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Purpose: The aim of the study was to establish a standardized quantitative evaluation
of corneal temperature (CT) that includes anchoring reference points in the
topography and minimization of artifacts. We further investigated the distribution
and the short- and long-term reproducibility of the CT values, as well as the influence
of the core temperatures.

Methods: The CT values in both eyes of 40 healthy subjects were measured through
thermography. These examinations took place over the course of four visits within 2
consecutive weeks. At each visit, the CTs were measured twice in both eyes with
intervals of 15 minutes between measurements.

Results: CT values were not significantly different between the right and left eyes and
their distribution was nearly normal. The CTs increased slightly when measured twice
over the 15-minute intervals (short-term reproducibility) but remained stable over a
period of 2 weeks (long-term reproducibility). In addition, the CT values depended on
the core temperatures.

Conclusions: Ocular surface thermography is a fast and noninvasive examination. The
methods of optimized and standardized evaluation of the CT values facilitate
comparisons and follow-ups.

Translational Relevance: Thermography can be used clinically and scientifically only
if both the measurement and its evaluation are efficient and standardized and if the
outcomes are highly reproducible.

Introduction

Thermography produces contactless measurements
of the temperature of the surface of a selected object.
A thermographic camera provides a large number of
individual local temperatures and represents these as
false-color images.

Thermography has reached widespread applica-
tion. For example, it is used to produce images of the
surface temperature of buildings in order to detect
undesirable heat loss. There are also various medical
applications. Skin temperature is the result of a
balance between heat loss by radiation, evaporation,
and conduction, and heat supply by radiation, local
metabolism, convection (blood flow), and conduc-
tion. In peripheral organs like hands or feet, the local
metabolic heat production is relatively small. Ther-

mography, therefore, can be used as an indirect
measure of the local blood flow, which transports
heat from the warmer core of the body to the cooler
periphery. It can be used to detect angiogenesis in
tumors, or blood flow abnormalities in inflammation.
Thermography is used in oncology,1 angiology,2

dentistry,3 rheumatology,4 and ophthalmology.5–8

Like the skin, the cornea is exposed to the
environment. The cornea is covered by a tear film
with an oily outermost layer, which reduces evapora-
tion. Nevertheless, evaporation remains a major
factor influencing corneal temperature (CT), and
depends on tear film quality. Blinking interrupts the
exposure of the cornea to the environment, which
redistributes both the tear film and the temperature of
the tear film.9 The cornea has no blood vessels, so the
central corneal temperature (CCT) depends mainly on
heat conduction and convection by the aqueous
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humor, the temperature of which depends mainly on
the blood flow in the ciliary body, and to some extent
in the back of the eye.10 The temperature of the
peripheral cornea is additionally influenced by the
blood flow in the perilimbal vessels.

How can we measure surface temperatures without
contact? All objects, from the surface of the sun to a
hot plate and human skin, spontaneously radiate
electromagnetic waves in accordance with their
temperature. The origin of this radiation lies in the
thermal movements of the molecules that only cease
at a temperature of absolute zero. There is no
difference between thermal radiation and light except
wavelength; light that is radiated spontaneously from
a hot material is termed thermal light. This describes
the light in the visible part of the spectrum. Stars or
the tungsten wire of a light bulb give off thermal light.
The radiation of these emitters is not limited to the
visible range, but extends into the ultraviolet and
infrared ranges. For black bodies, the ideal emitters,
the emission spectra follow the curves described by
Planck’s Law (Fig. 1). If specific conditions are met,
the precise temperature can be obtained from
observation of the radiation. It is known that the
infrared part of the spectra of materials like earth,
water, and also human skin almost perfectly follow
the black body curves, the deviation being described
by the emissivity; for the cornea, this factor is
commonly given as 0.975. A remaining uncertainty
in the deduction of the temperature can be diminished
by observation at two wavelengths.

Some simple laws are applicable, (1) with increas-
ing temperature, the power per radiating area
increases rapidly, and (2) the wavelength of the
spectral maximum is inversely proportional to the
absolute temperature. This means that the lower the
temperature, the farther the radiation is in the
infrared range (i.e., the farther away it is from the
visible range). A naked human body radiates several
hundred watts, but almost totally in the infrared
range. Thermography is an application of these laws.
The intensities of the recorded radiation as a measure
of the temperature of the radiating object are
displayed in false colors.

