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Featured Application: It was found that skin perfusion and epidermis thickness are the primary
drivers of skin temperature variations. These findings can be used in thermographic assessments
of microcirculation in extremities and debridement guidance in wound care.

Abstract: This work aimed to elucidate the primary factors which affect skin temperature. A simple
thermophysical model of the skin, which accounts for radiative, convective, and evaporative heat
losses, has been developed to address it. The model is based on the skin’s morphology and consists
of passive (nonviable tissue) and active (viable tissue) layers. The bioheat equation was solved for
these layers using realistic assumptions. It was found that other than the ambient temperature,
blood perfusion and epidermis thickness are the primary factors responsible for the skin temperature
variations. The main temperature drop in the skin is attributed to the cooling of the blood in the
venous plexus. The temperature drop in the epidermis is on the scale of 0.1 °C for the normal
epidermis but can be 1.5-2 °C or higher in calluses. Thus, local skin temperature variations can
indicate the epidermis thickness variations, particularly in callus-prone areas. The effects of relative
air humidity and skin wetness on skin temperature were also quantified. The presence of free moisture
on the skin (e.g., wet wound) significantly increases the heat transfer, resulting in a skin temperature
drop, which can be on the scale of several degrees Celsius. The relative air humidity significantly
contributes (by slowing heat dissipation) only in the case of evaporative heat loss from wet skin.
Therefore, wet skin is undesirable and should be avoided during a thermographic assessment.

Keywords: clinical thermography; skin temperature; blood perfusion; wound care; callus; debridement

1. Introduction

Thermography is a well-established technology with multiple applications ranging
from astronomy to military to construction and building maintenance. It gradually pene-
trates the healthcare space, including public health and clinical applications. Temperature
screening for fever is by far the most well-known healthcare-related application of ther-
mography. However, the utility of medical thermography goes far beyond this application.

Core body temperature and skin temperature are two important concepts in medical
thermography. Core body temperature refers to the temperature of the body’s internal
organs, such as the heart, liver, brain, and blood. The average normal core body temperature
is generally accepted as being 37 °C. The core body temperature is tightly regulated by
peripheral and central receptors integrated within the hypothalamus [1].

In contrast to the core temperature, the skin temperature changes with the temperature
of the surroundings. The skin is the body’s largest organ, covering approximately 2 sq-m,
which plays a vital role in thermoregulation. Together with adipose tissues, it provides
thermal insulation to the body. In addition, it functions as a “heat radiator” system, which
is responsible for approximately 90% of body heat loss.

Even though public health thermographic screening is based on measuring the core
body temperature (or its proxy), most clinical applications of thermography exploit the
skin temperature to make conclusions about local tissue physiology or pathology.
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The clinical applications of thermography in surgery, wound care, and sport medicine
were recently reviewed in [2]. The literature review identified two primary use scenarios
for thermographic imaging: inflammation-based and perfusion-based.

The blood flow to the skin is the most effective mechanism for heat transfer from the
body core to the environment. Therefore, the skin temperature is subject to changes and is
usually lower than the core [3].

The balance of the thermal exchange between internal and external environments
is sometimes described by a so-called Delta, which is the difference between the core
temperature and skin temperature. In normal conditions, the Delta is around 3.6 °C (normal
core temp is 36.6 °C, normal skin temperature is 33 °C). The deviations from this norm can
be indicative of inflammation (elevated local temperature) or reduced perfusion (decreased
local temperature).

While the medical applications of thermography have been known at least since the
1930s [4], its widespread adoption in routine medical practice beyond clinical research
and thermographic screening for fever has not started yet. Two primary factors explain
it: (a) the technology is expensive for routine clinical use, and (b) there are no simple
clinical algorithms.

The cost barrier is about to change with an influx of inexpensive uncooled long-wave
infrared (LWIR) bolometers. While multiple evidence-based criteria have been proposed
on the clinical algorithm side, there are no analytical explanations for these empirical
rules of thumb [5]. Thus, building thermophysical models is important in driving clinical
technology adoption.

This article aimed to elucidate and quantify the primary factors which impact skin tem-
perature. Some of them (e.g., blood perfusion and ambient temperature) are well known [6].
Thus, the primary aim of this article was to identify and quantify other relevant factors.

While multiple skin heat transfer models have been proposed, they mostly use either
numerical methods [7-10] or Monte Carlo [11] simulations. Even though these approaches
are the only way to solve the transient bioheat equations for complex geometries, some
situations (namely thermal acclimation) can be approximated well be stationary solutions.
Fortunately, thermal acclimation is a standard for passive thermographic measurements at
healthcare facilities.

