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Abstract: The need to measure body temperature contactless and quickly during the COVID-19
pandemic emergency has led to the widespread use of infrared thermometers, thermal imaging
cameras and thermal scanners as an alternative to the traditional contact clinical thermometers.
However, limits and issues of noncontact temperature measurement devices are not well known
and technical-scientific literature itself sometimes provides conflicting reference values on the body
and skin temperature of healthy subjects. To limit the risk of contagion, national authorities have
set the obligation to measure body temperature of workers at the entrance to the workplace. In this
paper, the authors analyze noncontact body temperature measurement issues from both clinical and
metrological points of view with the aim to (i) improve body temperature measurements accuracy;
(ii) estimate the uncertainty of body temperature measurement on the field; (iii) propose a screening
decision rule for the prevention of the spread of COVID-19. The approach adopted in this paper takes
into account both the traditional instrumental uncertainty sources and clinical-medical ones related
to the subjectivity of the measurand. A proper screening protocol for body temperature measurement
considering the role of uncertainty is essential to correctly choose the threshold temperature value
and measurement method to access critical places during COVID-19 pandemic emergency.

Keywords: body temperature; skin temperature; infrared thermometer; clinical thermometer; skin
emissivity; COVID-19; uncertainty; screening protocol

1. Introduction

The recent spread of infectious diseases such as Severe Acute Respiratory Syndrome
(SARS), Ebola and swine influenza, as well as the COVID-19 pandemic, has accelerated
the need to reliably and quickly identify potentially infected and contagious people. Such
viruses are in fact highly contagious, and there is evidence that they rapidly spread from
person to person also through respiratory transmission. Among the ascertained symptoms
related to SARS-Cov-2 infection, there is the alteration of body temperature [1]. Therefore,
all workplaces and public offices as well as crowded places (e.g., commercial malls, airports
and train stations, public transport, gyms, churches, hospitals etc.) should provide a body
temperature screening procedure aimed at preventing the access of people with febrile
symptoms (e.g., body temperature higher than 37.5 °C).

Temperature screening is therefore proposed as a prerequisite for accessing to con-
trolled areas and facilities. In the United States, in Europe and in most of the countries that
are gradually setting restrictions to face the COVID-19 pandemic, temperature controls are
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becoming a daily ritual [2]. Dealing with the global health emergency due to COVID-19,
the World Health Organization (WHO) has promoted the use of thermal imaging cam-
eras for body temperature screening. In fact, in Italy, the Prime Ministerial Decree of 26
April 2020 [3] set the obligation to measure the body temperature of workers and public
employees at the entrance to their workplace.

However, measuring body temperature is a complex task, especially when this mea-
surement is aimed at identifying, in a quick and reliable way, infected subjects who can
potentially infect others with the SARS-Cov-2 virus. As a consequence, body temperature
measurement should be cheap, simple, noninvasive, quick and safe for the operators
assigned to the measurement and, on the other hand, sufficiently accurate, reliable and
reproducible for the related social and health implications.

Several types of thermometers for body temperature measurement are currently avail-
able on the market, each showing specific peculiarities and precautions of use. Traditional
clinical thermometers present high reliability, but reading is not always easy and need
very long response times. Conversely, electrical clinical thermometers, equipped with a
digital display for simple and rapid reading, show a shorter response time compared to
traditional thermometers, but still require contact with the probe, and, therefore, they can
act as vehicle of transmission of the virus [4]. Only infrared thermometers and thermal
imaging cameras allow almost instantaneous and contactless temperature measurements,
but they measure skin temperature [5].

Probably the most debated issue in remote temperature measurement techniques is
its reliability. In fact, such measurement is particularly influenced by the unavoidable
instrumental uncertainties and by the operator’s ability, but also by numerous “influence
quantities”, such as (i) the emissivity and the reflection coefficient of the emitting skin
surface [6]; (ii) the transmission coefficient of the medium between the sensor and the
target; (iii) the average radiant temperature of the measurement environment (i.e., the
reflected temperature); (iv) the distance and consequent size of the target (effect of the
size of the source) [7,8]. However, the accuracy of noncontact temperature measurement
can be improved by utilizing dual-band or multiband infrared sensing [9,10]. In fact,
these sensors, although more costly and complicated, provide compensation of unknown
emissivity and of some background noise, since the infrared emitted from the target at
different wavelength bands is detected.

The reliability of the body temperature measurement, however, is not only related to
metrological issues, but also to the intrinsic complexity and variability of the “subjective”
measurand and to the homeostatic mechanisms of body thermoregulation [11,12]. This
process is under hypothalamic control, and it is conditioned by several individual factors
(e.g., comorbidities, age, physical activity, digestion, stress, use of drugs and smoking),
temporal variables (e.g., circadian rhythm, menstrual cycle), spatial variables (e.g., body
and skin) and environmental conditions (e.g., indoor/outdoor) [13,14]. In measuring
body temperature, it is worthy to distinguish the core temperature from the peripheral
one. The first refers to the temperatures of the abdominal, thoracic and cranial cavities,
whereas peripheral temperature refers to the skin or subcutaneous tissue and muscles.
There is no gold standard in the measurement of core temperature, which instead is
estimated by the measurement of other body sites [11,15]. Thus, the measurement accuracy
and reliability depend not only on the type of measurement instrument, but also on the
areas of the body where the measurement is performed. The areas of the body most
commonly used to measure body temperature are the rectum, armpits and oral cavity,
while infrared measurements in the tympanic cavity and in other skin areas (e.g., the
forehead, temples and neck) are still matter of discussion in the literature [16,17]. Therefore,
in body temperature measurement, it is necessary to take into account adequately several
inter- and intra-individual variables, environmental and procedural influences affecting
the measurement, that can lead to potential “prescreening errors”.

Regardless of the measurement technique, the instrumental uncertainty, the measur-
ing process and the measurand (i.e., skin or core body temperature), national laws and
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screening protocols generally set a fixed threshold value for the body temperature (typically
37.5 °C). This generic indication, combined with the lack of knowledge of measurement
problems, often leads to unconscious and erroneous assumptions. Indeed, a false negative
result (i.e., temperature below the threshold) can be found when (i) the subject’s “core”
temperature is higher than “skin” temperature; (ii) the mean radiant temperature, skin
emissivity or other measurement variables produce negative systematic errors; (iii) indi-
vidual and environmental variables reduce body temperature. For these reasons, effective
decision rules should rely on an appropriate consideration of the related measurement
uncertainty role [18].

In this paper, the authors discuss the noncontact body temperature techniques in
relation to the individual, temporal, spatial and environmental influence variables. More-
over, a deepen clinical and metrological analysis is carried out with the aim to evaluate the
several error causes (due to the measurand, instrument, environment and operator) and to
estimate the measurement uncertainty according to ISO GUM [19] and ISO/TR 13154 [20].
Finally, a temperature screening protocol and related decision rule applicable at different
operational conditions (e.g., indoor and outdoor) are proposed, taking into account the
related measurement uncertainty.

2. Materials and Methods

The measuring principle of noncontact IR thermometers and thermal cameras is based
on the Stefan-Boltzmann law which relates the maximum quantity of energy (emitted by a
“black” body) with the fourth power of the thermodynamic temperature [21]. However,
most remote thermometers are sensitive only on a reduced portion of the electromagnetic
spectrum, generally in the medium infrared range (A ranging from 3 to 5 um) or more
frequently in the far one (A ranging from 6 to 14 um). Therefore, the measurement is
strictly based on Planck’s law, and the thermometer is designed to operate around the
peak of maximum emission (at ambient temperature this peak is about 10 pm). Infrared
thermometers generally rely on a microbolometric sensor or a thermopile (which are
theoretically sensitive over the entire spectrum range). Lenses and filters interposed
between the sensitive element and the measurement target modify the spectral range of the
sensor, leading the thermometer to reduce the influence of external influence factors, thus
measuring almost all of the radiation coming only from the target. The thermometer optics
is therefore an integral part of the instrument itself since it does not only focus on the target,
but also performs the spectral cutoff of the transmitted electromagnetic radiation. For this
reason, abrasive, oily or solvent products can damage or dull it, making the measurement
completely unreliable.