The purpose of this study was the optimization
and standardization of both the measurement and
evaluation of CCT. We describe ways to minimize
blinking artifacts, to localize the center of the cornea
as a reference point, to attenuate noise by repeated
measurements, and to calculate the weighted mean
temperature of a central area. We measured and
depicted the distribution of individual CT values,
both uncorrected and corrected by the individual
mean temperature, the symmetry between the two
eyes, the short- and long-term reproducibility, and the
influence of the core temperature. The environmental
temperature and humidity was kept constant, and
therefore was not a subject of the present investiga-
tion. The ultimate goal was to standardize the
quantitative evaluation that can be used in future
studies (e.g., to the analysis of the influence of drugs
on CCT).

Figure 1. Planck curves (black body radiation). Relationship between surface temperature and thermal radiation (power per radiating
area and per interval of wave length). (A) The visible spectrum (between 0.4 and 0.7 lm) is indicated by rainbow colors, to the left is the
UV and to the right the infrared radiation. (B) The dependence of thermal radiation from the surface temperature in the temperature
range relevant for the cornea (modified after ref. 36).
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Methods

Study Participants

We advertised the opportunity for healthy subjects
to participate in a scientific research project. Forty
healthy volunteers, 20 men and 20 women aged
between 19 and 47 years, were recruited for this study
in the Department of Ophthalmology of the Univer-
sity of Basel, Switzerland. Written informed consent
was received from all subjects before admission to the
study.

The inclusion criteria were as follows: normal
findings in a routine ophthalmologic examination,
including slit-lamp examination and fundoscopy, a
refractive error between þ3.0 and �3.0 diopters of
spherical equivalent, corrected visual acuity of 0.8 or
higher, a maximum intraocular pressure of 21 mm
Hg, and a maximum blood pressure of 140 mm Hg
systolic and 90 mm Hg diastolic. Exclusion criteria
were as follows: chronic or current systemic or ocular
diseases (including dry eyes) or medications (except
contraceptives), pregnancy or lactation, and alcohol
abuse. Subjects were asked to refrain from alcohol
and caffeine for at least 12 hours before the trial
measurements.

Ethical approval for the study project was obtained
from the local medical ethics committee, ‘‘Ethikkom-
mision beider Basel / EKBB’’ (EK-Nr. 53/10). The
study was designed and conducted in accordance with
the tenets of the Declaration of Helsinki.

Corneal Temperature Measurements

CT measurements were performed using the
contactless infrared Ocular Surface Thermographer
TG-1000 (Tomey Corporation, Nagoya, Japan). The
instrument has two cameras, one for regular pictures
(sensitive to visible light) and one for thermography
(sensitive to infrared light). With the help of the
infrared light camera, the instrument quantifies
surface temperatures by measuring emitted thermal
energy within an electromagnetic spectrum of 8- to
17-lm wavelengths, and a topographic resolution of
2403320. The outcome was then presented in form of
false-color images. All CT measurements were per-
formed under a constant room temperature of 248C
and humidity of 50%. The examination room had no
windows and the door was kept closed to avoid air
flow.11 The room was illuminated with neon light.
The subjects first rested for 10 minutes in the
examination room in order to adapt to the environ-

ment. At the start of each recording session, the
subjects were asked to blink normally, then to keep
both eyes closed for approximately 5 seconds. For the
recordings, the subjects were asked to put their chin
on the chin rest, look at the fixation target, and try to
keep their eyes opened widely for 10 seconds. The
pupils were not dilated.

Ear Temperature Measurements

An infrared ear thermometer (Braun ThermoScan;
Braun Co., Kronberg, Germany) was used to measure
tympanic temperature as a surrogate for body core
temperature.

Study Plan

The measurements took place during four visits
within 2 consecutive weeks. Visits one and two took
place during 2 consecutive days of the first study week
(week 1), and visits three and four during 2
consecutive days of the second study week (week 2).
The visits and readings always took place at the same
time of day, as ocular surface temperature has been
shown to vary throughout the day.12 Each visit
consisted of two recording sessions with an interval
of 15 minutes and the CTs of the right and left eyes
were measured. In total, eight recording sessions took
place for each eye, and 80 eyes were investigated.

Data Recording and Data Processing

One recording session (lasting 10 seconds) consist-
ed of 21 repeated measurements with time intervals of
0.5 seconds. The CT values were then exported as a
comma-separated value (CSV) file. This export tool,
storing individual temperature readings in a suitable
data format, was not implemented by the device, but
was provided by the manufacturer on request.

The Ocular Surface Thermographer TG-1000
quantifies the temperature of the eye and its
surroundings (Fig. 2B). In this study, we focused on
the cornea. The test grid was constantly shifted
slightly to the lower part of the cornea to avoid the
unwanted influence of the upper lid, as depicted in
Figure 2A. CT was lowest in the center and increased
toward the periphery, more toward the nasal than the
temporal side.