Based on the skin morphology and physiology, we have developed a simple thermophysi-
cal model, which has analytical solutions and allows simple interpretation and verification.

The role of epidermis thickness and blood perfusion on heat transfer in the skin
was investigated in other settings (e.g., contact burn injury onset [12], surface contact
heating and spatially distributed heating [13], or the thermal management of an epidermal
electronic devices/skin system [14]). However, to the best of our knowledge, this is the
first analytical attempt to connect these factors for diagnostics purposes in podiatry and
wound care. In addition, while the effect of relative air humidity and skin wetness on skin
temperature is well known in clinical practice, they have not received proper attention from
an analytical perspective. The developed model allows assessing the impact of relative air
humidity and skin wetness on skin temperature.

2. Materials and Methods
2.1. Tissue Model

Human skin and mucosal tissues have a complex, layered structure. We can group
the covering tissues into bloodless epithelium, the blood-containing papillary layer of the
dermis (skin), lamina propria (mucosa), and underlying tissues. In turn, the epithelium
consists of the stratum corneum and living epidermis, which receives oxygen and nutrients
through diffusion from capillaries in the papillary layer. Thus, the thickness of living cells’
epithelial layers is limited by the diffusion length of the oxygen and typically does not
exceed 100 um. However, the stratum corneum, which includes “non-supplied” cells, can
be thicker in some organs. For example, in hairy skin, the epidermis is less than 0.1 mm
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thick, and the dermis is 1-2 mm deep. On the other hand, the dermis and epidermis can be
3 mm and 1.5 mm in the glabrous skin, respectively [15].

The important aspect of the dermis for our analysis is the relative uniformity of its
thickness across body parts (intrapatient) and individuals (interpatient).

2.2. Heat Transfer Model
Human skin can be modeled using the bioheat equation by Pennes [16],

aT
pCoy = kV>T + ppCywy(Ty — T) + Q M

where p, C, T, k, and Q denote the tissue density (kg/ m3), the specific heat of the tissue
(J/kg-K), local tissue temperature (K), the thermal conductivity of the tissue (W/m-K),
and metabolic heat generation per unit volume (W/ m3), respectively. py, Cp, Ty, and wy,
represent the blood density (kg/m?), specific heat of the blood (J/kg-K), arterial blood
temperature (K), and blood perfusion rate (m3/s/m3), respectively.

2.3. Heat Sources and Heat Losses Mechanisms

The heat in the body can be produced by cell metabolism (the last term in Equation (1)).
The heat also can be transferred by blood flow (the second term on the right side of
Equation (1)).

The tissue can also dissipate heat (negative heat source) using radiation, evaporation,
and convection. In normal conditions, radiation is the most significant source account-
ing for approximately 60% of heat loss [17]. At rest, evaporation accounts for 22% of
heat loss. However, sweating (evaporation) is the primary means of cooling the body
during exercise. Different heat loss mechanisms interplay with each other. For example,
evaporation and conduction of the air are accelerated by convection. The energy transfer
(and skin temperature) is also determined by the surrounding environment’s temperature
and moisture.

The radiative heat loss of the human skin in the ambient air [W/m?] can be described as

qr = sa(Tfkm — Tfo) 2)

where T, and T are the skin and ambient air temperatures [K], o is the Stefan-Boltzmann
constant, and ¢ is the emissivity of the skin. The emissivity of human skin is close to the
perfect blackbody. It is at least 0.91 in the MWIR range and even higher (0.97-0.98) in the
LWIR range [2]. Because the human body acts almost like a blackbody, it is very well suited
for thermographic assessment. In particular, the reflected energy flow, which may impact
measurements, is typically relatively minimal.

The convective heat loss can be described as

qc = hC(Tskin - TOO) (3)

where . is a heat transfer coefficient due to convection [W/m?2/K]. The heat transfer
coefficient can be estimated in two important cases: free convective flow and forced
convection [18]

4)

c =

2.44(Tyin — Too)®, free convective flow
12.40%5, forced convection

Here v is the air velocity [m/s].

Evaporation can be insensible and liquid. In most cases of thermographic assessments,
liquid evaporation can be ignored. However, evaporation can have a significant contri-
bution to nonintact skin. In particular, one known problem with thermography is the
distortion in the image caused by evaporative water loss in the wound bed. Thus, we will
consider both mechanisms.
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The insensible evaporative heat loss assumes no visible sweating on the skin. It can be
estimated as being 6% of the maximum rate of evaporative heat loss gey(max) [19]. where

Jev(max) = 0.0166/.(Psyiy — Poo) (5)

Here, Py, and Po are the skin and atmospheric water vapor pressures, respectively
[Pa]. It should be noted that the skin surface is assumed to be at saturated vapor pressure,
and the atmosphere has a fractional relative humidity, RH.