Thermal imaging cameras and more complex thermal scanners are also based on
the same measurement principle of infrared thermometers, but they are made of (i) a
matrix of sensors as sensitive elements; (ii) an optics similar to that of a video camera;
(iii) a postprocessing software capable of returning a thermal image colormap (of the
entire body or of one element). In these instruments, the infrared radiation is projected
onto a matrix of sensors, and each single pixel of the returned image corresponds to
a temperature measurement. Therefore, starting from the measured radiation, surface
temperature colormaps are obtained, in which each color corresponds to a thermal intensity.
In any case, it is possible to quantitatively evaluate the temperature in each single pixel of
the image (also by correcting the emissivity, humidity and ambient or reflected temperature)
with the assistance of postprocessing software. Some thermal imaging cameras incorporate
many features to facilitate the use of the instrument in industrial and civil applications, such
as ability to store text comments, voice comments and photographs in the visible spectrum.
Of course, for measuring body temperature, the most reliable thermal imaging cameras
are those with higher temperature resolution, which is directly related to the sensors’
sensitivity characterized by the signal-to-noise ratio or the noise equivalent temperature
difference (NEDT). The advantages of measuring on the entire face and not on a specific



Sensors 2021, 21, 346

4 0f 20

Individual (e.g.
comorbidity, physical

activity, digestion, stress,
smoking and use of drugs)

Temporal (e.q. circadian
rhythm, menstrual cycle, age,)

Measurand

and limited spot are that they allow more reliable measurements and less dependence on
emissive singularities and temperature nonuniformity of some parts of the face.

Ultimately, when comparing thermal imaging cameras and thermal scanners with
infrared thermometers, even with the same accuracy of the sensitive elements, the former
can operate without the direct intervention of an operator and from greater distances
(up to 3 m) due to the presence of sophisticated optics, and they can evaluate the entire
visible spectrum of the measurand with higher accuracy. In addition to normal thermal
imaging cameras, thermal scanners perform a scan of the entire environment, thus allowing
the measurement of the temperature on multiple subjects at the same time. The more
sophisticated models show also recognition functions to check the use of the mask and to
open automated turnstiles after a positive check.

Accuracy and reliability of remote body temperature measurement depend on multi-
ple effects, such as (see Figure 1) (i) the intrinsic variability of the measurand (due to both
environment factors and individual homeostatic thermoregulation); (ii) the measurement
procedure used (due to both instrument accuracy and environmental factors); (iii) the data
processing by the operator (in terms of understanding and consequent data corrections).
Therefore, as shown in Figure 2, the causes of uncertainty depend on measurand (i.e.,
individual, spatial, temporal and environmental factors) instrument (e.g., temperature
resolution, accuracy and drift), effects of influence quantities (e.g., emissivity and mean
radiant temperature) and operator (e.g., operator ability, instrument setting and data
postprocessing).

Environment 2 Target zone and
Environment 1 2
(temperature, dimensions
humidity, solar

radiation, ... )

(emissivity, mean

T les,
radiant temperature,...) e s

neck ...)

Infrared Operator

Measurand .
Thermometer Correction

Homeostatic
thermoregulation
(gender, physical
activity, digestion... )

Figure 1. Measuring chain of noncontact body temperature measurement.
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and skin surface)
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Resolution Data analysis
(temperature) (e.g. correction)

Procedure application
(e.g. stabilization time,
target focus, hand
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Figure 2. Root causes of noncontact temperature measurement uncertainty.
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2.1. Measurand Uncertainty
2.1.1. Individual and Spatial Parameters

The first issue in analyzing body temperature measurement and evaluating intra- and
inter-individual variability is to define the average temperature of the healthy population.
Wunderlich [22] was among the first in 1868 to evaluate the body temperature in a large
sample of the population, and he established the axillary mean value of 37 °C within a range
of 36.2 to 37.5 °C. Subsequent studies questioned Wunderlich’s result [23] highlighting the
poor reliability of the axillary measurement and the uncertain accuracy of the thermometers
of the time.

However, considering the numerous physiological variables influencing the body
temperature, it is not possible to define a specific “normal” temperature value, but rather a
range of normality between 36.5 and 37.5 °C [13]. The thermoregulation system is under
hypothalamic control, but, as mentioned above, body temperature can significatively
vary from core to peripheral zone. Core temperature is almost homogeneous, and within
certain limits, it is not influenced by environmental effects. On the contrary, the peripheral
temperature varies between the body areas where it is measured, based on variables
including the subcutaneous adipose layer [24,25], local blood flow, metabolic activity,
environmental conditions and sweating [26,27]. In fact, the skin was described by Henane
as a thermal mosaic [28]. Burton [29] proposes the calculation of the mean body temperature
(MBT) based on the principle that the temperature of the internal “body core” tissues is
almost homogeneous. The MBT is a weighted average generally estimated using the
Equation (1):

MBT = 04 Tskin + 0.6 T, (1)

in which T; is the rectal temperature and Ty, is the skin temperature estimated as a
weighted average of the temperatures measured in different areas of the body.

Certainly, the sites of the body most commonly involved in measuring body tempera-
ture are the axilla, the oral cavity and the rectum. Among these, the rectal temperature has
long been considered the most reliable surrogates of the core temperature for its thermal
stability and high mean values [30]. However, measurements in the tympanic cavity area
and other parts of the skin such as the forehead, the temple (i.e., temporal artery) and
face (i.e., inner canthus) are becoming increasingly common, especially in noncontact
temperature screening. In hospitals, other body areas are theoretically suitable for body
temperature measurements, such as the bladder, esophagus, pulmonary artery. Taylor [15]
and Sund-Levander [31] conducted a systematic study of the temperature variations be-
tween different areas of the body. In Table 1 and Figure 3, the temperature variations
measured in different body sites in healthy population are reported, together with the main
related advantages and disadvantages.

The clinical relevance of body temperature measurement derives from the capacity
of various pathological conditions to alter the thermoregulation mechanisms through
endogenous and exogenous pyrogens. Infectious diseases are the typical example asso-
ciated with important deviations from the basal values of body temperature, sometimes
reaching values of hyperpyrexia. However, there are other comorbidities that can often
cause mild changes in body temperature that may go unnoticed, such as hypothyroidism
(associated with average temperature reductions) and neoplastic pathologies (associated
with temperature increases) [36]. Psychiatric disturbances can also lead to changes in
temperature as demonstrated by Nikitopoulou et al. [37] and Rausch et al. [38]; according
to their studies, patients with depression have body temperature values increased by 0.1
and 0.25 °C, respectively, compared to normal.
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Table 1. Body temperature measurement site comparison.

Mean Reference

Type Body Site Temperature in Advantages Disadvantages
Yp y p 8 8
Healthy Subject
. 36.3 °C (36.15-36.5) [15] Simplicity of use Lle\l‘;eizij:fjtg;‘;f’t;“;n;jlgjﬂ 4
alary Widespread and well known roctal measuremznt
36.3 °C (35.5-37.0) [31] Noninvasive measurement .
Cleaning of the thermometer
36.5 °C (36.4-36.6) [15] Need to keep mouth closed and
to measure away from meals
Oral ) o Simplicity of use Evaporative cooling during
(sublingual) Males: 36.7 °C . ’ breathi
contact (35.7-37.7) Noninvasive measurement reathing
) o Less accurate compared to rectal
Females: 36.2 °C measurement
(33.2-38.1) [31] Cleaning of the thermometer
37°C (36.9-37.1) [1°] Unpleasant for subjects
Males: 37.0 °C Hich reliabili Difficulty of positioning
Rectal (36.7-37.5) Héh accuractyy Risk of injuries
Females: 37.0 °C Invasive measurement
(36.8-37.1) [31] Need for disinfection
(36.9 +0.3) °C [16]
o — Simplicity of use
. 36:85°C (36.6-37.2) [15] High reliable (in absence . L
Tympanic Males: 36.5 °C of ear wax) Risk of injuries
(35.5-37.5) High accuracy Need of disinfection
Females: 37.0 °C Noninvasive measurement
(36.8-37.1) [31]
(36.1 +0.3) °C [32]
o o .. Low accuracy
Temporal (37.1°C + 0.65) °C [33] Nom Hygienic Need to locate the point of
noncontact Artery Females: (36.7+0.2) °C oninvasive measurement

max temperature
[34]

Inner canthus
(Max facial)

Hygienic
Noninvasive measurement
No risk of injuries

Low accuracy
Need to locate the point of max
temperature

(36.0 £ 0.5) °C [35]

Forehead

(34.71 £ 0.392) °C [16] Simplicity of use

Hygienic Less accurate compared to rectal

Fast measurement
Noninvasive measurement
No risk of injuries

and tympanic measurement
34.1 °C (33.6-34.6) [15]

Age represents an additional variable to consider in controlling body temperature.
Elderly people, due to a reduced physical activity and a lower efficiency of the thermoregu-
lation mechanisms, maintain lower average temperatures [39]. In particular, rectal, ear, oral
and axillary temperatures are 0.2-0.7 °C lower than the corresponding average reference
temperatures [40].

