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Abstract

Introduction: Despite being widely used as a screening tool, a rigorous scientific
evaluation of infrared thermography for the diagnosis of minimally symptomatic pa-
tients suspected of having COVID-19 infection has not been performed.

Methods: A consecutive sample of 60 adult individuals with a history of close con-
tact with COVID-19 infected individuals and mild respiratory symptoms for less
than 7 days and 20 confirmed COVID-19 negative healthy volunteers were enrolled
in the study. Infrared thermograms of the face were obtained with a mobile camera,
and RT-PCR was used as the reference standard test to diagnose COVID-19 infec-
tion. Temperature values and distribution of the face of healthy volunteers and pa-
tients with and without COVID-19 infection were then compared.

Results: Thirty-four patients had an RT-PCR confirmed diagnosis of COVID-19 and
26 had negative test results. The temperature asymmetry between the lacrimal carun-
cles and the forehead was significantly higher in COVID-19 positive individuals.
Through a random forest analysis, a cut-off value of 0.55°C was found to discrimi-
nate with an 82% accuracy between patients with and without COVID-19 confirmed
infection.

Conclusions: Among adults with a history of COVID-19 exposure and mild respira-
tory symptoms, a temperature asymmetry of > 0.55°C between the lacrimal caruncle
and the forehead is highly suggestive of COVID-19 infection. This finding questions
the widespread use of the measurement of absolute temperature values of the fore-
head as a COVID-19 screening tool.
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1 | INTRODUCTION

The ongoing COVID-19 pandemic caused by coronavi-
rus SARS-CoV-2 has created significant challenges for the
healthcare systems such as identifying patients in the early
days of the disease to offer adequate support measures,
monitor disease progression, and prevent further transmis-
sion.! The latter is important from a public health perspec-
tive, as it has been reported that up to 70% of patients with
a COVID-19 diagnosis confirmed by RT-PCR are either
asymptomatic or present with minimal symptoms, posing
a significant threat of contagion if not identified.? Infrared
thermography (IRT) is a technique that creates a visible
image from the invisible infrared radiation emitted by an
object.3 In the skin, while several factors contribute to
its thermal pattern, arguably, the most important is blood
flow. Vasodilation of skin capillaries due to hyperaemia or
inflammation is associated with increases in temperature,
and conversely, vasoconstriction or devascularisation of
the skin, with temperature drops.4 IRT is very sensitive for
detecting small changes in the temperature distribution of
the face, particularly around the medial lower eyelid and
the lacrimal caruncle, which are areas that respond to au-
tonomic changes in blood flow.> Moreover, this technology
has been used with moderate success as a screening tool
to detect illness during past respiratory virus epidemics.G’7
Despite temperature readings with infrared thermometers
and IRT being widely used as a screening tool in the ongo-
ing COVID-19 pandemic, there are shockingly no reports
about its diagnostic pelrformance.8 Therefore, the objective
of this study was to conduct a pilot study to determine the
diagnostic accuracy of IRT to discriminate between mini-
mally asymptomatic individuals with and without RT-PCR
confirmed diagnosis of COVID-19. Based on our previous
research on acute inflammatory conditions,” we hypoth-
esized that while absolute forehead temperature readings
would probably have limited diagnostic value, temperature
measurements of the difference between forehead and eye
caruncle would offer a higher diagnostic yield.

2 | MATERIALS AND METHODS
This was a prospective observational study of patients with
mild respiratory symptoms suggestive of COVID-19 infec-
tion treated during summer 2020 in an emergency department
of Hospital Central “Dr Ignacio Morones Prieto” in San Luis
Potosi, Mexico. The study was approved by the Research and
Ethics Committee of the Hospital (registration number 22-
20) and conducted following the Declaration of Helsinki. All
participants provided written informed consent before any
study procedures. Reporting of the study conforms to broad
EQUATOR guidelines."

Inclusion criteria were onset of symptoms for less than
7 days with a previous history of close contact with a
COVID-19 infected person. Patients were excluded if they
presented any previous vascular or skin disorder in the face,
heart failure history, pneumonia, sepsis, or shock. Clinical
information recorded included demographic data, smoking
history, previous chronic illness history, signs, symptoms and
constants present at the ED, a complete blood count, coagu-
lation panel, serum glucose, creatinine, aspartate and alanine
transaminases, electrolytes, and high-sensitivity C-reactive
protein (hs-CRP).