The saturated vapor pressure Py, [Pa] at temperature T [K] can be approximated as

Pst(T) = 3.99 x 1072 x 100:0265T ©

The liquid heat loss is dependent on the latent heat loss of evaporation (for water
c = 2461 kJ /kg), the difference in the vapor pressures at the skin surface and the atmosphere,
and the relative area of the skin covered with the sweat W:

Gevjig = 545 x 1071 W (Pygiyy — Peo) @)

While in some sources (see, e.g., [11]), W is called the skin humidity, this term can
be ambiguous. Thus, to avoid confusion, we will use the term “skin wetness” instead
to signify the presence of visible free moisture. In general, if we refer to large skin areas
partially covered by moisture (e.g., sweat), then 0 < W < 1. However, for local patches of
skin, this parameter can be perceived as binary, where W = 0 and 1 respectively correspond
to dry and entirely wet skin.

Thus, the total heat loss can be described as

q = qr+qc+9e0 = €0 (T, — Too) + he(Tokin — Too) ®
+(9.66 x 107* +5.45 x 1031 W) (Psat (Tekin) — RH Peat(Too))

The first and second operands in the third term are responsible for insensible and
liquid evaporation, respectively.

Based on the briefly described skin model, we can consider the following simplistic
two-layer model from a heat source perspective. Nonviable tissue, where there is no
internal metabolic heat generation, covers the viable tissue, which produces heat through
metabolic processes. In addition, the viable tissue is in contact with the heat reservoir (deep
vascular plexus), which is supplied with blood heated to the core body temperature T.
The blood transfers its heat to surrounding tissues in the deep vascular plexus, and its
temperature drops to T).

The nonviable tissue can be associated with the epidermis and viable with the dermis.
It should be noted that a part of the epidermis produces bulk heat through metabolic
processes (living epidermis). However, as we mentioned already, the thickness of this layer
is limited by the oxygen diffusion length and cannot significantly exceed 100 um. Thus,
potentially we can combine this transitioning layer with the viable tissue. However, as we
will see later, its effect will be negligible. So, for simplicity, we will refer to the epidermis
and dermis as nonviable and viable tissues, respectively.

The dermal and epidermal layers are isolated from other body parts by the adipose
layer. The thickness of the adipose layer varies significantly between various body parts and
individuals. However, it is characterized by a low thermal conductivity. So, if we (a) ignore
areas over large blood vessels and (b) limit ourselves to thermographic measurements at
healthcare facilities (thus, resting conditions in a controlled environment), we can consider
the skin layer and its deep vascular plexus as being isolated from other body parts.

This model can be translated into a simple heat transfer model. The viable (active)
tissue of the thickness D, held at the constant temperature T, from one side is covered with
a homogeneous layer of the nonviable (passive) tissue with the thickness E. The passive
layer is in contact with the air at temperature Te..
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This model can be effectively reduced to a 1D model (along the z-axis). For simplicity,
we can select the border between the reticular dermis and the subcutaneous fat (where the
deep vascular plexus is located) as the origin.

2.4. Epidermis

Taking into account that we are looking for stationary solutions, Equation (1) for the
nonviable (passive) tissue can be reduced to

d>T

E:O,forzz [D,D+E} (9)

with two boundary conditions. On the lower boundary (with dermis), we can write
T,=p =Ty (10)

Here T is a temperature at the dermal/epidermal interface. On the upper boundary
(with air), using Equation (8),we can write
ar

_ke
dz z = D+E

=41 (11)

Here Ty, is the temperature at the epidermis/air interface.

2.5. Dermis

In this study, we are looking for stationary solutions. Equation (1) for the viable tissue
with bulk heat generation Q can be reduced to

kdz—T—#Q—Oforz—[O D] (12)
122 - -

with four boundary conditions: two on the lower boundary (with deep vascular plexus)
T’z =0 — Tp

(13)
dT
_kd e .

0 = prwab(Tc — Tp)

Here, L is the thickness of the deep vascular plexus. Additionally, on the upper
boundary (with epidermis)
T|z =p =1y

(14)
—ky 5117T

z:D:q

Here we observed that there is no heat loss or production in the epidermis layer.