It has also been demonstrated that some drugs can cause a change in body temperature.
In particular, oral contraceptives (synthetic steroids) can lead to a persistent increase in body
temperature of about 0.6 °C compared to that of women who do not use them. Therefore,
the body temperature appears to be comparable to that of women in the luteal phase,
maintaining the normal cyclicality, with a preovulatory nadir [41]. Furthermore, since
exogenous steroids have a greater power than endogenous, their effect can persist even after
a long period. Exogenous administration of melatonin can also induce a hypothermic effect
with a logarithmic dose-response effect. Doses of 5 mg of melatonin induce a lowering of
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Axillary (Sund-Levander et al, 2002) |

Oral, males (Sund-Levander et al, 2002) |
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Temporal artery (Hakan et al., 2017) A
Temporal artery (Kahn et al., 2020) | —

Temporal artery, female (Mahamudi etal., 2020) ] ‘

the internal temperature of about 0.2 °C; higher doses, on the other hand, do not induce a
further substantial reduction in body temperature [42]. Even opiates, anti-H1 and anti-H2
antihistamines can cause a change in temperature, which depends on the dosage and the
route of administration. Oral administration of diphenhydramine can induce a reduction
of 0.6 °C on average as well as 30 mg of subcutaneous morphine [43].

mContact ®Non-contact

Axillary (Taylor et al, 2014)

Oral (Taylor et al, 2014) |

Rectal (Taylor et al, 2014)

Inner canthus (Vardasca, 2019)

Forehead (Chen et al, 2020) | ‘—
Forehead (Taylor et al, 2014) —— |
33.0 33.5 340 345 35.0 355 36.0 36.5 37.0 375 38.0 38.5 390

°C

Figure 3. Measured body temperature variability at different body sites.

One of the main factors related to body thermoregulation is the percentage of sub-
cutaneous fat, which, as a thermal insulator, alters heat dissipation. It is therefore easy
to understand how obese people tend to cool down more slowly when passing from
hot to cold environments and, at the same time, tend to be more at risk of hot thermal
stress [44,45]. However, there is no proven correlation between obesity and body tempera-
ture, and although some [46,47] support an inverse association between temperature and
obesity, others [48] deny this hypothesis.

In conclusion, despite the individual variables can cause significant changes in basal
temperature, it is difficult to take them into account in the instrumental temperature screen-
ing due to the impossibility of identifying a priori individuals suffering from comorbidities
or who have taken drugs. A separate discussion could be made on the age of individuals.

2.1.2. Temporal Parameters

In order to optimize physiological processes, body temperature follows a circadian
rhythm (Figure 4a), mediated by endogenous and exogenous factors, which in a conven-
tional lifestyle provides a “plateau” from 14:00 to 20:00 and a minimum peak at 5:00 [49].
In particular, in natural conditions of lighting and social interaction and setting the sleep
duration from 23.00 to 7:00, body temperature ranges from 36.5 °C at 4 a.m. to 37.4 °C at
approximately 8:00 p.m. [50].

A body temperature variability was also found after meals, but it was not significant.
In fact, it has been demonstrated, through the use of an ingestible capsule with a telemetry
sensor, that there are no significant alterations in body temperature after a light mixed
meal of about 600 kcal (premeal temperature of 37.3 + 0.3 °C and postmeal temperature of
37.2 £ 0.23 °C) [51]. These data have been confirmed by Hoffmann et al. [52] with a study
considering three meals with the following macronutrient composition: 5% protein, 35%
fat and 50% carbohydrates.
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Figure 4. Typical body temperature trend: (a) circadian rhythm (the blue arrows represent respec-
tively the minimum and the maximum peak during the day); (b) ovulatory cycle and hormonal
concentration (the blue arrows represent the minimum and the maximum peak during the month,
and the red drops represent the menstruation); (c) march/rest cycle (the metabolism due to muscle
activity, in particular the blue arrows represent the march cycle and the remaining one the rest cycle).

The cyclical hormonal changes related to the menstrual cycle lead to a monthly vari-
ability of the body temperature in the females with higher temperatures in the luteal phase
(36.5-36.8 °C), during which there is an increase in progesterone, and lower temperatures
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in the preovulatory phase (35.9-36.4 °C), during which there is an increase in estrogen [53],
as depicted in Figure 4b.

When the endogenous heat production exceeds the body’s capacity for dispersion
(e.g., during physical activity), an increase in skin and body temperature occurs (Figure 4c).
In extreme cases, the increase in metabolism due to intense muscle activity leads to the
so-called exercise-induced hyperthermia (i.e., an increase in the rectal temperature up to
40 °C) [54]. Unlike parainfectious fever, in which the hypothalamic temperature target
resets to higher values, during hyperthermia, the cessation of the heat source determines a
rapid return to basal temperature values (within 30 min) [55]. Therefore, before performing
a body temperature measurement, it would be advisable to wait a reasonable time after
some activities (e.g., intense physical exercises, hot baths, intake of hot/cold food and
drinks, etc.). Only in this way the temporal variability of the body temperature can be
considered negligible.

2.1.3. Environmental Parameters

In a moderate environment, the peripheral temperature can be 2-6 °C lower than the
core one, although this gradient can range from almost zero (in hot environments) to high
values (in cold environments). In [56], average temperatures measured at nine different
body areas at different room temperatures are reported. The authors found large difference
between core and peripheral temperature (up to 10-15 °C for foot and finger) in a warm
environment (about 20 °C), whereas these differences were lower (about 1-2 °C) in a hot
environment (about 33 °C).

Skin temperature measurement is commonly used to explore the interaction between
human thermophysiology and the external environment [57]. While the core temperature
is endothermic and strictly regulated by the brain, the skin temperature is exothermic since
it is influenced by the environment and by the “dual-thermic” thermoregulation ability.
Particularly during heat stress, peripheral vasodilation increases the blood flow of the skin
(with consequent increase in temperature and heat dissipation). On the other hand, during
cold stress, peripheral vasoconstriction leads to a decrease in skin temperature and heat
transmission to the environment.

Therefore, in the case of sudden changes in environmental conditions, it would be
advisable to wait an adequate stabilization time to reach a new steady state before the
measurement.

2.2. Instrumental Uncertainty Causes

The main causes of instrumental uncertainty are (i) uncertainty of the characteristic
(calibration curve), (ii) drift and (iii) temperature resolution.

Noncontact infrared thermometers show measuring accuracies that are on average
lower than those of contact ones. Clinical infrared (IR) thermometers may be classified into
two types: “ear canal IR thermometers” and “skin IR thermometers. ASTM E1965-98:2003,
EN 12470-5:2003 and EN ISO 80601-2-56:2012 [58—60] provide specifications for infrared
thermometers. In particular, maximum permissible errors of the infrared thermometer
equal 0.2 °C for the auditory canal and 0.3 °C for the skin have been set at normal range
and environmental conditions. On the other hand, according to ASTM E 667-86 and ASTM
E 1112-86, the maximum permissible error of mercury in-glass and electronic thermometers
is equal to 0.1 °C.

In regard to thermal imaging cameras, ISO IEC 80601-2-59:2011 [61] provides relevant
technical and performance elements aimed at performing reliable measurement. In particu-
lar, the standard provides (i) threshold temperature (adjustable in the range between 34
and 39 °C, with increments not exceeding 0.1 °C); (ii) minimum display interval for face
temperature (between 30 and 40 °C); (iii) temperature resolution better than 0.1 °C; (iv)
availability of alarm systems (e.g., above 37.5 °C); (v) image processing software to detect
the febrile state of subjects (e.g., individual, row-ordered group or unordered group). In the
case of research systems on people groups for a screening, the software must implement the
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automatic recognition of different subjects (targets). Thus, the accuracy in estimating the
temperature depends on the performance of the system components (i.e., the camera and
the data postprocessing software), the detection methods and the environmental conditions.
The best accuracy (typically within 0.3 °C) is obtained in a controlled environment for
individual control, whereas accuracy worsens up to 2 °C for unordered people groups
in uncontrolled temperature environments. Finally, it is necessary to carefully follow the
indications provided in the technical note ISO/TR 13154:2017 [20] to ensure proper use of
these systems and correct interpretation of the results.

