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Abstract—Infrared (IR) thermometry is a modern high-resolution method of remote temperature distribu-
tion monitoring on any open surface. The non-invasive method of IR thermometry is successfully used to
solve several biomedical problems, since the temperature distribution on the human body contains physio-
logical state information of diagnostic importance. We show that this information is not only diagnostically
valuable but can also serve as a predictor of future complications. In the field of intraoperative observations
IR thermometry allows one to assess circulatory disorders and take preventive measures timely. Obviously,
this direction requires the development of express thermal analysis methods that can be implemented in real
time by considering only basic significant patterns excluding necessity of time-consuming numerical model-
ing. In this paper, using the example of an occlusion test, as well as cooling and heating tests on a finger of
healthy subjects, a simple model of thermal balance is considered, which allows one to quantitatively estimate
the relative blood flow rate.
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INTRODUCTION

Like all endotherms, humans maintain body tem-
perature within evolution-set limits, optimal for com-
plex biochemical processes [1]. According to Planck’s
law the scale of this thermal energy for normal body
temperatures falls on the middle and far infrared range
of the spectrum (~4—100 um), accessible for high-res-
olution observation using modern microbolometers
and quantum detectors. An example of a thermal
image (thermography) obtained using a Xenics Gobi-
384 IR camera can be seen in Fig. 1, where the face of
one of the authors is photographed in a cold room.

Methods of optical fluorescence thermometry have
been actively developed recently, including the search
for and study of new luminescent materials [2—5].

Due to the development of modern microbolome-
ters and quantum detectors, the IR thermometry
method is used in the diagnosis of several socially sig-
nificant diseases [6]. Thus, according to [7], the prob-
ability of aggressive breast cancer in women reaches
12.3% preponderated in frequency of occurrence only

by lung cancer. The standard diagnostic approach in
detecting the tumor is mammography, which is an
X-ray image of the breast, but this method is reliable
only for older ages (from 50 years), since the tumor is
poorly distinguishable against the background of
dense tissue, while the average density of breast tissue
decreases with age. IR thermography is gradually
becoming a complementary diagnostic tool, since it
has no side effects while still allowing diagnosing a
tumor. The IR camera records the abnormal tempera-
ture distribution on the skin occurring due to the irreg-
ular vascular network formed in the tumor tissue, as
well as the accumulated molecular agents (nitric
oxide) increasing local blood flow and, as a result,
leading to impaired heat exchange in the tumor area.
At the same time, clinical studies show (see [7] and
references therein) that an increased density of breast
vessels, which can be observed using IR methods,
serves as a risk factor of tumor occurrence in the next
2—4 years, i.e. the method can be used to take preven-
tive measures, which can significantly improve the
prognosis.
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Fig. 1. Planck blackbody radiation curves for temperatures 27 and 35°C, corresponding to the areas of the nose and eyes in the
thermal image of a face recorded in cold-room conditions. The number of photons in each case is determined by the temperature
and is proportional to the area under the curve in §8—14 pum region recorded by the IR camera (shown by hatching). It allows tem-
perature to be calculated based on the integral brightness of each pixel. The color scale is assigned arbitrarily.

A similar approach can be applied to the diagnosis
of skin cancers, where the standard approach is based
on subjective assessment during an external examina-
tion followed by a biopsy to confirm the diagnosis. In
[8], it is shown that dynamic IR thermometry (when
temperature returns to normal after cooling is ana-
lyzed) can distinguish malignant tissue from healthy
one with high reliability.

The IR thermometry method is also applicable to
the problem of assessing the degree of skin burn dam-
age. The authors [9] proposed a quantitative IR ther-
mographic method, which allows making a prognosis
of spontaneous wound healing probability in the
three-week period following skin burn, which is criti-
cal for deciding of skin graft transplantation. Since
heat transfer in damaged tissues is impaired depending
on the severity of the burn, assessing heat transfer in
damaged tissues has significantly reduced the number
of transplantations and their costs while increasing the
effectiveness of therapy since skin graft survival can be
also monitored by this method [10].

Another important IR thermometry application is
detection of tissue innervation disorders. Since ther-
moregulation at the level of body regions is controlled
by the central nervous system, deviations in their tem-
perature may indicate disorders in the transmission of
nerve signals. For example, in type 2 diabetes (affects
more than 6% of the world’s population [11]) a com-
plication called diabetic foot can occur. As clinical
research data show (see review [6] and references
therein), timely analysis of thermographic data allows
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one to identify the development of inflammation in
the foot and begin therapy in time, reducing the risk of
future complications tenfold.