2.6. Model Parameters

The normal body temperature is generally accepted as 37 °C [8]. Other blood properties
can be found as follows: the specific heat of blood C, = 3770 ] kg~! K~'; density of blood
pp = 1060 kg m~3 [20]. The thickness of the deep vascular plexus, L, is 0.08-0.12 mm [21], so it
can be selected as 0.1 mm. Other model parameters are presented in Table 1.

Table 1. The values of model parameters with their sources.

Parameter Epidermis Dermis
Layer thickness, E or D 0.1 mm non-glabrous 1.5 mm non-glabrous
1.5 mm glabrous 3 mm glabrous
Thermal conductivity, k. or k; 021 W/m/K [19] 053 W/m/K[19]
Metabolic bulk heat N/A 200 W /m? [19]

generation, Q
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3. Results

We can find a solution for each layer separately and then stitch them together at the
dermis/epidermis interface. However, we started by analyzing the effect of moisture on
heat losses.

3.1. Heat Losses

We have plotted the heat loss function Equation (8) as a function of the skin temper-
ature T, in several realistic conditions. The results are presented in Figure 1. On panel
a: q(Tsip) is plotted for various values of the ambient temperature T, (22 °C—blue line,
25 °C—red line, 27 °C—green line). On panel b: q(Ts,) is plotted for various values of the
relative humidity, RH (40%—Dblue line, 70%—red line, 100%—green line), To = 30 °C. On
panel c: q(Tgy,) is plotted for various values of the skin wetness, W. (T =22 °C, W = 0—
blue line, T, =22 °C, W = 1—red line, To, = 27 °C, W = 1—green line). Skin emissivity ¢
was set to 0.98.

a 60 b 300 c
50 250
40 200
= 30 T 150
w w
w w
2 30 2 100 /
- -
[ [
2 10 2 50
0 0
25 30 35 27 29 31 33 35 20 25 30 35
Skin temperature, T, Skin temperature, T, Skin temperature, T,

Figure 1. The dependence of the heat loss function, § [W/m?], on the skin temperature Ty, [°C].
(panel a): q(Tg;y,) for various values of the ambient temperature To, (22 °C—blue line, 25 °C—red
line, 27 °C—green line), (panel b): g(Tg;,) for various values of the relative humidity, RH (40%—blue
line, 70%—red line, 100%—green line), T, = 30 °C. (panel c): q(T,) for various values of the skin
wetness, W. (Teo =22 °C, W = 0—Dblue line, T, =22 °C, W = 1—red line, T, = 27 °C, W = 1—green
line). Skin emissivity € was set to 0.98.

The obtained expression for the heat loss Equation (8) contains non-linear terms, which
complicates the analytical analysis. Fortunately, looking into Figure 1, one can see that the
combined heat loss is very close to a linear function of the temperature gradient Ty, — Teo-
Thus, for realistic conditions of the thermographic assessment in a controlled environment,
we can linearize the heat loss function in a narrow range of parameters.

As a result, we can get a linear approximation for heat loss that accounts for radiative,
convection, and evaporative mechanisms

g = 4qo+ h(Tskin - TOO) (15)

where § is an effective heat transfer coefficient. This expression can be substituted into
boundary conditions Equations (11) and (14). g¢ can be obtained explicitly from
Equation (8) (T = Teo), and h can be obtained from the linearization of Equation (8) at
room temperature.

h = 4e0T? + 90.061(9.66 x 10* + 5.45 x 101 W) Pgy ( Teo ) 001 (T~ Tev)

(16)
+5.45 x 1031t Rl ((0061(T-T) — Ry
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do = (9.66 X 1074 4 5.45 x 10*3hcw) Post(Too) (1 — RH) (17)

which needs to be evaluated at Te.

The last term of Equation (16) is specific for free convection flow. It diverges for
RH <1 and W > 0, which is manifested as the increased slope near T = T, on Figure 1c.
For practical purposes, Equation (16) can be evaluated at some small distance from Te
(e.g., 0.5 °C off, where the temperature dependence becomes linear). Alternatively, it can
be evaluated numerically.

The effective heat transfer coefficient, h, at room temperature can be estimated as
12 W/m? /K for dry skin (W = 0) and 21 W/m? /K for wet skin (W = 1).Therefore, we will
use h =12 W/m? /K for dry skin as a baseline in the further calculations. Additionally,
it should be noted that the impact of the relative air humidity (third and fourth terms in
Equation (16)) on the effective heat transfer coefficient, h, is relatively minimal (0.5 W/m? /K
or less for T, = 22 °C) even for wet skin (W = 1) and can be ignored for practical purposes.