The drift of IR thermometers and thermal cameras strongly depends on the quality
of the instrument and of the conditions of use, and it is typically about 0.1 °C/year.
This uncertainty source can be reduced through frequent periodic calibrations. Infrared
blackbody calibrators are typically used for calibration since they rely on a surface which
emissivity ranges between 0.95 and 0.98 heated at different known temperatures. The
temperature resolution of the measuring instruments depends on the number of bits of
the A/D converter and the consequent choice of the LCD display. In the case of infrared
thermometers, temperature resolution is generally equal to 0.1 °C.

2.3. Environmental Uncertainty Causes (Influence Quantities)
2.3.1. Temperature Effect

Nowadays, the most used infrared cameras and IR thermometers use bolometric/
microbolometric technology. The main advantage of bolometric technology when com-
pared to photonic technology is that a cooling system to operate in the long-wave infrared
band is not needed. On the other hand, the thermal frames measured by noncooled
microbolometric IR cameras are hardly influenced by the spatial nonuniformity noise.
Generally, this effect varies with time due to the internal camera temperature stability
(i.e., lens, camera surroundings and Focal Plane Array (FPA), and the thermal drift can be
particularly relevant. Unfortunately, the ambient temperature fluctuations are unavoidable;
thus, compensation of the instrument output through frequent multipoint calibration or
using adaptive signal-processing-based algorithm statistics is required [62]. The influence
of the device temperature on the temperature measurement strictly depends on the type
of sensor, and the related error can be very high; thus, adequate compensation strategies
have to be adopted by manufacturers (e.g., chopper) or by final users (e.g., the operator
should avoid holding the instrument in their hands or leaving it at low temperatures for
long times).

2.3.2. Skin Emissivity

Bodies in nature exhibit very different behavior from black bodies and emit only a
reduced amount of energy compared to the maximum one. As a consequence, they reflect a
certain amount of the energy incident on the surface itself in a complementary way to that
emitted (according to Kirchhoff’s law). For this reason, it is necessary to avoid performing
measurements in the presence of direct solar radiation on the measurand surface.

To quantify the effect of the surface emissivity, manufacturers of clinical thermometers
directly set the emissivity value ¢ (i.e., the ratio between the energy emitted by the real
body and that of the black body at a given temperature) in the instrument and correct the
value of the reflected energy, generally considering this is equal to that produced by an
environment at 20 °C. However, the monochromatic emissivity trend of real bodies at a
fixed temperature should be very different (see Figure 5) due to the constituting material,
the surface finish and the wavelength. In fact, total emissivity is not constant with the
temperature surface.



Sensors 2021, 21, 346

11 of 20

Black body

1.00
€.
0.75

0.50

0.25

Perfect mirror

0.00

0 2 4 6 8 10 12 14
A [um]

Figure 5. Monochromatic emissivity trend of human skin and other surfaces.

Human skin shows a very high far infrared emissivity (regardless of skin color) of
approximately 0.98 [6], but numerous parameters can influence its value (e.g., sweat, make-
up, lotions, scars, porosity of the skin, hair, etc.) [63]. The emitting properties of the skin
are mainly related to melanin which absorbs in the ultraviolet region and also determines
the color of the skin. This latter presents a wide absorption and emission band of around
0.275 um due to aromatic chromatophores. At higher wavelengths (in the visible and near-
infrared), absorption peaks at 0.76, 1.00, 1.20, 1.45 and 2.00 pm (due to the presence of water)
are present. In addition, other substances present on the epidermis, including keratin,
collagen, fats, melanin, make-up and water, affect the skin’s absorption/emission spectrum.

Skin emissivity depends on its humidity. In fact, water has a far infrared emissivity of
0.96, while that of oils and fats is about 0.82. Therefore, in the infrared range, skin emissivity
decreases as humidity increases, and the minimum value corresponds to skin completely
covered in sweat. The emissivity of clay and earthy pigments, on the other hand, ranges
between 0.93 and 0.95. For this reason, the noncontact temperature measurement should
always be carried out in a spot of clean and dry (i.e., sweat-free) skin, possibly avoiding
the presence of hair, wounds or scars, cosmetics or other products that could greatly affect
the measurement. Fever of nearly 1-2 °C could be masked by applying common cosmetics
containing solid particles to the human forehead [64].

Figure 6 shows the effect of the skin emissivity variation on the measured temperature.
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Skin emissivity [-]
Figure 6. Error trend depending on skin emissivity.

2.3.3. Surrounding Environment (Mean Radiant Temperature) and Other Factors

The radiation of the surrounding environment can determine a significant influence
especially when the emissivity of the skin is lower than the reference value (i.e., 0.98), and,
therefore, it is no longer possible to neglect the radiation reflected by the target compared
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to that emitted. As an example, when the emissivity is equal to 0.98 and the mean radiant
temperature is 10 °C higher or lower than the body temperature (i.e., outdoor conditions),
an error of about 0.2 °C will occur. On the other hand, these errors cannot be corrected
through a simple calibration, since this depends on the reflected ambient temperature (e.g.,
from a window that is irradiated by the sun), even if the room temperature is stable [9,10].
The use of a reference target (i.e., at known temperature) may reduce and compensate for
the effect of this influence factor. In this regard, Figure 7 shows the dependence of the error
on the mean radiant temperature, having set a calibration temperature equal to 20 °C.

0.50

040 || £=098

030 || Tiage =37°C

0.20
. 0.10
0.00
—0.10
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Figure 7. Error depending on the mean radiant temperature.

Other influencing factors are represented by the attenuation of the radiation due to the
atmosphere (this effect is generally negligible when short distances between the instrument
and the target are guaranteed) or glass/filters interposed between the measurement target
and the instrument (see Figure 8).
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Figure 8. Other influence factors.

2.4. Operator (Setting and Data Processing)
2.4.1. Angle of Incidence

Several factors related to the operator can affect the body temperature measurement
accuracy due to both the procedure (e.g., angle of incidence of the measurement and
distance from the target) and to the postprocessing of the data. A further complication of
the measurement is represented by the fact that the emission angle of the IR radiation for all
real bodies is not perfectly Lambertian, such as that of black bodies. Therefore, for accurate
measurements, the angle of incidence should be kept lower than 60-70° (see Figure 9).
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Figure 9. Influence of angle of incidence.

2.4.2. Target Distance and Focusing

A specific measurement issue of infrared thermometers is represented by the target
(or spot) dimension, which must coincide with the surface that is actually intended to
be measured. In fact, the infrared radiation emitted by the target passes through the
thermometer optics, and it is projected into the sensor. If the measured target is smaller
than that of the “spot”, the sensor will also be hit by radiation sources coming from the
immediate vicinity of the target. In this case, the thermometer does not measure the
temperature of the target, but an average of the temperatures of the target and of the
surrounding emitted surfaces. The dimensions of the measurement target are, in fact,
closely related to the distance of the thermometer from the target itself. The higher this
distance, the larger the spot size. Consequently, when small targets are measured, the
thermometer should be kept close to the target itself (see Figure 10).

Spot

Distance 50 100 150
Distance : Spot =50: 1

Laser
....... Infrared

Figure 10. Effect of the target distance (D:S).

Manufacturers’ technical specifications specify the distance ratio on the spot area (D:S)
or the spot size ratio (SSR). For example, the SSR of most infrared thermometers ranges
between 1:5 and 1:50, meaning that they can measure the temperature of a 1 cm diameter
target at a distance ranging from 5 to 50 cm.

A further crucial factor for thermal camera is target focusing, because images out of
focus strongly affect the accuracy of results. Three types of focus system can be chosen in
thermal cameras: (i) fixed focus (i.e., focuses on targets at a specific distance) suitable for
low-temperature resolution and quickly finding hot and cold spots; (ii) manual focus used
to obtain an accurate focus (e.g., very close to the target) for high-temperature resolution
measurements; (iii) autofocus: (e.g., laser-assisted, multifocal image capture) used to obtain
sharp focusing for both experienced and novice operators.
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3. Results
3.1. The Proposed Screening Protocol

Thermal measurement screening can be useful to separate potentially infectious in-
dividuals in accessing workplaces sites or crowded locations, such as hospitals, clinics,
critical infrastructures, universities, schools, public offices (e.g., police and fire stations,
museums etc.), public transport etc. For example, the appropriateness or mandatory na-
ture of measuring the body temperature of workers and employees at the entrance to
their workplaces and offices was set in Italy by the Prime Ministerial Decree of 26 April
2020 [3]. However, the prevailing guidelines suggest measuring the body temperature at
the entrance of each work activity according to the precautionary principle.