All CSV files were arranged in 21 rectangular
blocks, each with 320 3 240 pixels corresponding to
the visual display on the device screen (Fig. 2B). For
further evaluations, data were imported into the
statistical software R.13 We focused on 7 3 4 ¼ 28
equidistant test locations (Fig. 2A), each representing
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the mean of nine neighboring pixels. The grid
constant (the distance between adjacent test locations)
was 20 pixels, corresponding approximately 1.8 mm
on the cornea. The chosen field of interest covered a
region only marginally affected by the eyebrows and
eyelids. As the CSV files do not respect the eye side,
the coordinates of the left eyes had to be turned
around the vertical axis.

In order to achieve stable values unaffected by
blinking and brow artifacts, the median of each test
location (CTm) was calculated across the 21 repeti-
tions. Finally, the CTms of the 28 test locations of
each eye were used for further statistical evaluations.
The spatial distribution of local temperatures in our
test grid is illustrated based on the outcome of the
right eye of one subject (Table).

Statistical Analysis

Histograms, boxplots, and scatterplots were used
in order to visualize the distribution of CTm values
across time points, eyes, and locations. In order to
simplify calculations, the median of the CTm values
across the 28 test locations was calculated (CTM). In
boxplots, the CTM values were displayed. The
potential influence of eye side, repetitions, days, and
weeks on CTM values were analyzed with a linear
mixed-effects model. The dependent variable was
CTM. Mixed-effect models are suitable tools for

repeated measures data. Results are presented as
differences of means with corresponding 95% confi-
dence intervals (CI) and P values. Associations
between time points or eye side were further assessed
using Spearman’s correlation. A P value of less than
0.05 was considered significant. All evaluations were
done using the statistical software R version 3.2.1.13

Results

Distribution of CTm Values

The CTm values pooled over all recording sessions
are shown in Figure 3A. The distribution was slightly
skewed toward lower temperatures. When the mean
CT for each session of each eye was subtracted from
the CTm values, the distribution was nearly normal
(Fig. 3B). This allows for the application of paramet-
ric tests, such as mixed-effects models.

Symmetry Between Right and Left Eyes

As presented in Figure 4A, the temperature was
nearly equal in the right and left eyes. There was a
very slight, but statistically not significant tendency
for lower values in the left eyes (left–right ¼�0.026,
CI¼�0.030 to 0.082, P¼ 0.36). Figure 4B shows the
correlation between the right and left eyes.

Short-Term Reproducibility

In order to analyze short-term reproducibility
(within the same visit of the same day), we compared
the CTM values of all first with all second recording
sessions. During the 15 minutes between the first and
second recording sessions, the CTM temperature
increased on average, slightly but significantly (mean
difference: 0.26, CI ¼ 0.20–0.31, P , 0.001; Fig. 5),
despite a prior initial acclimatization period of 10
minutes.

Figure 2. (A) The area of interest with the 28 test locations is depicted for the right and left eye. (B) The ocular surface thermographer
quantifies the temperature of the eye and its surroundings.

Table. One Reading of the Temperatures (8C) at the
Test Locations of Our Test Grid of the Right Eye of One
Subject. The Locations Correspond to the Test Grid
Illustrated in Figure 2A

33.6 33.6 33.7 33.8 33.9 34.2 34.5
33.7 33.7 33.7 33.8 33.9 34.3 34.6
34.0 33.8 33.8 33.9 34.1 34.4 34.7
34.2 34.2 34.1 34.2 34.3 34.5 34.5
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Long-Term Reproducibility

The four sessions took place on blocks of 2

consecutive days on 2 consecutive weeks. Figure 6

represents boxplots of the CTM values of each eye on

the four visits. The difference between day 1 and day 2

was 0.0398C (CI: �0.017 to 0.095, P ¼ 0.17), the

difference between week 1 and week 2 was 0.0288C

(CI: �0.028 to 0.084, P ¼ 0.33). This indicates that

CTM values remain stable even over a period of 2

weeks (at least when measured at the same time of

day).

Influence of the Core Temperature

Ear temperature, a surrogate for core temperature,
was measured at each visit after a 10-minute adaption
to the room temperature. CTm values were signifi-
cantly (P , 0.001) dependent on the core temperature
(slope ¼ 0.368/unit increase of earT; Fig. 7).

Discussion

In the present study, we investigated some basic
aspects of ocular thermography. We focused on the
cornea. Of the 240 3 320 measured points of the

Figure 3. (A) Distribution of pooled CTm values. (B) CTm values subtracted by the means of the CTs of each eye. This corresponds to the
distribution of the temperature across the cornea.