IR thermometry is used to diagnose cardiovascular
diseases, which remain the most significant health
problem worldwide [12]. Since blood flow is the main
channel for heat transfer within the body, its distur-
bances can often be detected during thermographic
studies. A demonstrative example is heart failure
caused by blockage of coronary vessels. IR thermogra-
phy in coronary artery bypass grafting has several
applications—from specifying the position of coronary
vessels (including the blocked area) under the layer of
fatty tissue that often surrounds the heart, to checking
the success of the operation by the presence of warm-
ing of the implanted vessel by the blood flow [13].

Measuring local temperature is important for
assessing changes in the degree of oxygenation, for
example, during photodynamic effects on biological
tissues [14], since stimulation of blood microcircula-
tion during low-intensity light irradiation is most
likely due to thermal mechanisms of utilization of
absorbed energy.

Finally, recent research provides an increasing
amount of evidence that monitoring of blood flow
microcirculation may be of no less importance than
macrocirculation and, moreover, they may be inde-
pendent of each other [15—18]. Disturbances in blood
flow microcirculation can lead to parenchymal cell
damage and death, which disrupts the functioning of
body tissues and may lead to serious consequences.
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For example, during cardiac surgery, future complica-
tions may not correlate with systemic blood flow
parameters (minute blood volume, arterial pressure,
etc.), which are usually maintained within optimal
limits. Instead, complications may be associated with
disturbances in tissue microcirculation (capillary net-
work density, network homogeneity, speed and nature
of red blood cell movement, etc.), which are usually not
monitored due to the lack of suitable methods [19].

Deviation of microcirculation parameters can
become an extremely important marker for taking
measures to prevent postoperative complications. The
question of the possibility of measuring microcircula-
tory parameters in situ during surgery using IR ther-
mometry has not been fully studied and is of great sci-
entific and practical interest [20]. Of course, the most
significant measures to correct circulatory impair-
ments can only be taken intraoperatively, when the
problem can be fixed before its development. Such
specificity is compatible only with express methods of
diagnosing disorders, which limits the possible range
of analysis tools, excluding detailed mathematical
models that require numerical modeling. This raises
the question of developing the simplest and easily-to-
interpret models compatible with real-time monitor-
ing constraints.

IR-THERMOMETRY-BASED
THERMAL BALANCE MODEL
FOR BLOOD FLOW RATE ASSESSMENT

Here we discuss in detail one of the possible ther-
mal models. Since the basic information provided by
the IR thermography method is the temperature dis-
tribution on the surface under study, it is important to
understand what influences the process of its estab-
lishment. Consider a special case of small, dry, uncov-
ered area of human skin at room temperature. This
area is warmed from the inside by the heat of underly-
ing tissues and cooled from the outside by the cold
room air. The resulting skin temperature 7(f) mea-
sured by the IR detector. This temperature depends on
time 7 until the process reaches equilibrium. For sim-
plicity, we will use a single-layer model when the tem-
perature inside and outside the body are uniform. The
heat balance equation for this area:

W, -W, = cmATS. (D)
At
AQ; . .
Here W, = A—' [W] is the internal heat exchange rate;
t
AQ,

W =

e

[W] is theexternal heat exchange rate; c

[J/°C k%ﬁ is the skin heat capacity; m [kg] is the skin
mass; AT, [°C] is the temperature change during the
time step Af.

It is rewarding to adopt a simplifying linear approx-
imation, in which the heat exchange rates are propor-
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tional to temperature differences on different sides of
the surface:

Wi = hA(T, = T,(2)), (2)
We = hA(T{(1) = To). (3)

Here A [m?] is the skin area; & and A, [W/°C m?] are
the thermal or heat conductance coefficients that
determine the rate of heat exchange between the sur-
face and the tissues and the room, respectively [21].
Thus, within the framework of this model, we assume
that the rate of heat exchange depends on the tempera-
ture differences scaled by 4 and A, times. The coeffi-
cient 4 is determined by the blood flow rate, thermal
conductivity of the tissues and tissue metabolism (for
example, muscle metabolism) in the measured area.
The coefficient /4, is determined by air convection and
humidity, the presence of hair or other external ther-
mal insulation. We call ratio 4 /A, of the coefficients
the blood flow index.