In theory, two different types of screening could be adopted to control body temper-
ature: (i) the first one, based on a deterministic temperature threshold (generally set at
37.5 °C to avoid a large number of false positives); (ii) the second one, based on a statistical
threshold value determined on the basis of the sample-measured temperatures at real
measurement conditions and the adopted procedure. In order to be consistent with the
decision rules for the selection of suspicious cases, in the first case, it is necessary to take
into account both the accidental and systematic uncertainty contributions (i.e., those de-
pending on the design/choice phase of measurement method and on the on-field execution
phase). In the second case, if the measurements are always carried out with the same
instrument, measurement method, environmental conditions and operator, it is possible
to take into account only some uncertainty causes (e.g., only type A uncertainties that do
not determine a significant difference between the measurement of a single subject and
the mean value of the population under screening). In other words, if the environmental
conditions determine an uncertainty of the measurement of 0.3 °C but are stable and
produce a systematic measurement shift (that is always constant in excess or in defect), this
uncertainty should not be taken into account in the screening procedure. This circumstance
can greatly simplify the prescreening phase considering negative subjects which in absolute
terms have temperatures compatible with the absolute threshold value, but which do not
exceed this value. A second step of the screening projection can therefore concern only the
subjects that exceed the absolute limit value with more accurate measurement techniques.

In any case, effective screening cannot ignore the clear definition of the body site
where the measurement has to be performed (e.g., the frontal forehead, inner canthus
etc.) and may refer to this value as the corresponding core temperature value. The
measurement protocols issued by the competent authorities establish that workers should
“be subjected to temperature measurement”, and this does not necessarily imply the
presence of a measurement operator. In principle, self-measurement by the worker could
also be carried out under the control of the employer or his subordinate who should
ensure the measurement correctness. The legislator leaves the freedom to choose the most
suitable measuring instrument: both innovative remote thermometers and traditional
clinical contact thermometers (i.e., analog liquid expansion and digital electric). However,
the latter would not guarantee in many situations an adequate measurement time, also
due to the need to disinfect the thermometer each time it is used (unless personal probes
or disposable strips are used for each worker). It should also be noted that compared
to traditional contact thermometers, infrared thermometry allows for the maintenance
of a greater distance between the operator and the worker subject to measurement. In
particular, infrared thermometers need to measure at about 5-15 cm from the subject (due
to the limited SSR), while thermal imaging cameras and thermoscanners can measure at
distances of a few meters. These considerations often guide the employer towards the
choice of a remote temperature measurement method (i.e., an infrared thermometer, a
thermal imager or a thermoscanner).

3.2. Uncertainty Estimation

In order to choose the most appropriate thermometer and measurement method, it
would be necessary to evaluate its main metrological characteristics (in addition to response
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time and easiness of use) which influence the measurement uncertainty and reliability.
On-field uncertainty estimation should include all relevant components of uncertainty
and not only instrumental ones. In fact, the measurement uncertainty strictly depends on
the measurand, instrument, test conditions and procedures used by the operator in the
execution and data processing [65,66].

Often, noncontact thermometer manufacturers do not report metrological specifica-
tions in terms of measurement accuracy, meaning that the display temperature resolution
(which is typically equal to 0.1 °C) is consistent with its accuracy. Typically, the expanded
uncertainty of body temperature measurement through traditional contact thermometer is
within 0.1 °C, whereas that through infrared thermometers can be higher than 0.2 °C. In
addition, the measurement procedure (e.g., measurement performed after thermal stabi-
lization of the subject or not), the body site (e.g., the forehead, temple or tympanum), the
skin condition (e.g., the presence of make-up or sweat) and the hour of the day (e.g., before
or after meals) may considerably increase the uncertainty value.

Table 2 shows an example of uncertainty budget for noncontact body temperature
measurement in two different typical conditions: (i) indoor after thermal stabilization of the
subject and (ii) outdoor without thermal stabilization of subject. From the calculation of the
combined standard uncertainty, it can be observed that the measurement uncertainty can
be influenced by the measurement conditions more than by the instrument. Furthermore,
the combined uncertainty is almost higher in the case of “uncontrolled” conditions, unless
the statistical threshold is considered.

Therefore, according to ISO GUM [19], the combined standard uncertainty is given by
the Equation (2), whose terms are described in Table 2.

@

3.3. Conformity Decision Rule

In order to obtain the appropriate decision rule in assessing conformity to specifica-
tions (in our case the temperature measurement above the threshold), the following aspects
should be considered:

(@) A threshold reference value should be set by the decision maker (e.g., by law), by
declaring at which body site the measurement is to be performed, and this applies
when a fixed threshold value is used instead of a statistical one (e.g., 37.5 °C in the
case of axillary contact measurement).

(b) For body sites other than that fixed (by law), the threshold value should be adequately
transposed; as an example, in the case of noncontact forehead measurement, the
threshold limit should be transposed by about 1.6 °C as a function of the most reliable
literature reference value [16] and then set to 35.9 °C. This value has been considered
sufficiently reliable (as shown in Table 1), since the related uncertainty is lower
than the individual, spatial and temporal ones, as shown in the uncertainty budget
in Table 2. In any case, when the transposition associated with the measurement
technique used is not supported by extensive literature studies, a further uncertainty
on this correction should be considered.

(c) Finally, a corrected conservative threshold value should be considered with the aim
of properly taking into account the unavoidable measurement uncertainty, meaning
that this latter (e.g., 0.4 °C for indoor conditions) should determine an uncertainty
zone centered on the transposed threshold value as depicted in Figure 11.
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Table 2. Uncertainty budget.
Measurement Conditions
Indoor Outdoor
Uncertainty Uncertainty e (After Subject (Without Subject
Source Cause Symbol Type  Distribution Acclimatisation) Acclimatisation)
Expanded Standard Expanded Standard
Uncertainty  Uncertainty  Uncertainty  Uncertainty
;E‘;“S’;i‘:;ll Upind A Normal 0.20 °C 0.10 °C 0.20 °C 0.10 °C
Measurand Temporal U temp A Rectangular 0.25°C 0.09 °C 0.50 °C 0.18 °C
Environmental  uy, eno B Rectangular 0.25°C 0.09 °C 0.50 °C 0.18°C
Calibration Uj cql B Normal 0.15°C 0.08 °C 0.15°C 0.08 °C
Drift Ui drift B Normal 0.10°C 0.05°C 0.10°C 0.05°C
Instrument Temperature
resgluﬁon 1 res A Normal 0.10 °C 0.05°C 0.10 °C 0.05°C
Response time  ; iy, A/B Normal negligible - negligible -
Terzf};z?’gure Ue,temp B Rectangular 0.10 °C 0.04 °C 0.20 °C 0.07 °C
Environmental Skin
Influence emissivity 2 Ug omi B Rectangular 0.05 °C 0.02°C 0.10 °C 0.04 °C
quantities .
i\e/[;‘;r;f;fﬁe“; lemrt B Rectangular 0.05°C 0.02°C 0.20 °C 0.07 °C
unf?;fritity Uotarget B Rectangular  0.05°C 0.02°C 0.05 °C 0.02°C
Operator Angle
inci d%nce Upangle A/B Normal negligible - negligible -
fixed threshold 0.40°C 0.20 °C 0.62 °C 0.31°C
Composed Uncertainty —
statistical threshold 0.28 °C 0.14 °C 0.42°C 0.21°C

1 Evaluated on the basis of a device temperature between 20 £ 2 °C (20 £ 5 °C) for indoor (outdoor) conditions. 2 Evaluated on the basis
of a skin emissivity between 0.980 + 0.003 (0.980 & 0.006) for indoor (outdoor). 3 Evaluated on the basis of a mean radiant temperature
between 20 + 2 °C (20 £ 10 °C) for indoor (outdoor) conditions.

Access allowed

Transposed
threshold value

Acceptance Zone

»

Rejection Zone

Uncertainty
Zone

Access denied

Ll

Laia

Figure 11. Acceptance, rejection and uncertainty zones.