The index test consisted of a digital infrared thermogram
of the face obtained with a mobile FLIR ONE Pro camera
(FLIR Systems) attached to an iPad mini. The camera has a
160 x 120-pixel size thermal resolution, a spectral range of
8 to 14 pm, and a thermal sensitivity of 70 mK at 30°C. The
camera has a scene temperature ranging from —20°C to 400°C
and can detect temperature differences as small as 0.1°C. For
image acquisition, the camera was left on for 3 minutes be-
fore acquiring the images to allow the stabilization of the sen-
sor. Afterwards, auto-calibration of the instrument was done
following the manufacturer's instructions. All the tempera-
ture measurements were taken following the Thermographic
Imaging in Sports and Exercise Medicine (TISEM) check-
list,'" at a distance of 0.3 m and an angle of 90° relative to
the forehead, in a closed room under controlled conditions of
light and external radiation exposure, controlled room tem-
perature (23°C) and atmospheric humidity of 40% after al-
lowing the subject an acclimatization period of 15 minutes,
and before any invasive medical procedure. To avoid contam-
inating the devices, they were placed inside of a disposable
zip bag. All imaging was done when patients were not febrile.
In the case of patients with a history of fever, the imaging was
done after at least 4 hours of the last febrile episode.

Thermographic analysis of the images was performed
using the FLIR Tools Quick-Report v.1.2 software (FLIR
Systems, version 5.70, 2016) by a researcher blinded to the
clinical data and final diagnosis. The skin emissivity was set
at 0.98 for all acquired images. The researcher delineated a
region of interest (ROI) corresponding to each lacrimal car-
uncle, as this area has previously been shown to be a site of
dynamic temperature changes in response to inflammation
and autonomic stimuli, as well as in the middle patient's fore-
head (Figure 1). Both mean temperatures in degrees Celsius
were recorded, as well as the thermal asymmetry between
them.

Final diagnosis of COVID-19 was done by real-time re-
verse transcriptase-polymerase chain reaction (RT-PCR)
from nasopharyngeal swabs. The test was performed by
an independent party (Statal Public Health Laboratory).
Patients under investigation who had a first negative test re-
quired a second negative test 72 hours apart to be confirmed
as COVID-19 negative. Finally, a sample of 20 confirmed
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FIGURE 1

Infrared thermograms. Digital infrared thermograms of a healthy control (A), a confirmed COVID-19 negative patient (B) and a

confirmed positive COVID-19 patient (C) are shown. The images were converted into greyscale values, and the regions of maximum temperature

values selected in red. Non-COVID-19 subjects show similar maximum temperature distribution in the lacrimal caruncles and forehead (crosses).

COVID-19 positive individuals show significantly higher temperature values on the lacrimal caruncles than on the forehead, thereby the forehead is

not selected as a “hotspot” when thresholding the image

TABLE 1 Sociodemographic and temperature characteristics
Control (n = 20) COVID-19 negative (n = 26) COVID-19 positive (n = 34)  P-value
Age (y) 489 +£12.5 558 £16.5 534 +17.8 .36
Gender Female = 10 (50%); Male = 10  Female = 10 (38%); Male = 16  Female = 16 (47%); .70
(50%) (62%) Male = 18 (53%)
BMI 26.8 +2.6 27.1 +2.8 279 +3.2 .29
Chronic disease 6 (30%) 15 (58%) 19 (56%) 11
Current smoker 2 (10%) 6 (23%) 5 (15%) 47
Forehead temperature (°C) 31.1 £ 1.7 322+19 324+ 1.9 .06
Lacrimal caruncle 312+ 1.7 325+19 335+ 18" <.001
temperature (°C)
Temperature asymmetry (°C) 0.08 £ 0.2 0.35+0.2" 1.2+09* <.001

4P < 0.05 vs COVID-19 negative.
*P < .05 vs Control.