Since we consider small area of skin, it can be
approximated to be flat. Then its mass is
m = pV = pAL (proportional to the area 4, thickness
L and mass density p). If we put everything together
and substitute back in the original heat balance equa-
tion, we get:

AT, (1)
At

The main advantage of the model is that the result-
ing equation can be solved analytically. If we assume

that /# and 4, are constant, the solution takes the form:

BT+ T, = (h + 1T, (1) = cpL (4)

_(hthe)(1=t)

]; (t) = (7;,0 - ];tatic)e Pt + T;tam:- (5)

Where T, [°C] is the initial temperature at ¢ = #,;
T.aic [°C] is the stationary temperature, correspond-
ingto ¢ — oo, when exponential part vanishes. Analyt-

ical expression for 7,,;. is of importance for the subse-
quent analysis:

_hTL+hT,
static hl + he .

From (6) it is clear that the values of the thermal

coefficients # and A, determine the proportion in
which the equilibrium temperature will be “fixed” in

relation to the external T, and internal 7; (for example,
Tiaic — 1. at h, > h and vice versa). In the general
case of non-zero and non-infinite /4 and 4., the skin
temperature will be a weighted average between T, and

(6)

he and h . For us, this means
+ A, h+ h,

the possibility of estimating the relative values of 4 /A,
in the stationary (static) case, when we can assume

T; with weights
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Fig. 2. Temperature changes in different areas of the index finger skin during occlusion (Occlusion, thermal image in the lower-
right corner) and after occlusion (Hyperaemia, image in the upper-left corner). The areas of the finger where the temperature is
measured are highlighted with cyan circles in the inserts: nail (yellow graph), distal (orange), intermediate (pink) and proximal
(lilac) phalanges, as well as the back of the hand (purple). Red dotted curves are approximations obtained using the developed
model. The gray frame on the right side highlights the area of highly nonlinear blood flow. The area corresponding to the moment

of occlusion removal is hatched black. Color scale 24.5—36.5°C.

thermal equilibrium, since the ratio h;/h. can be
expressed directly from Eq. (6):

Tiatic — 1.
5 he — Zstatic e. 7
hl/ T; - T;tatic ( )
EXPERIMENTAL BLOOD

FLOW EVALUATION

We will evaluate the applicability of the model in
the case of finger occlusion, cooling and heating
experiments, where we’ll use it to determine the index

h; /h, (proportional to the blood flow in the area under
study). The results of the occlusion test are shown on
Fig. 2.

Several observations can be made from the graphs
in Fig. 2. First, under normal conditions (without
occlusion), the temperature of the back of the hand
fluctuates with an amplitude of ~1°C. The tempera-
tures of the fingers behave similarly. This is due to the
normal regulation of blood flow at the level of the cen-
tral nervous system. Second, after obstruction of the
vessel’s temperature starts to decrease due to the lack of
blood flow, gradually approaching room temperature
(24.4°C) because in the heat balance Eq. (4), the heat-
ing associated with the blood flow is now minimized.
In addition, the thinner and further away parts of the
fingers (nail and distal phalanx) cool faster due to
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more effective air cooling and less mass (high area-to-
volume ratio). Third, after occlusion the blood flow
begins to heat the finger rapidly to temperatures that
can be even higher than the initial ones (hyperemia).
The increased blood flow is associated with the work
of the local regulatory mechanism of increasing blood
flow through the dilation of the vascular lumen (vaso-
dilation) in response to metabolites accumulated
during occlusion. Fourth, if thermal diffusion were the
main mechanism of heat exchange, warming would
occur from the warmer knuckles towards the fingertip,
but we see the opposite picture: the most rapid growth
is observed in the nail area, which is associated with a
significant number of microcapillaries in this area.
Fifth, as can be seen in the thermal image of the index
finger in the upper left corner of Fig. 2 (corresponds to
470 s on T,(¢) graph), the spatial pattern of hyperaemia
(return of blood flow) is quite complex and heteroge-
neous: the areas closest to the large vessels of the finger
warm up first, then, due to diffusion and microcircu-
lation, the intermediate areas filled with smaller ves-
sels gradually warm up.

Heat balance model applied to heat exchange pro-
cesses allows obtaining a pattern of changes in blood
flow, shown in Fig. 3. Here, the values corresponding
to the normal (orange columns) are obtained within
the framework of the static picture calculated using
Eq. (7), while the dynamics of cooling during occlu-
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Fig. 3. The ratio of thermal coefficients 4 /4, for different areas on the index finger (Nail, Distal, Intermediate, Proximal) in the
static normal state before occlusion (orange); during occlusion (pink); after occlusion during hyperemia (lilac).

sion (pink columns) and the dynamics of reheating
during hyperemia (lilac columns) correspond to the
dynamic approximations (5), shown by the red dotted
lines in Fig. 2.