As P changes from 2645 Pa at 22 °C to 5847 Pa at 35 °C, g in the case of free
convection flow can be ignored for the most practical applications if the skin is dry (W = 0).
If W > 0, then the effect of the relative air humidity on gg can be significant. In Figure 2a,b,
one can see the dependence of the heat loss function on the skin temperature in the case of
wet skin (W =1).

300 a 160 b
250 140
120
200 100
T 150 T 80
2 % 60

2 100 o

T 50 T 5
0 0

20 25 30 35 20 25 30 35

Skin temperature, T, Skin temperature, T,

Figure 2. The dependence of the heat loss function, g [W/m?], on the skin temperature Ty, [°C] in
the case of moist skin (W = 1). g(T,,) for was plotted for Teo, =22 °C (panel a) and 30 °C (panel b).
Relative air humidity was set to 40% (blue line), 70% (red line), and 100% (green line). Skin emissivity
e was set to 0.98.

It should be noted that for free convection flow, /1:(Tw) = 0. Thus, for practical purposes,
to find gg, Equation (17) can be evaluated at some small distance from T, (e.g., 0.1 °C off).

Focusing on the controlled environment during a thermographic assessment, we will
ignore the gp term for epidermis thickness and blood perfusion influence analysis. Instead,
its impact will be analyzed in Section 3.4 separately.

3.2. Dependence on Epidermis Thickness

The solution of Equation (9) with boundary conditions Equations (10) and (11) is a linear
function. Thus, we have a linear temperature drop in the passive layer from T; (interface with
the dermis) to T, (interface with the air). However, as the temperature profile within the
passive layer is not measurable and has few practical applications, we can use the overall
temperature drop across the passive layer (AT,) instead. Thus, we can write

Td = Tskin + AT, (18)

where
AT, = h(Tyin — Teo)E/ke (19)
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Thus, if we measure the skin temperature T, and know the passive layer thickness,
E, we can calculate the temperature drop AT, and the dermis temperature, T}.
Alternatively, we can derive the expression for T,

T; 4+ ToohE / ke
T — ol 20
skin 1 + l’l E / ke ( )
Then, assuming the constant dermal temperature T, by measuring Tgq,, we can
estimate the epidermal thickness, E. In particular, the dependence of the Tg;, on the
epidermal thickness E can be assessed as

ATy = Stinpp . Ta= Te)h/ke (21)
SKin aE (1 +hE/ke)2

We can estimate the expected dependence using realistic numbers for all parameters
and variables in Equation (21). For realistic epidermal thicknesses (the 0.1-2 mm range),
the primary factor will be AT, /AE ~ —(T; — Teo)h/ k. which corresponds to the case of
a thin epidermis. It limits the ATy, /AE from above can be as high as 0.765 °C/mm for
a 15 °C difference between the dermal and ambient temperature for a thin (e.g., 0.1 mm)
epidermis. For a thicker (e.g., 2 mm) epidermis, Equation (21) can be 20% smaller: around
0.6 °C/mm. Thus, a 1.2-1.5 °C temperature drop over a 2 mm callus accumulation can
be expected.

Equation (19) for AT, can be rewritten in terms of T;;:

(Ty — Too)E /K¢

ATe = —9— hE/k,

(22)

In Figure 3, one can see the dependence of the epidermal temperature drop, AT,
as a function of the passive layer thickness E for several dermal temperatures/ambient
temperature gradients: (T; — Te) 15 °C (solid red) and 10 °C (dashed blue).

18 +
1.6
14
12 +
1 4
0.8

0.6 +

Temperature drop, C

0.4 -

0.2 4

0 4

Epidermal Thickness, E. mm

Figure 3. The dependence of the epidermal temperature drop AT, as a function of the passive layer
thickness E for two dermal temperatures/ambient temperature gradients: (T; — Two) 15 °C (solid red)
and 10 °C (dashed blue).

3.3. Dependence on Perfusion

The solution of Equation (12) with boundary conditions Equations (13) and (14) is a
quadratic function. Thus, in the active (dermal) layer
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Q7
2k
From the boundary conditions on the lower boundary Equation (13), we can find that
C1 = —prbwb(TC - Tp) /kd and C; = Tp.
Then, substituting Equation (23) into the boundary condition on the upper boundary
Equation (14), we can write

T = +C1z+ G (23)

Gy (T — Ty) L Q

o _ =X M2
T.op =Ty = Ty . D 55D (24)
aT
—ky iz = h(Tskin - Too) = QD +Pbcb‘*’b (TC - TP)L (25)
z=D

The skin temperature Tg;, can be linked to the dermal temperature T; using
Equation (20). In particular, Equation (25) can be transformed into

QD + ppCpwy (Te — Tp) L
+ 7

We can solve Equations (24) and (26) for T),

T; = Teo

(14 hE/ke) (26)

TC—TOO—%(H%)—%W

1+ wy/w 27)

T, = T, —

Here o~ ! = —pl’ibL (1 + %) + h—f)
However, T}, is not observable, so it does not have a high practical value. By substituting
Ty into Equation (25), we can obtain an explicit expression for the observable Ty,.