COVID-19 negative hospital staff (healthy volunteers) was
recruited as a negative control.

2.1 | Statistical analysis

Data are presented as mean and standard deviation or pro-
portions for continuous or categorical data, respectively.
Analysis was performed using the statistical software R
v.4.0.1 (The R Core Team, 2020) at the 95% confidence in-
terval. Differences between healthy volunteers and patients
with and without confirmed COVID-19 infection were ana-
lysed by two-sided ANOVA followed by Tukey post hoc tests
or Chi-squared tests. Afterwards, a machine learning random
forest model was used to perform multivariable analysis of

all variables and categorize the patients as COVID-19 posi-
tive or negative. The data were split into a train and a test set
(70/30%), and the trained model was validated using fivefold
cross-validation before testing it in the test set. Reported di-
agnostic accuracy is on the test set data.

3 | RESULTS

A total of 60 patients were included in the study. From these,
34 had an RT-PCR confirmed diagnosis of COVID-19 and
26 had negative test results. A STARD flowchart of the study
design can be accessed in the supplementary material. The
demographic characteristics of the patients and healthy con-
trols are shown in Table 1. Except for elevated prothrombin
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time (13.5 + 2.3 vs 12.2 + 0.9 seconds), lower serum glucose
(5.8 + 1.6 vs 7.1 = 2.9 mmol/L), and higher hs-CRP levels
(8.9 +£0.7 vs 6.6 + 3.1 mg/L), no significant differences were
found in the symptoms, signs, clinical constants or laboratory
results of COVID-19 positive patients compared to negative
patients (Table 2 and 3).

Absolute temperature readings exhibited a wide degree of
variation between subjects (range 27.6 to 36.9°C); therefore,
as hypothesized, no significant differences in the forehead tem-
perature were detected between groups. However, COVID-19
positive patients showed a significantly higher temperature in
the lacrimal caruncles compared to the other groups. Significant
differences were found between the three groups for the tem-
perature asymmetry of the lacrimal caruncles and forehead
(Table 1, Figure 1, and Figure 2). A statistically significant posi-
tive association was found between hs-CRP levels and tempera-
ture asymmetry values (* = .165, P < .001). For each increase
in 1 unit of the hs-CRP values, there was a 0.09°C (95%CI 0.04
to 0.14) increase in the temperature asymmetry (Supplementary
data). When all clinical, laboratory and thermographic data from
people suspected of having COVID-19 infection were analysed
in a random forest model (60 samples, 49 predictors, 2 classes:
positive or negative), the temperature asymmetry was found to
be independently associated with the final diagnosis. A cut-off
value > 0.55°C discriminates with 82% (95%CI 71% to 94%) ac-
curacy between patients with and without COVID-19 infection
(Sn=0.90, Sp=0.71, PPV = 0.82, NPV = 0.83, AUC = 0.964)
(Supplementary data).

To assess if sex, age, or BMI were correlated with tem-
perature asymmetry, we analysed them through a multivari-
able linear model. Our results show that none of the variables
affect temperature asymmetry except for the disease status
(Supplementary data).

COVID-19 negative

(n =26) (n=34)
Onset of symptoms (days) 5IQR 3 5IQR 4
Cough 18 (69%) 28 (82%)
Dyspnea 10 (38%) 17 (50%)
Fever 15 (58%) 19 (56%)
Rhinorrhea 4 (15%) 2 (6%)
Myalgia 10 (39%) 14 (41%)
Cephalea 6 (23%) 10 (29%)
Diarrhoea 8 (23%) 3 (11%)
Heart rate (bpm) 83+ 10 82+ 11
Respiratory rate (rpm) 18 +3 19+3
Mean arterial pressure 824 +11.6 802+ 11.1

(mm Hg)

Temperature (°C) 36.1 £0.5 364+ 04
Sa0, (%) 93.5+32 924 +2.4

COVID-19 positive

An a posteriori statistical power calculation was per-
formed. For a mean temperature asymmetry difference of
0.82 + 0.51°C between COVID-19 positive and negative in-
dividuals, the statistical power calculated at an Alpha level of
0.05 was 98%.