Therefore, the measurement uncertainty should be carefully estimated and possibly
reduced to avoid treating subjects with slightly altered body temperature as a “false
negative” and to reduce the number of “false positive”. In fact, the greater the uncertainty
of measurement, the greater the number of false positives that require treatment after the
prescreening phase.
As above described and following a precautionary principle, the authors suggest
adopting a double-step measurement procedure. In the first step, a simple and quick
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(although less accurate) noncontact temperature measurement is performed to assess
whether the temperature of the subject is below the above-defined transposed threshold
limit (e.g., 35.9 °C), further decreased by the measurement uncertainty (e.g., 0.4 °C which
is typical of an infrared thermometer measuring the body temperature in the forehead in
an indoor environment).

Only when the first-step noncontact measurement falls within the uncertainty zone
(e.g., from 35.5 to 36.3 °C for forehead measurement) is a second step then performed
by means of a contact temperature measurement and after the subject has been at rest
to thermally stabilize for at least 15 min in an indoor environment. For example, in the
case of a second-step axillary temperature assessment with a threshold value of 37.5 °C, a
measurement uncertainty of 0.2 °C (i.e., the typical uncertainty of a Galinstan thermometer
for axillary body temperature measurement in controlled conditions) should be considered
(see Table 3), thus leading to a corrected threshold value equal to 37.3 °C.

Table 3. Example of the proposed temperature screening protocol in indoor conditions.

First Step Second Step
Noncontact Temperature Contact Temperature Action
(Forehead) (Axillary)
t<355°C - access allowed
<373°
355 <t < 36.3°C t<373°C access allowed
t>373°C access denied
t>36.3°C - access denied

Moreover, the threshold temperature values should be evaluated on the basis of real
working conditions, and the protocol described should be subject to further refinement
based on data collected in a practical environment.

4. Conclusions

The numerous measurement methods and devices currently available, together with
the related metrological and clinical issues, make the choice of body temperature screening
protocols to prevent the spread of COVID-19 particularly complex. To this aim, noncontact
temperature measurement method has been identified as the most practical solution
considering the short response times, the intrinsic simplicity and the safety for the operators.
In particular, thermal imaging cameras and automated thermal scanners can completely
avoid the exposure of the operator to the potential risk of contagion and generally show
good accuracy due to the possibility of carrying out more complex facial thermal mapping.
The high cost of these instruments has led to the spread of infrared thermometers.

However, the reliability of the body temperature measurement depends on different
factors, such as (a) the measuring instrument; (b) the body site; (c) the procedure; (d) the
environmental conditions; (e) the measurand conditions. In fact, the expanded uncertainty
of noncontact body temperature measurement can be greatly higher than the sole instru-
mental one. For example, the authors estimated expanded uncertainty to range between
0.40 °C (for a subject at rest in an indoor environment and after an adequate stabilization
time) and 0.62 °C (for a subject immediately after marching in an outdoor environment
and without thermal stabilization). Conversely, expanded uncertainty of contact body
temperature measurement in controlled conditions was estimated equal to 0.20 °C.

Therefore, in order to improve the reliability of screening temperature protocols to
prevent the spread of COVID-19 disease, according to the precautionary principle, the
authors propose the following;:

- To set a threshold reference (by considering an assigned measurement body site);

- To punctually establish the measurement conditions and method;

- To accurately estimate the measurement uncertainty (taking into account the main
contributions at the real operative measurement conditions);
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- To transpose the threshold reference value as a function of the body site used;

- To perform a double-step measurement protocol consisting of (a) a first step, with
a noncontact body temperature measurement, and (b) a second step, with a further
contact body temperature measurement when the measured value falls within the
uncertainty zone.

The application of the proposed protocol reduces false negatives and, as a consequence,
also the risk associated with unreliable screening. To further reduce the occurrence also
of false positives, particular attention should be paid to (i) the choice of the measuring
body site with higher sensitivity and selectivity; (ii) the acclimatization of the subject; (iii)
the choice of the thermometer with a higher sensitivity, repeatability and stability; (iv)
the frequent calibration of the instrument; (v) the use of a reference target (i.e., at know
temperature); (vi) the adequate training of the measuring operator. In this sense, improving
a single influence factor, such as the sole sensor sensitivity, does not does lead to significant
improvements.

The adoption of the proposed protocol will allow for the combination of the easiness
of use and the hygiene of noncontact thermometers with the precision and reliability of
contact ones, enabling the reduction of the false negatives due to measurement uncertainty.

Author Contributions: Conceptualization, M.D., G.B.D.; methodology, M.D., G.B.D., E.C.; formal
analysis, M.D., G.B.D., E.C; data curation, G.F,, M.D., L.C.; writing—original draft preparation, M.D.,
G.B.D,, E.C; writing—review and editing, L.C., G.F,; visualization, L.C., G.F,; supervision, M.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Paules, C.I.; Marston, H.D.; Fauci, A.S. Coronavirus Infections—More Than Just the Common Cold. JAMA ]. Am. Med. Assoc.
2020, 323, 707-708. [CrossRef]

2. FDA. Enforcement Policy for Telethermographic Systems During the Coronavirus Disease 2019 (COVID-19) Public Health Emergency
Guidance for Industry and Food and Drug Administration Staff; U.S. Department of Health and Human Services, Food and Drug
Administration, Center for Devices and Radiological Health (CDRH), Office of Product Evaluation and Quality (OPEQ), FDA:
Silver Spring, MD, USA, 2020.

3.  Presidente del Consiglio dei Ministri Decreto del Presidente del Consiglio dei Ministri del 26 Aprile 2020. Available on-
line: https:/ /www.lavoro.gov.it/documenti-e-norme/normative /Documents /2020 / DPCM-26-aprile-2020.pdf (accessed on 30
November 2020).

4. Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment
of Coronavirus Disease 2019 (COVID-19): A Review. JAMA |. Am. Med. Assoc. 2020, 324, 749-751. [CrossRef]

5. Buono, M.J,; Jechort, A.; Marques, R.; Smith, C.; Welch, ]. Comparison of infrared versus contact thermometry for measuring skin
temperature during exercise in the heat. Physiol. Meas. 2007, 28, 855-859. [CrossRef] [PubMed]

6.  Steketee, J. Spectral emissivity of skin and pericardium. Phys. Med. Biol. 1973, 18, 686—-694. [CrossRef] [PubMed]

7. DeWitt, D.P.; Nutter, G.D. Theory and Practice of Radiation Thermometry; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1988;
ISBN 9780470172575.

8. Zaproudina, N.; Varmavuo, V.; Airaksinen, O.; Narhi, M. Reproducibility of infrared thermography measurements in healthy
individuals. Physiol. Meas. 2008, 29, 515-524. [CrossRef] [PubMed]

9. Lu, Y,; He, X,; Wei, Z-H,; Sun, Z.-Y.; Chang, S.-T. Ambient temperature-independent dual-band mid-infrared radiation thermom-
etry. Appl. Opt. 2016, 55, 2169-2174. [CrossRef] [PubMed]

10. Villa, E.; Arteaga-Marrero, N.; Ruiz-Alzola, J. Performance assessment of low-cost thermal cameras for medical applications.
Sensors 2020, 20, 1321. [CrossRef]

11. Romanovsky, A.A. The thermoregulation system and how it works. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The
Netherlands, 2018; Volume 156, pp. 3—43. [CrossRef]

12.  Negishi, T.; Abe, S.; Matsui, T.; Liu, H.; Kurosawa, M.; Kirimoto, T.; Sun, G. Contactless vital signs measurement system using
RGB-thermal image sensors and its clinical screening test on patients with seasonal influenza. Sensors 2020, 20, 2171. [CrossRef]

13. Kasper, D.; Fauci, A.; Hauser, S.; Longo, D.; Jameson, J.L. Harrison’s Principles of Internal Medicine, 19th ed.; McGraw Hill Higher

Education: New York, NY, USA, 2015.


http://doi.org/10.1001/jama.2020.0757
https://www.lavoro.gov.it/documenti-e-norme/normative/Documents/2020/DPCM-26-aprile-2020.pdf
http://doi.org/10.1001/jama.2020.12839
http://doi.org/10.1088/0967-3334/28/8/008
http://www.ncbi.nlm.nih.gov/pubmed/17664677
http://doi.org/10.1088/0031-9155/18/5/307
http://www.ncbi.nlm.nih.gov/pubmed/4758213
http://doi.org/10.1088/0967-3334/29/4/007
http://www.ncbi.nlm.nih.gov/pubmed/18401069
http://doi.org/10.1364/AO.55.002169
http://www.ncbi.nlm.nih.gov/pubmed/27140549
http://doi.org/10.3390/s20051321
http://doi.org/10.1016/B978-0-444-63912-7.00001-1
http://doi.org/10.3390/s20082171

Sensors 2021, 21, 346 19 of 20

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.
29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Grodzinsky, E.; Sund Levander, M. Understanding Fever and Body Temperature: A Cross-Disciplinary Approach to Clinical Practice;
Springer International Publishing: Berlin/Heidelberg, Germany, 2020.