(1)~ £.0°
14wy /w (28)

Tc
QD + ppCyLwy,

Tskin = T + I

This expression can be estimated in two important limits:

e In the case of very low perfusion (w,—0), we have Ty, = Teo + QTD
e Inthe case of very high perfusion (w,—0), we have Ty, = Te — (Te — Teo) (%3 + ’}(—f)

We can estimate factors in Equations (27) and (28). Using realistic assumptions, we

can get 27~ = 0.033 °C, %%2 = 75x107*°C, 42 = 0.045, fE = 0.0057, 0.086, and 0.11
for the dry hairy skin, dry glabrous epidermis, and 2 mm callus, respectively.

Based on Equation (20), we can write an explicit expression for the temperature drop
across the skin (Delta):
1+ wy/ Q

Delta = (T, — Teo) TS w, /@

(29)

Here O = epCpL (% + %) The dependence of temperature drop across the skin

(Delta) on perfusion for several ambient temperatures is depicted in Figure 4. To maintain
this temperature drop constant, the body needs to adjust the perfusion rate in the broad
range. The calculated perfusion rate to keep Delta at 3.5 °C as a function of the ambient
temperature, T is shown on insert in Figure 4.

Knowing Delta, the perfusion rate can be explicitly expressed

T, — T 1 T, —Tw 1

Deta /G Dam &

) (30)

wp = (
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12 + ‘ 5?0.4 +
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\ 0.1
8 + 0
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E Ambient Temperature, °C
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2+ — T T ===
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0 0.2 0.4 0.6 0.8 1

Perfusion, o, 1/s

Figure 4. The dependence of the temperature drop across the skin (Delta) on the perfusion rate
for several ambient temperatures: 25 °C (green dot-dash line), 20 °C (solid red line), and 10 °C
(blue dashed line). The black dotted line outlines the broadly reported value for Delta (3.5 °C).
Insert: calculated perfusion rate (solid blue line) to keep Delta at 3.5 °C as a function of the ambient
temperature, Teo.

3.4. Impact of Skin Wetness

As we saw before, moist skin has a higher (almost by two times) heat transfer coef-
ficient h. It also contains the noticeable offset qy. Thus, we need to include both factors
in the analysis to analyze the impact of skin wetness on skin temperature. In this case,
Equation (25) can be rewritten as

—ka - , + W(Tokin — Too) = QD + ppCpewy (Te — Tp) L (31)
z =

As we found, QTD and %Dz are small. Thus, by ignoring them after some simple
calculations similar to Equations (26)-(28), we can get the expression for skin temperature,
which accounts for skin wetness and relative air humidity

T+ 1=t —go/h

To: — n 32
skin 1—|—h/h ( )

Here h—1 = m + % + %

Based on Equation (32), we can estimate the difference in the skin temperature between
dry and wet skin if other things are equal. If we characterize the dry skin by i = 12 W/m? /K
and qo = 0 and wet skin by i, =21 W/m?/K and g9 = 22 W/m? (RH = 40% at Teo = 22 °C),
then for wy, =0.11/s, we will get Ty — T, =~ 0.114(T; — Two) + 0.36, which will translate into
a 2.07 °C temperature drop over the moist area for T, = 22 °C and free convection flow.
The high relative humidity (RH = 100%) will decrease qq effectively to zero while having a
minor impact on the effective heat transfer coefficient, /. In this case, the temperature drop
over the wet area will reduce to 1.7 °C.

4. Discussion

Our primary finding is that the temperature drop across the skin depends on the
temperature gradient between the core body temperature and ambient air. Thus, the
ambient temperature is a crucial factor in any thermographic measurement. For example,
according to Equation (29), the change in ambient temperature from 22 to 27 °C will result in
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a one-third decrease in Delta. So, any thermographic measurement needs to be considered
in the context of the ambient temperature. To normalize results on the ambient temperature,
Delta/(T. — T) ratio can be used instead.