4 | DISCUSSION

COVID-19 infection is characterized by a cytokine-driven
inflammatory response with systemic vascular repercus-
sion.'*!* Our previous research has demonstrated that the
temperature patterns of the skin highly correlate with acute
inflammatory changes in deep tissues.” Moreover, because
the face is highly vascularized, some of its regions dramati-
cally respond to endothelial and autonomic changes, making
them an ideal region to map inflammation. On contrast to
other areas of the face, such as the forehead, that possess a
relatively stable temperature, previous research has demon-
strated the lacrimal caruncle to be subject to dynamic temper-
ature changes in response to a number of stimuli, including
pain and inflammation.>'*!> For this reason, we hypoth-
esized that the systemic vascular and inflammatory response
to COVID-19 infection could be detected in that area, rela-
tive to that of more temperature stable regions.

Our results show that temperature asymmetry of the lacri-
mal caruncle and forehead has a powerful discriminatory ca-
pacity to detect COVID-19 infection. As shown in Figure 1,
both the forehead and lacrimal caruncles show ‘“hotspots”
that can effectively be used to discriminate between healthy
and diseased individuals as they are one of the most salient
features of a face's thermogram. Moreover, the increased
temperature asymmetry observed in COVID-19 infected

TABLE 2 Patient clinical

characteristics
P-value

43
.39
.50
98
41
.96
.84
44
5
43
A7

.09
.38
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TABLE 3 Patient laboratory

COVID-19 negative COVID-19 positive

characteristics (@ = 26) (n = 34) P-value
Leukocytes (10%) 102 +2.7 93+35 .26
Neutrophils (%) 744 +12.9 78.3 + 10.6 .20
Lymphocytes (%) 11.3+5.7 142 +6.9 .08
Haemoglobin (g/dL) 126 £2.2 129 +2.1 .61
Haematocrit (%) 40.1 +7.8 412+79 .60
Platelets (10°) 272 + 110 231 +98 14
Prothrombin time (s) 122 +0.9 13.5+23 012
Activated partial 30.7£5.7 28.5+3.8 .07
thromboplastin time (s)
Glucose (mmol/L) 7.1+29 58+ 1.6 .039
Creatinine (umol/L) 101.5 + 36.4 98.8 +46.9 .81
Aspartate transaminase (IU/L) 43.8 +16.7 51.3+229 .16
Alanine transaminase (IU/L) 544 +31.3 45.1 +21.9 .18
Na (mEq/L) 141.1 +£2.7 139.5+3.5 21
K (mEg/L) 40+0.5 38+0.6 31
Cl (mEq/L) 1059 +5.8 99.3+24.1 35
Ca (mEq/L) 42+02 40+0.2 .76
Mg (mEqg/L) 1.7+£0.4 1.8+0.3 54
PO, (mEq/L) 1.4+03 1.3 4: 0.2 .55
High-sensitivity CRP (mg/L) 6.6 +3.1 89+0.8 <.001

individuals is in line with higher hs-CRP levels and a mod-
est correlation for both measurements, further supporting the
hypothesis that temperature asymmetry of the face is related
to inflammation. Taken together, the results suggest that even
paucisymptomatic COVID-19 infection is associated with a
more robust inflammatory response than other mild respira-
tory illnesses and that this response can be captured using
infrared thermography.

IRT measurements and forehead temperature readings
are being used as screening tools where a large gathering
of people occurs, such as shelters, airports, and supermar-
kets. However, the current tools are limited to identifying
people with a fever and mostly only take into account the
forehead temperature.lé’17 However, the presence of fever
is non-specific and identification of paucisymptomatic pa-
tients, who may not present with fever, is a need for the
ongoing COVID-19 pandemic. In contrast to the imaging
strategies previously used, we designed our study not to
identify patients with fever but to determine if the thermal
pattern of the face could be used as a diagnostic marker
of COVID-19 infection. Because fever may alter these pat-
terns, for example by increasing the absolute temperature
of the lacrimal caruncle,'® thereby, introducing potential
confounding factors to the analysis, we imaged the study's
subjects while they were afebrile. Based on our findings,
the absolute temperature recordings cannot discriminate
between people with and without COVID-19 infection,