Taylor, N.A.S,; Tipton, M.].; Kenny, G.P. Considerations for the measurement of core, skin and mean body temperatures. J. Therm.
Biol. 2014, 46, 72-101. [CrossRef]

Chen, H.Y.; Chen, A.; Chen, C. Investigation of the impact of infrared sensors on core body temperature monitoring by comparing
measurement sites. Sensors 2020, 20, 2885. [CrossRef]

Kelly, G. Body temperature variability (part 1): A review of the history of body temperature and its variability due to site selection,
biological rhythms, fitness, and aging. Altern. Med. Rev. 2006, 11, 278-293. [PubMed]

Joint Committee For Guides in Metrology (JCGM). Evaluation of Measurement Data—The Role of Measurement Uncertainty in
Conformity Assessment. 2012. Available online: https://www.bipm.org/utils/common/documents/jcgm /JCGM_106_2012_E.
pdf (accessed on 30 November 2020).

Joint Committee For Guides in Metrology (JCGM). Evaluation of Measurement Data: Guide to the Expression of Uncertainty
in Measurement. JCGM 100:2008 (GUM 1995 With Minor Corrections). 2008. Available online: https://www.bipm.org/utils/
common/documents/jcgm/JCGM_100_2008_E.pdf (accessed on 30 November 2020).

ISO. ISO/TR 13154:2017 Medical Electrical Equipment—Deployment, Implementation and Operational Guidelines for Identifying Febrile
Humans Using a Screening Thermograph; ISO: Geneva, Switzerland, 2017.

Usamentiaga, R.; Venegas, P.; Guerediaga, J.; Vega, L.; Molleda, J.; Bulnes, F.G. Infrared thermography for temperature measure-
ment and non-destructive testing. Sensors 2014, 14, 12305-12348. [CrossRef] [PubMed]

Breuer, J. Das Verhalten der Eigenwarme in Krankheiten. In Wiener medizinische Wochenschrift; Springer International Publishing:
Berlin/Heidelberg, Germany, 1868; pp. 982-985, 998-1002.

Mackowiak, P.A.; Wasserman, S.S.; Levine, M.M. A Critical Appraisal of 98.6°F, the Upper Limit of the Normal Body Temperature,
and Other Legacies of Carl Reinhold August Wunderlich. JAMA ]. Am. Med. Assoc. 1992, 268, 1578-1580. [CrossRef]
Salamunes, A.C.C.; Wan Standik, A.M.; Neves, E.B. The effect of body fat percentage and body fat distribution on skin surface
temperature with infrared thermography. J. Therm. Biol. 2017, 66, 1-9. [CrossRef] [PubMed]

Leblanc, J. Subcutaneous fat and skin temperature. Can. J. Biochem. Physiol. 1954, 32, 354-358. [CrossRef]

Maley, M.].; Eglin, C.M.; House, J.R.; Tipton, M.]. The effect of ethnicity on the vascular responses to cold exposure of the
extremities. Eur. ]. Appl. Physiol. 2014, 114, 2369-2379. [CrossRef]

Maniar, N.; Bach, A.J.E.; Stewart, I.B.; Costello, J.T. The effect of using different regions of interest on local and mean skin
temperature. J. Therm. Biol. 2015, 49, 33-38. [CrossRef]

Henane, R.; Bittel, J.; Banssillon, V. Partitional calorimetry measurements of energy exchanges in severely burned patients. Burns
1981, 49, 33-38. [CrossRef]

Burton, A.C. Human Calorimetry: The Average Temperature of the tissues of the body. J. Nutr. 1935, 9, 261-280. [CrossRef]
Haldane, J.S. The influence of high air temperatures no. L. J. Hyg. 1905, 5, 494-513. [CrossRef] [PubMed]

Sund-Levander, M.; Forsberg, C.; Wahren, L.K. Normal oral, rectal, tympanic and axillary body temperature in adult men and
women: A systematic literature review. Scand. J. Caring Sci. 2002, 16, 122-128. [CrossRef] [PubMed]

Khan, S.; Saultry, B.; Adams, S.; Kouzani, A.Z.; Decker, K.; Digby, R.; Bucknall, T. Comparative accuracy testing of non-contact
infrared thermometers and temporal artery thermometers in an adult hospital setting. Am. ]. Infect. Control 2020. [CrossRef]
[PubMed]

Mahmoudi, Z.; Jahanpour, F.; Azodi, P.; Ostovar, A. Comparison of the Specificity and Sensitivity of the Infrared Temporal Artery
and Digital Axillary Body Temperature Measurements with Nasopharyngeal Method in Adult Patients. J. Clin. Care Ski. 2020,
1,147-151.

Hakan, N.; Okumus, N.; Aydin, M.; Kiictikbzkan, T.; Tuygun, N.; Zenciroglu, A. The comparison of temporal temperature
measurement method by non-contact infrared thermometer with other body temperature measurement methods. . Behcet Child.
Hosp. 2017, 7, 141-146. [CrossRef]

Vardasca, R.; Magalhaes, C.; Marques, D.; Moreira, J.; Frade, R.; Seixas, A.; Mendes, ].; Ring, F. Bilateral assessment of body core
temperature through axillar, tympanic and inner canthi thermometers in a young population. Physiol. Meas. 2019, 40, 094001.
[CrossRef]

Obermeyer, Z.; Samra, ].K.; Mullainathan, S. Individual differences in normal body temperature: Longitudinal big data analysis
of patient records. BM]J 2017, 359, j5468. [CrossRef]

Nikitopoulou, G.; Crammer, J.L. Change in diurnal temperature rhythm in manic-depressive illness. Br. Med. J. 1976, 1, 1311-1314.
[CrossRef]

Rausch, J.L.; Johnson, M.E.; Corley, K.M.; Hobby, H.M.; Shendarkar, N.; Fei, Y.; Ganapathy, V.; Leibach, FH. Depressed patients
have higher body temperature: 5-HT transporter long promoter region effects. Neuropsychobiology 2003, 47, 120-127. [CrossRef]
Castle, S.C.; Norman, D.C.; Yeh, M.; Miller, D.; Yoshikawa, T.T. Fever Response in Elderly Nursing Home Residents: Are the
Older Truly Colder? J. Am. Geriatr. Soc. 1991, 39, 853-857. [CrossRef]

Lu, S.H.; Leasure, A.R; Dai, Y.T. A systematic review of body temperature variations in older people. J. Clin. Nurs. 2010, 19, 4-16.
[CrossRef]

Baker, F.C.; Mitchell, D.; Driver, H.S. Oral contraceptives alter sleep and raise body temperature in young women. Pflug. Arch.
Eur. |. Physiol. 2001, 442, 729-737. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jtherbio.2014.10.006
http://doi.org/10.3390/s20102885
http://www.ncbi.nlm.nih.gov/pubmed/17176167
https://www.bipm.org/utils/common/documents/jcgm/JCGM_106_2012_E.pdf
https://www.bipm.org/utils/common/documents/jcgm/JCGM_106_2012_E.pdf
https://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
https://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008_E.pdf
http://doi.org/10.3390/s140712305
http://www.ncbi.nlm.nih.gov/pubmed/25014096
http://doi.org/10.1001/jama.1992.03490120092034
http://doi.org/10.1016/j.jtherbio.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28477901
http://doi.org/10.1139/y54-038
http://doi.org/10.1007/s00421-014-2962-2
http://doi.org/10.1016/j.jtherbio.2015.01.008
http://doi.org/10.1016/0305-4179(81)90062-0
http://doi.org/10.1093/jn/9.3.261
http://doi.org/10.1017/S0022172400006811
http://www.ncbi.nlm.nih.gov/pubmed/20474239
http://doi.org/10.1046/j.1471-6712.2002.00069.x
http://www.ncbi.nlm.nih.gov/pubmed/12000664
http://doi.org/10.1016/j.ajic.2020.09.012
http://www.ncbi.nlm.nih.gov/pubmed/33017627
http://doi.org/10.5222/buchd.2017.141
http://doi.org/10.1088/1361-6579/ab2af6
http://doi.org/10.1136/bmj.j5468
http://doi.org/10.1136/bmj.1.6021.1311
http://doi.org/10.1159/000070579
http://doi.org/10.1111/j.1532-5415.1991.tb04450.x
http://doi.org/10.1111/j.1365-2702.2009.02945.x
http://doi.org/10.1007/s004240100582
http://www.ncbi.nlm.nih.gov/pubmed/11512029