The difference between the core body temperature and the skin temperature, Delta,
can be decomposed into the sum of three factors:

Delta = T, — Ty + AT, + AT, (33)

Here AT, and AT, are the temperature drop in the dermis and epidermis, respectively.

The temperature drop in the epidermis, AT,, is relatively small (0.1 °C) for most body
parts (non-glabrous skin). However, it can be on a scale of 0.5-1 °C for glabrous skin and
1.5-2 °C or even higher for calluses. These results are in line with clinical observations [22],
see Figure 5. In this particular case of a routine foot examination in a wound care clinic, the
callus-related skin temperature drop is on the scale of 4 °C.

a

v

Figure 5. White light and thermographic images of the foot: (panel a) Anatomical (white light) image;
(panel b) Absolute temperature color map, (panel ¢) Thermal gradient—relative temperature color
map. A thermal gradient was generated with respect to the reference point displayed on the absolute
temperature map. Images, courtesy of Dr. Jose L. Ramirez-GarciaL.una, were acquired using the Ray
1 (Swift Medical, Toronto, ON, Canada).

These findings can have practical applications in podiatry and wound care. While in
many cases, calluses are harmless, if not removed timely, they may lead to skin ulceration
or infection, which is of particular importance for patients with diabetes. Thus, the removal
of calluses is an essential part of surgical debridement. However, in many cases, healthcare
professionals experience problems with their identification. While corns are typically clearly
visible, calluses are often not clearly visible. Consequently, some areas of dead skin can be
missed during debridement. Thermal imaging can help identify these areas.

The bulk heat generation in the dermis leads to minimal effects on the scale of 0.03 °C.
Due to high thermal conductivity and low metabolic heat production in the dermis, the
temperature drop in the dermis, AT is relatively small and can be ignored in most practical
applications. This observation also supports our assumption that the fine structure of the
dermis can be omitted from a thermophysical perspective. The superficial vascular plexus
and blood moving through capillaries do not change the thermal distribution significantly.
The primary player is the deep vascular (reticular) plexus, the largest skin blood reservoir.

The main temperature drop occurs at the deep vascular plexus, and its temperature is
regulated primarily through perfusion. Thus, the heat exchange in the venous plexus is the
primary driver of the difference between the core body and skin temperatures.

We also investigated the impact of skin wetness on skin temperature. The skin wetness
significantly increases the skin’s heat transfer, resulting in a lower temperature of the
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wet skin area. In the case of free convection flow, the magnitude of the temperature
decrease can be on the scale of 2 °C. However, it can be higher in areas with moving
air. Therefore, evaporative heat dissipation impact measurements of the wound bed
temperature significantly. The problem can be solved by allowing the wound to dry
completely (which may delay the timing of the assessment) or by applying a non-permeable
covering to the wound bed, which eliminates the evaporation problem [23]. However, the
non-permeable covering may also affect the skin’s temperature [14].

The relative humidity of air does affect heat dissipation as well. However, its effect
is noticeable only for evaporative heat loss from the moist skin. Figure 1b displays the
heat loss functions for various relative humidity (40, 70, and 100%) at T = 30 °C for dry
skin. One can see that the curves look almost identical. However, the heat loss function in
the case of moist skin (see Figure 2) depends on the relative humidity quite significantly.
The high relative humidity effectively inhibits the evaporation heat loss mechanism in free
convection flow. The effect is two-fold: it reduces the coefficient qg (primary outcome) and
effective heat transfer coefficient 1 (minor effect). Less effective heat dissipation results in a
higher skin temperature.

Our model consists of four tissue-related parameters (perfusion wy, dermis thickness
D, epidermis thickness E, and skin wetness, W), one systemic parameter (core body tem-
perature, T¢), and two environmental parameters (ambient temperature, Teo, and relative
air humidity, RH).

The tissue-related parameters are responsible for local skin temperature variations.
However, visible free moisture (either perspiration or wet wound) is an undesirable con-
dition that must be avoided during thermographic measurements. In addition, dermis
thickness is relatively consistent across body parts and individuals. Thus, we can conclude
that only two parameters (perfusion w; and epidermis thickness E) are model variables
contributing to local skin temperature variations in the controlled environment of the
thermographic assessment.

The core body temperature, T¢, and environmental parameters (ambient temperature,
T, and relative air humidity, RH) are responsible for the absolute value of the skin
temperature. However, the relative air humidity is a significant contributor just in the case
of moist skin, which, as already mentioned, is undesirable and should be avoided during
the thermographic assessment. Thus, in practice, the absolute skin temperature depends
on two factors: the core body temperature, T,, and ambient temperature, To,. However, in
the absence of fever, the core body temperature, T,, can be considered a constant.