Figure 4. Side comparison. (A) CTM values were nearly equal between the two eyes. (B) Correlation between values of right and left
eyes: R ¼ 0.92 (P , 0.001). Points indicate CTm values pooled across all subjects. R, right eye; L, left eye.
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instrument, we defined a test grid consisting of 28 test

locations covering the central part of the cornea. Each

test location on the grid represents the mean

temperature of nine neighboring pixels. This grid

was kept constant for the entire study (Fig. 2). To

keep the topography comparable between individuals

and constant during the study, we developed an

algorithm to find the center of the cornea, which was

then used as an anchor for the test grid. This test grid

was shifted slightly to the lower part of the cornea to

avoid the unwanted influence of the upper lid. In

order to avoid influence from blinking, the median of

the 21 values of an individual recording session was

calculated for each test location.

Figure 5. Short-term reproducibility. (A) During the 15 minutes between the first and the second recording session, the CTs increased
slightly on average (P , 0.001). Boxplots of CTM values of each eye (8C). (B) Correlation between the CTm values of the first and second
recording session: R ¼ 0.95 (P , 0.001). The blue line is the regression line and the red line represents the diagonal line.

Figure 6. Long-term reproducibility. Boxplots of CTM values from the four visits. The CT measurements took place during four visits
within 2 consecutive weeks. Visits one and two took place within 2 consecutive days of the first study week (week 1) and visits three and
four within 2 consecutive days of the second study week (week 2).
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The distribution of the individual temperature
readings was slightly skewed toward lower tempera-
tures, mainly due to the fact that some individuals had
relatively low CTs. After correcting with the individ-
ual mean CTs of each eye, there resulted a distribu-
tion close to normal.

The CTs were very symmetrical between the right
and the left eyes. There was a very slight, but
statistically not significant tendency for lower values
in the left eye, probably due to the fact that the
measurements always started in the right eye.

We then investigated the short- and long-term
reproducibility of the CT values. Unexpectedly, when
repeating the measurements after 15 minutes, the CT
was slightly but significantly higher at the second
reading, despite a 10-minute acclimatization period
before the first reading. The reason for this effect is
not clear, but could be due psychological relaxation of
the subjects.14 Over a period of 1 week, CT values
remained stable (at least when measured at the same
time of day).

Finally, we demonstrated a significant dependence
of CT values on the core temperature.

Our results partially confirm the results of other

authors. In healthy eyes, the limbus area was shown to
be warmer than the center of the cornea,15,16 and the
differences between the right and left eyes were shown
to be not significantly different.12,15,17 A positive
correlation between ocular surface temperature and
body temperature has also been reported.18–20 To the
best of our knowledge, short- and long-term repro-
ducibility has not been studied before.

The temperatures measured by different infrared
thermometers may vary depending on the type of the
instrument. Unlike contact thermometers, which can
be calibrated easily and reliably, the temperatures
given by an infrared thermometer depend on the
wavelength range used and on the assumed value of
the emissivity of the cornea. This may be the reason
why CTs reported in different papers are not exactly
the same.21 However, this remark concerns only the
absolute level of temperatures, whereas temperature
differences are almost exactly the same when mea-
sured by different instruments.

Corneal thermography may clinically be useful for
diagnosis and follow-up of patients suffering from
different eye diseases. Ocular thermography has been
described to be useful for differentiating between

Figure 7. Influence of the core temperature on CT. There is a significant dependence of CT on ear temperature (slope ¼ 0.368/unit
increase of earT, P , 0.001). Dots represent CTM values across each subject’s eye at the first baseline.
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aqueous dry eye and evaporative dry eye.22 It was also
applied in patients with dry eye due to dysfunction of
lacrimal gland or dysfunction of meibomian glands,
or Sjogren’s syndrome.22–25 Thermography was also
performed in patients with glaucoma,26 particularly
normal tension glaucoma. Furthermore, it was used
to record the temperature course after glaucoma
surgery27 or other ocular surgeries,28,29 for example in
patients undergoing refractive surgery25,30 or in
patients with corneal transplant.31 Ocular surface
thermography also seems to be helpful in patients
with corneal ulcer,32 patients wearing contact lens,33

or in patients with keratoconus wearing scleral lens.7

It was even used in patients with age-related macular
degeneration,6 diabetic retinopathy,34 or general
diseases, such as depression.35

Considering all the results together, thermography
is a fast, noninvasive, and useful method for
quantifying surface temperature. It can be used in
ophthalmology, particularly for quantifying CT. For
interindividual comparison as well as for follow-ups,
a constant and fixated test grid together with a
standardized quantitative evaluation eliminating or at
least mitigating artifacts is necessary. In addition, it is
mandatory to keep environmental temperature and
humidity constant, and to correct the CT values for
core temperature.5–8
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