As follows from the data, occlusion significantly
reduces blood flow, which is consistent with the sharp

drop in # /h, (see Fig. 3). After removal of the clamp,
blood flow is restored to levels that (considering the
temperature fluctuations, measures during 10-min
observation under normal conditions, see the purple
graph in Fig. 2) may be higher than the initial ones
(reactive hyperemia). Thus, the presented simple
model of heat balance allows us to obtain useful indi-
rect estimates of the blood flow in both static and
dynamic cases and compare them with each other.

Now let us apply the heat balance model to assess
blood flow during dynamic stress tests of cool-
ing/heating of local hand areas. Figure 4 shows tem-
peratures corresponding to warming up of different
areas of the index finger after cooling in cold water at
20°C for 90 s. Consider the nail temperature graph in
some detail: its course is quite complex, demonstrat-
ing a set of sharp bends due to blood flow instability.
Moreover, its dynamics differ from occlusion dynam-
ics by a longer duration (warming up is ~15 times lon-
ger). Our model is not applicable to its description
directly on its entire time domain since the values of
h; /h, are diverging when we are trying to approximate
any highly non-stationary part of the graph (for exam-
ple, when the blood flow grows with acceleration,
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which corresponds to the graph sections with
&’T
dr’

In this case, the blood flow fluctuations can be
explained by the central nervous system reaction,
since the warming of the nail of the index finger cor-
relates with temperature fluctuations measured on the
nails of the remaining fingers that were not subjected
to cooling phase (Fig. 5).

> 0).

‘We have solved the heat balance Eq. (4) for the case

of steady-state blood flow, when 4, /A, = const, but the
solution holds for: (a) local steady-state points, when

A—Y;S = 0 and the solution is reduced to the static case
(Eq. (7)); (b) weakly non-stationary intervals, when
the dynamic solution is approximately correct
(Eq. (5)). It follows that we can still use the model if
we divide the entire rewarming graph (Fig. 5, dark blue
curve) into intervals of rapid change (non-stationary
blood flow, the model is not applicable) and stabiliza-
tion (stationary blood flow, the model is applicable).
Some exemplary boundaries of such intervals are
highlighted with gray dotted lines in Fig. 5 (see the
stat/non-stat captions). The estimates of the blood
flow index value carried out in “allowed” points are
shown in Fig. 5 in the form of numbers accompanying
the graphs. Based on them, one makes a conclusion
about a gradual nonlinear increase in blood flow in the
index fingernail during its warming (see the graph on
the insert of Fig. 4).
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Fig. 4. Rewarming after cooling of different areas of the index finger. The inset on the right shows a thermographic image of the
hand corresponding to 120 s of rewarming with the measurement areas indicated. The inset on the left shows a graph of the index

h; /h. calculated for a certain sampling of points (stationary) of the nail rewarming curve (yellow curve).
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Fig. 5. Temperatures of the nails of four fingers after index finger cooling phase. The temperatures were measured in the areas

marked by cyan circles in the thermal image. The next-to-graph numbers show static approximations of the index #; /4, calculated
for the points marked in red; the red dotted line is a piecewise dynamic approximation of the “allowed” stationary (stat) intervals

of stable blood flow. 7; is the room temperature level.
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Fig. 6. Cooling the index finger after the heating test. Inserts are thermographic image of the hand corresponding to the onset of

cooling; linear dependence between #4; /A, , calculated from dynamic approximations (red dotted line), and initial heating ampli-

tudes.

The model is also applicable to the assessment of
blood flow in local heating dynamic tests. Fig. 6 shows
thermometric data corresponding to the recooling of
the index finger after immersion in hot water at 60°C
for 90 seconds. As can be seen from Fig. 6, the tem-
perature of the finger areas immediately after heating
does not exceed 37°C, which indicates effective heat
removal by the blood flow throughout the entire heat-
ing period. Temperature decreases to normal in just
2 min, which is associated with high blood flow. At
the same time, those areas of the finger that demon-
strated the lowest blood flow in the normal state and
occlusion test (distal and intermediate phalanges in
Figs. 2, 3) heat up the most. The linear relationship
between the heating amplitude and the blood flow

index A4 /h, is shown in the insert on Fig. 6. It was
obtained by applying the model to cooling phase over
an entire 2 min interval, i.e. it estimates the average
value of the index /4 /h, over the observation period
(estimated numbers are shown in red in Fig. 6). If a
more detailed analysis is required, it is possible to
establish a division into “allowed” intervals, as in the
previous example, but during heating the process of
selecting suitable intervals becomes more complicated
due to the high background blood flow rate.