Based on these observations, three types of local thermal abnormalities are possible:
(a) increased perfusion (e.g., inflammation), (b) reduced perfusion (e.g., ischemia), and
(c) epidermis thickness abnormality (callus). For example, local variations (decrease) of the
skin temperature can be indicative of the epidermis thickness variations, particularly in
callus-prone areas.

The perfusion rate wj, can be reconstructed from the observed Delta using Equation (30)
and compared with physiological estimates. Assuming that the resting skin blood flow
in thermoneutral environments is approximately 250 mL/min [24], 2 s-q-m of the total
skin surface, and taking into account that all skin blood goes through the deep vascular
plexus, we can estimate that the perfusion rate of the deep vascular plexus is on the scale of
0.02 m3/s/m?3, which is close to our estimate for 25 °C ambient temperature (thermoneutral
zone)—see the insert in Figure 3. Thus, we can expect that 0.02 m3/s/m3 is a typical value
for a thermoneutral environment. However, the perfusion rate may significantly exceed
this basal level for exposed skin parts due to cutaneous vasodilation. For example, skin
blood flow can reach 6 to 8 L/min during hypothermia [25].

Note that in our calculations and discussion, we refer to the perfusion rate at the deep
vascular plexus. The average perfusion rate for the whole dermis sometimes reported in
the literature will be more than 20 times lower.

Our results also support the notion that the absolute temperature is less relevant than
the relative temperature (or temperature gradient). The absolute temperature for the large
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skin patches is regulated on the systemic level. Conversely, the temperature difference
between two nearby points (e.g., wound vs. periwound), or a contralateral point, can
indicate local abnormalities (wet wound, inflammation, reduced perfusion, or callus).

All results were derived under the assumption of complete acclimation and controlled
conditions: room temperature, controlled humidity, and no extensive sweating (e.g., due
to exercise). These assumptions are valid for most thermographic measurements in the
healthcare environment. However, any departure from these assumptions may significantly
impact the heat loss balance.

Other factors also affect skin temperature. The primary factors are gender and body
fat. In a recent study, Neves et al. [26] found that women had lower skin temperature than
men in the trunk and upper and lower limbs. They also found that body fat percentage
affects trunk skin temperature most. In men, hand skin temperatures are positively cor-
related with body fat percentage. Facial skin temperature could be related to gender but
not to body composition. These gender-related findings are probably valid for adults only,
as Garcia-Souto et al. [27] found that out of 14 skin locations, the statistically significant
gender-related difference in skin temperature was present in only one location (back of the
hand) of infants and toddlers. They also found that the temperature of children’s forehead
and limbs increases with age, and their core and skin temperatures seem to become more de-
pendent on BMI with age maturation. Savastano et al. [28] found that in obese individuals,
the fingernail-bed temperature was significantly higher (33.9 £ 0.7 °C compared with
28.6 £ 0.9 °C; p < 0.001), while the abdominal temperature was considerably lower
(31.8 £ 0.2 °C compared with 32.8 & 0.3 °C; p = 0.02) than in normal-weight individuals.

The model applies to any convection heat transfer mechanism (free convection flow
and forced air). However, it is illustrated for free convection flow only as being practically
relevant. To accommodate the forced air mechanism, minor adjustments to Equation (16)
are required.

Additionally, results were derived under the assumption of a flat surface. Given that
the surface curvature of body parts, x, is much smaller than the reciprocal thickness of our
model (x < 1/(D + E)); it is hard to expect any meaningful effect of the curvature on the
results’ validity. However, the heat dissipation can be different near curved parts. Thus,
the heat loss Equation (8) and boundary conditions Equations (11) and (14) may need to be
revisited for highly curved surfaces like fingers and toes.

In future work, we plan to validate our findings in phantom experiments (for epi-
dermis thickness) and controlled experiments on healthy volunteers. We also plan to
investigate the effect of body fat on skin temperature.

5. Conclusions

In addition to ambient temperature, skin blood perfusion and epidermis thickness are
the primary factors impacting skin temperature. Our results support the notion that the
absolute temperature is less relevant than the relative temperature (or thermal gradient).
While the absolute temperature for the large skin patches is regulated on the systemic
level, the thermal gradient can be indicative of the local abnormalities (e.g., inflammation,
reduced perfusion, or callus). Wet skin (either perspiration or wet wound) is undesirable
and should be avoided during the thermographic assessment.
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