lines are the median. There
are 80 rates for colder and warmer localized regions each. Colder
localized black-spot tear-rupture regions decline in temperature
faster than do the warmer localized non-black tear-intact regions.
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Ficure 4. Difference-versus-mean plot for localized warmer and
colder corneal surface-temperature change rates. A solid horizontal
line indicates the mean difference of the localized corneal surface-
temperature change rates. The dashed horizontal line marks the
Limits of Agreement.

TaBLe 1. Descriptive Statistics for the Four Visits

Minimum Maximum Median Mean SD
Overall corneal-region temperature-decline rate, °C/s —0.36 0.00 —0.10 —0.10 0.06
Localized colder region temperature-decline rate, °C/s -0.50 —0.02 —0.14 —-0.15 0.09
Localized warmer-region temperature-decline rate, °C/s —0.51 0.01 —0.06 —0.07 0.07
Overall corneal-region temperature at the start of the interblink period, °C 33.79 36.70 35.52 35.54 0.58
Localized colder-region temperature at the start of the interblink, °C 33.60 36.60 35.35 35.36 0.61
Localized warmer-region temperature at the start of the interblink period, °C 33.90 36.77 35.63 35.63 0.56
Exam room temperature, °C 23.2 26.1 25.0 24.9 0.6
Exam room relative humidity, % 33.0 55.0 48.5 48.3 4.2
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TaBLE 2. Inter-day Repeatability Analysis for Overall Corneal Region and Localized Regions
Mean Difference SD Limits of Agreement
Overall corneal-region temperature-decline rate, °C/s 0.01 0.05 [0.11 to —0.09]
Localized colder region temperature-decline rate, °C/s 0.00 0.08 [0.15 to —0.15]
Localized warmer region temperature-decline rate, °C/s 0.01 0.06 [0.13 to —0.11]
Overall corneal-region interblink starting temperature, °C 0.23 0.46 [1.14 to —0.68]
Localized colder region interblink starting temperature, °C 0.25 0.50 [1.23 to —0.73]
Localized warmer region interblink starting temperature, °C 0.22 0.49 [1.17 to —0.73]
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Ficure 5. Difference-versus-mean plot for repeatability analyses. Solid horizontal lines indicate the mean difference of the localized corneal
surface-temperature change rates. Dashed horizonal lines mark the Limits of Agreement. Panels (A, B, and C) are, respectively: localized
non-ruptured-tear warmer regions, localized colder black-spot ruptured-tear regions, and overall cornea, respectively.

There is no significant difference in the corneal surface-
temperature change rates between inter-day visits for the
overall corneal region (P = 0.6285) and no significant differ-
ence in inter-day visit corneal surface-temperature change
rates for LCR (P = 0.9695) and LWR (P = 0.5488). There
is also no significant difference in the inter-day-interblink
starting temperatures for the overall corneal region (P =
0.1821), LCR (P = 0.1585), and LWR (P = 0.1890). Inter-day
mean difference, standard deviation, and Limits of Agree-
ment for overall corneal surface temperature change rate,

localized corneal surface temperature change rates, and
interblink starting temperatures are provided in Table 2,
again signifying insignificant differences in inter-day subject
data. Difference-versus-mean plots provided in Figure 5
show no discernable corneal surface-temperature change
rate trend for the overall corneal region, LCR, and LWR. Simi-
larly, difference-versus-mean plots for the interblink starting
temperature also showed no noticeable trend.

Figure 6 shows the scatter box plot of B (i.e. fraction
of pure water evaporation rate) and of f,, the tear-film
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FiGure 6. Scatter box plot of the B values (beta on left ordinate) for
localized colder black-spot and warmer intact tear regions. Corre-
sponding evaporation fluxes are provided on the right ordinate.
Open circles represent each B value (and evaporation rate) deter-
mined from the clinical data; central lines locate the median. There
are 67 sets of LCR and LWR measurements. Thirteen sets of LCR and
LWR clinical data could not be used (see Results and Supplementary
information).

TaBLe 3. Descriptive Statistics for

Minimum Maximum Median Mean SD

0.76 0.27
0.27 0.21

Localized colder region 8 0.02 1.00 0.85
Localized warmer region 0.00 0.72 0.25

evaporation flux (kg/m?/s), for LCR and LWR determined
from measured subject data. Of the 80 pairs of LCR and
LWR temperature data gathered, 13 pairs of measurements
were not suitable to determine 8 due to some pairs of data
having increased temperature change rate (5 pairs of data
that indicate no evaporation). The remaining data (8 pairs
of data) resulted in temperature change-rate differences
between LCR and LWR that were too large to be explained
by tear evaporation alone. These measurements are likely
confounded by minor eye movement by the subjects. Table 3
provides the descriptive statistics of the determined g values.
The #test evaluation shows statistically significant differ-
ences in 8 (P < 0.0001) between LCR and LWR with a mean
(SD) difference of 0.49 (0.30). Interestingly, even LCRs had
a nonzero mean and median S values, meaning that tear-
rupture regions exhibit some insulation causing slower evap-
oration rates than pure water.