thereby questioning the validity of this approach. To ade-
quately screen people who are either asymptomatic or with
minimal symptoms, relative temperature measurements
that factor thermal asymmetry need to be taken into ac-
count. This feature can be engineered into Al algorithms
to increase the sensitivity of automated screening tools in-
tended for settings such as workplaces and schools.'?%°
Infrared thermography captures the heat emitted by the
skin and not the human body's central temperature; therefore,
it is subjected to wider degrees of intersubject variation, as
well as variations due to age and sex differences, environ-
mental factors, and the circadian rhyth111.14’21’22 For these
reasons, measurement of the thermal asymmetry between
a target and a control region is required to control for these
factors. Temperature asymmetry has previously been used to
identify skin inflammatory conditions.,23 breast cancer,24 Sys-
temic inflammatory diseases,25 septic shock,26 and the heal-
ing potential of wounds.?”* Our past research demonstrates,
for example, that temperature asymmetries as low as 0.35°C
can be used to discriminate between patients with and with-
out appendicitis with the same level of accuracy as ultrasound
evaluations.” Thermography's principles and medical appli-
cations have been revised in-depth by Ring and Ammer.”
Another possibility that can explain the differences in
the temperature asymmetry observed is the fact that respira-
tory virus have a well-described ocular tropism.31 Previous
reports have demonstrated that coronavirus can be isolated
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FIGURE 2
analysis. The average temperature of

Infrared thermogram

P the forehead and lacrimal caruncles was

measured and analysed. No significant
differences in forehead absolute temperature
were found across groups. However, the
average lacrimal caruncle temperature in
controls was found to be lower than those in
COVID-19 negative and positive patients,
although the differences were significant
only between controls and the latter group
(A). When the temperature distribution was
analysed as the temperature asymmetry
between the forehead and caruncle,
significant differences between groups were
found (B). COVID-19 individuals showed
the largest temperature asymmetry, followed

Control COVID-19 negative

Group

- Forehead ' Lacrimal caruncule

2.0 ok k

COVID-19 positive

by COVID-19 negative individuals and
controls. ** P < .01, *** P < 001

1.5 *x

1.0

0.5

Temperature asymmetry (oC)

0.0

Control COVID-19 negative

Group

from tears®” and can cause conjunctivitis in humans.* In the
latter case, it is hypothesized that because the conjunctiva is
a mucous membrane, it can serve as a site for the direct in-
oculation of infected droplets and that the nasolacrimal sys-
tem can act as a conduit for viral migration, thus enabling
the transmission of infected tears into the respiratory tract
via the nasolacrimal duct and vice versa.** Furthermore, the
eye possesses an independent ocular renin-angiotensin-aldo-
sterone system with abundant expression of ACE receptors
in the conjunctiva and cornea. ™ Additionally, SARS-CoV-2
viral invasion can also be mediated through attachment to
the CD147 receptor, which is expressed in tears and different

COVID-19 positive

ocular tissues, including conjunctiva, corneal epithelium and
endothelium, stromal keratocytes, and retinal pigment epithe-
lium.***® Taken together, these facts strongly suggest that the
eye's tissues are actively involved in COVID-19 infection and
progression, and that thermal imaging of these structures of-
fers an insight into the infectious process.

A potential limitation of the study is the fact that we did
not control for the intake of medications that could affect
the characteristics of the vascular supply to the face, such
as NSAIDs or antihypertensives. However, because distri-
bution of chronic illnesses was similar between groups and
we used a relative temperature measurement (temperature
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asymmetry) rather than an absolute reading, we believe the
effect of this potential confounder to be partly controlled.
Nonetheless, future studies should take this into account and
control as much as possible the effect of medication on tem-
perature recordings.

Despite the very promissory results of our pilot study,
caution for emitting a final recommendation is warranted.
The predictive value of infrared thermography will likely
vary depending on the natural course of the illness and a va-
riety of environmental factors. Therefore, more extensive tri-
als are required to confirm our findings and validate them in
different settings. Future studies should focus on determining
whether the thermal patterns we identified are maintained or
even increased during febrile episodes and if they can still
be used to discriminate between people with and without
COVID-19 infection.
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