Sensors 2021, 21, 346 20 of 20

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Marrin, K.; Drust, B.; Gregson, W.; Atkinson, G. A meta-analytic approach to quantify the dose-response relationship between
melatonin and core temperature. Eur. J. Appl. Physiol. 2013, 113, 2323-2329. [CrossRef] [PubMed]

Clark, W.G.; Clark, Y.L. Changes in body temperature after administration of acetylcholine, histamine, morphine, prostaglandins
and related agents. Neurosci. Biobehav. Rev. 1980, 4, 175-240. [CrossRef]

Speakman, J.R. Chapter 26-Obesity and thermoregulation. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Nether-
lands, 2018; Volume 156, pp. 431-443.

Bar-Or, O.; Lundegren, H.M.; Buskirk, E.R. Heat tolerance of exercising obese and lean women. J. Appl. Physiol. 1969, 26, 403—409.
[CrossRef]

Rising, R.; Keys, A.; Ravussin, E.; Bogardus, C. Concomitant interindividual variation in body temperature and metabolic rate.
Am. |. Physiol. Endocrinol. Metab. 1992, 263, E730-E734. [CrossRef]

Adam, K. Human body temperature is inversely correlated with body mass. Eur. J. Appl. Physiol. Occup. Physiol. 1989, 58, 471-475.
[CrossRef]

Eriksson, H.; Svardsudd, K.; Larsson, B.; Welin, L.; Ohlson, L.-O.; Wilhelmsen, L. Body Temperature in General Population
Samples: The Study of Men Born in 1913 and 1923. Acta Med. Scand. 1985, 217, 347-352. [CrossRef]

Weinert, D.; Waterhouse, J. The circadian rhythm of core temperature: Effects of physical activity and aging. Physiol. Behav. 2007,
90, 246-256. [CrossRef]

Refinetti, R.; Menaker, M. The circadian rhythm of body temperature. Physiol. Behav. 1992, 51, 613-637. [CrossRef]

Monnard, C.R.; Fares, E.J.; Calonne, J.; Miles-Chan, J.L.; Montani, J.P.; Durrer, D.; Schutz, Y.; Dulloo, A.G. Issues in continuous
24-h core body temperature monitoring in humans using an ingestible capsule telemetric sensor. Front. Endocrinol. 2017, 8, 130.
[CrossRef]

Hoffmann, M.E.; Rodriguez, S.M.; Zeiss, D.M.; Wachsberg, K.N.; Kushner, R.E; Landsberg, L.; Linsenmeier, R.A. 24-h core
temperature in obese and lean men and women. Obesity 2012, 20, 1585-1590. [CrossRef] [PubMed]

Bull, J.R.; Rowland, S.P.; Scherwitzl, E.B.; Scherwitzl, R.; Danielsson, K.G.; Harper, ]. Real-world menstrual cycle characteristics of
more than 600,000 menstrual cycles. NPJ Digit. Med. 2019, 2, 1-8. [CrossRef]

Casa, D.J.; DeMartini, ].K.; Bergeron, M.F; Csillan, D.; Eichner, E.R.; Lopez, RM.; Ferrara, M.S.; Miller, K.C.; O’Connor, F.; Sawka,
M.N.; et al. National athletic trainers” association position statement: Exertional heat illnesses. J. Athl. Train. 2015, 50, 986-1000.
[CrossRef]

Lim, C.L.; Byrne, C.; Lee, ] KW. Human thermoregulation and measurement of body temperature in exercise and clinical settings.
Ann. Acad. Med. Singap. 2008, 37, 347-353. [PubMed]

Childs, C. Chapter 29-Body temperature and clinical thermometry. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The
Netherlands, 2018; Volume 157, pp. 467—482.

Livingstone, S.D.; Nolan, RW.; Frim, J.; Reed, L.D.; Limmer, R.E. A thermographic study of the effect of body composition and
ambient temperature on the accuracy of mean skin temperature calculations. Eur. . Appl. Physiol. Occup. Physiol. 1987, 56,
120-125. [CrossRef] [PubMed]

ASTM E1965—98: 2016. Standard Specification for Infrared Thermometers for Intermittent Determination of Patient Temperature; ASTM
International: West Conshohocken, PA, USA, 2016.

EN 12470-5:2003. Clinical Thermometers—Part 5: Performance of Infrared ear Thermometers (with Maximum Device); CEN: Bruxelles,
Belgium, 2003.

EN ISO 80601-2-56:2012. Medical Electrical Equipment—Part 2-56: Particular Requirements for Basic Safety and Essential Performance of
Clinical Thermometers for Body Temperature Measurement; CEN: Bruxelles, Belgium, 2012.

IEC 80601-2-59:2017. Medical Electrical Equipment—Part 2-59: Particular Requirements for the Basic Safety and Essential Performance of
Screening Thermographs for Human Febrile Temperature Screening; ISO: Geneva, Switzerland, 2011.

Wolf, A.; Pezoa, ].E.; Figueroa, M. Modeling and compensating temperature-dependent non-uniformity noise in IR microbolome-
ter cameras. Sensors 2016, 16, 1121. [CrossRef]

Steketee, J. The influence of cosmetics and ointments on the spectral emissivity of skin (skin temperature measurement). Phys.
Med. Biol. 1976, 21, 920-930. [CrossRef]

Zheng, K; Dong, R.; Wang, H.; Granick, S. Infrared assessment of human facial temperature in the presence and absence of
common cosmetics. medRxiv 2020. [CrossRef]

Betta, G.; Dell'Isola, M.; Frattolillo, A. Experimental design techniques for optimising measurement chain calibration. Mess. J. Int.
Meas. Confed. 2001, 30, 115-127. [CrossRef]

Betta, G.; Dell’Isola, M. Optimum choice of measurement points for sensor calibration. Meas. J. Int. Meas. Confed. 1996, 17,
115-125. [CrossRef]


http://doi.org/10.1007/s00421-013-2668-x
http://www.ncbi.nlm.nih.gov/pubmed/23771573
http://doi.org/10.1016/0149-7634(80)90015-9
http://doi.org/10.1152/jappl.1969.26.4.403
http://doi.org/10.1152/ajpendo.1992.263.4.E730
http://doi.org/10.1007/BF02330699
http://doi.org/10.1111/j.0954-6820.1985.tb02708.x
http://doi.org/10.1016/j.physbeh.2006.09.003
http://doi.org/10.1016/0031-9384(92)90188-8
http://doi.org/10.3389/fendo.2017.00130
http://doi.org/10.1038/oby.2011.380
http://www.ncbi.nlm.nih.gov/pubmed/22240727
http://doi.org/10.1038/s41746-019-0152-7
http://doi.org/10.4085/1062-6050-50.9.07
http://www.ncbi.nlm.nih.gov/pubmed/18461221
http://doi.org/10.1007/BF00696387
http://www.ncbi.nlm.nih.gov/pubmed/3830136
http://doi.org/10.3390/s16071121
http://doi.org/10.1088/0031-9155/21/6/002
http://doi.org/10.1101/2020.03.12.20034793
http://doi.org/10.1016/S0263-2241(00)00060-9
http://doi.org/10.1016/0263-2241(96)00019-X

	Introduction 
	Materials and Methods 
	Measurand Uncertainty 
	Individual and Spatial Parameters 
	Temporal Parameters 
	Environmental Parameters 

	Instrumental Uncertainty Causes 
	Environmental Uncertainty Causes (Influence Quantities) 
	Temperature Effect 
	Skin Emissivity 
	Surrounding Environment (Mean Radiant Temperature) and Other Factors 

	Operator (Setting and Data Processing) 
	Angle of Incidence 
	Target Distance and Focusing 


	Results 
	The Proposed Screening Protocol 
	Uncertainty Estimation 
	Conformity Decision Rule 

	Conclusions 
	References