DISCUSSION

Clinically measured LCR and LWR temperature-decline rates
in Figure 5 and heat-transfer model 8 values in Figure 6
both show statistically significant differences between
ruptured and intact tear regions. In no subject was the
value smaller in the black-spot colder regions than in areas
outside tear breakup. Thus, infrared thermography data indi-
cate that formation of localized colder spots is driven by
increased evaporation rates from those regions and that lipid
layers in localized unstable rupture black spots do not inhibit
water evaporation as well as those in the stable continuous
tear regions of the corneal apical surface. Given the direct
correlation between fluorescein break-up spots and ocular
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surface cold spots,'® our study indicates that fluorescein-
detected break-up spots are driven by increased localized
evaporation rates. Equivalently, the evaporative-insulation
by the lipid layer is not as effective in cold black-spot
regions. These observations all strongly confirm the theory
of Peng et al.> for how tear breakup occurs to rupture tear
into deepening black spots. However, Li et al.'° did not find
universal association between fluorescein break-up spots
and cold spots in every subject measurement. A possible
reason is that these subjects exhibited excess tear produc-
tion affecting fluorescein and/or temperature measurements.
The lack of complete association requires further investiga-
tion.

Significant differences in the starting temperatures of LCR
and LWR demonstrate that corneal surface temperature is
not areally uniform at the beginning of an interblink cycle
even after keeping the eyes closed for 2 minutes before
taking the measurement.'>!¢ It is possible that 2 minutes
is not long enough for the corneal surface to reach an
areally uniform steady-state temperature or that steady-state
temperature at the beginning of the interblink period is
innately non-uniform. Regardless, 2 minutes of eye closure
is significantly longer than a typical blink time (i.e. approxi-
mately 0.3 seconds). Thus, in typical human-blinking behav-
ior throughout the day, the corneal surface temperature is
not uniform across the cornea even before the tear film starts
to evaporate. This suggests that previous interblink tear-film
break-up areas may influence the location of the subsequent
interblink break-up areas.

Based on the authors’ observations, LCRs formed
randomly across the cornea throughout the interblink period
and did not have a preference toward the central cornea.
This indicates that the heat supply from the limbus, which
causes the average peripheral cornea to be warmer than
the central cornea,'??°:3° does not overshadow the effect of
evaporative cooling.

The observed mean B value of 0.27 for LWRs indicates
that, on average, the intact lipid layer does not completely
insulate tears from evaporating. Still in our study, tear lipid
reduces tear evaporation rates by 70%, not far from that
measured by Peng et al.?! The measured mean B value of
0.76 for LCRs indicates that even for regions with high rates
of evaporations in black rupture spots (i.e. in fluorescein-
detected break-up areas), the aqueous layer does not evapo-
rate at the rate of pure water, as assumed by Dursch et al.!®
This result suggests that there is some evaporation inhibition
by the lipid layer even in areas that exhibit tear-film break
up.33!

To determine temperature-decline rates, the clinically
measured temperature histories were best fit to straight lines
by mean-square-error regression (R*> > 0.8). The reason
for the good linear fits is apparently because the corneal
surface-temperature data are measured for a relatively short
time interval (i.e. the interblink period). To remain consis-
tent, the best linear fits are compared to theory-calculated
temperature-versus-time plots to determine § values for each
clinical temperature history, as outlined in the Supplemen-
tary information.

Subjects were asked to maintain their gaze at the camera
center, but some minor eye movements were apparent from
the recordings. These unintentional eye movements are a
possible reason why there were five LWR data that showed
a minor increase in temperature over time (within experi-
mental error) and eight sets of data with large deviation in
temperature-decline rate between LWR and LCR that cannot
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be explained by evaporative cooling alone. Lateral tear flow
due to surface-tension gradients is another possible expla-
nation.>? Nevertheless, both temperature-decline rates and
determined B values of LWRs and LCRs were statistically
different. Introducing eye tracking for future thermal studies
will likely reduce the noise in the measured thermal data.

Another limitation is that the operator-determined over-
all corneal region may have not captured the entire cornea
or may have captured parts of the limbus. This is due to the
limitation of the infrared camera in detecting exactly where
the cornea ends and where the limbus starts. Regardless
of this limitation, the operator-determined overall corneal
region is mostly that of the full cornea (see Fig. 1). Further
improvement in determining the termination of the cornea
and commencement of the limbus will better locate the over-
all corneal region.

Quantification of temperature-decline rates and evapora-
tion rates of the cold spots provides a novel method to iden-
tify break-up spots on the corneal surface. Further investi-
gation is necessary to ascertain whether localized evapora-
tion rates and temperature-decline rates of cold and/or warm
areas correlate with dry-eye symptoms before infrared ther-
mography can be used as a diagnostic tool for dry eyes.
Surface area of LCR and LWR regions (i.e. area size and
growth)!>-'° and number of LCR and LWR regions during an
interblink period, which were not investigated in this study,
may play critical roles and need to be investigated further.®->
Nevertheless, we demonstrate here first that local evapora-
tion rates play a determinant role in tear-film breakup>1°;
second, that localized evaporation rates and temperature-
decline rates vary significantly in a given interblink period
and that these rates can be determined for tear-film break-
up areas using infrared thermography. For the first time,
we establish clinically that tear-rupture areas in tear films
exhibit larger temperature-decline rates and higher evapora-
tion rates than that of the surrounding continuous tear film.
This conclusion strongly supports previous works suggest-
ing that tear-film breakup is driven by local lipid instabili-
ties® 0323435 leading to locally high tear evaporation rates,
tear rupture, and increased osmolarities.>*°
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