Thus, the described heat balance model is applica-
ble for the quantitative description of steady-state
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blood flow processes that affect the temperature dis-
tribution on the skin and is of limited applicability for
the analysis of non-stationary processes, which never-
theless can be described if one uses subdivision into
“allowed” intervals and points where the model is still
valid.

APPLICABILITY LIMITS
OF THE HEAT BALANCE MODEL

The temperature begins to fluctuate widely on a
timescale up to ten seconds (see the gray frame area in
Fig. 2) ~30 s after the occlusion is removed, which is
associated with the adaptive multi-level thermoregula-
tory reaction of the body. Thus, as often happens when
working with living objects, the analysis is complicated
by the fact that the body through systemic/local reac-
tions can influence the amount of blood flow “from
the inside”, adjusting it to current needs, and this pro-
cess can have its own inertia and set of characteristic
times. A natural question arises as to whether we are
missing any of these important reactions. However,
according to extensive experimental data [20, 22]
obtained on various warm-blooded animals (includ-
ing humans), for any individual it is possible to estab-
lish a zone of external conditions (the so-called “ther-
moneutral zone”), in which organism will not use
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energy-consuming mechanisms of “emergency
response”: shivering/pilomotor reflex (“goose-
bumps”) in the cold, sweating in the heat. In the ther-
moneutral zone, the main mechanism of thermoregu-
lation (in addition to the behavioral one, i.e., moving
to the more comfortable place) will be the mechanism
of blood flow regulation, that is, convective heat
exchange between deep tissues and the body surface.
Such a mechanism turns out to be evolutionarily justi-
fied and natural for endothermic animals, since it
allows low-effort adaptive adjustment of the heat
exchange rate to external conditions. For example,
from our data (Fig. 3) it follows that the blood flow in
the nail of the index finger can change at least ten-fold.
This justifies the introduced interpretation of 4 /4, as
the magnitude of blood flow index under fixed exter-
nal conditions.

As shown by the rewarming analysis, the highly
non-stationary sections corresponding to
h/h, # const cannot be analyzed directly using this
model, but the model can still be used at locally sta-

tionary points where AATS =0, when the expression for
1

the static temperature T,,;. (7) turns out to hold. In
addition, it can be shown that these special points cor-
respond to the extremum points of /4 /4, index (other-
wise there could be no temperature equilibrium,

unless 4 and A, change synchronously, which is
unlikely, since 4 depends on the blood flow, while 4,
depends on the conditions in the room and on the
skin). This allows us to estimate the physiological
parameters at stationary points (minima, maxima,
and horizontal sections when 7} (7) changes). In gen-
eral, since the model predicts no inflections in the
T.(r) graph (this can be seen in Fig. 2), the presence of
the latter can be interpreted as a deviation from the
simple condition /4 /A, = const, which means constant
blood flow level if all other parameters remain fixed.

In addition, since Eq. (4) does not contain the VT
term, it considers only the part of thermal diffusion
(except for the linear part included in the expression
for W}). This is the price of a simplified analysis, and it
makes it of limited applicability for situations where
the diffusion channel of heat exchange is dominant.

The parameter combination cp L in Eq. (5) is gen-
erally known only approximately, and although it can
be found in a series of observations made under differ-
ent conditions, this is not necessary, since considered
combination /4 /h, weakly depends on the specific val-
ues of cpL from the physiologically acceptable range
(although the values of 4 and A, themselves can
change).

Since the surface temperature is the result of the
thermal balance between the internal part of the body
and the external environment, the analysis is sensitive
to external conditions, as with any IR thermometry in
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general. Only results obtained under similar condi-
tions can be directly compared. The model is one-
dimensional, i.e. does not explicitly consider the spa-
tial arrangement of the vessels, and single-layered, i.e.
it does not consider the nature of heat transfer between
the tissues located between the vessels and the skin
surface.

Finally, the model ignores radiative cooling (the
nonlinear part), although it is experimentally based on
it. This is since the contribution of this heat transfer
channel turns out to be negligible for typical external
conditions [21].

CONCLUSIONS

It is safe to say that infrared thermometry, which
was an expensive and exotic research tool “yesterday”,
“today” is recognized by the scientific community as
promising, and “tomorrow” will become an important
part of medical practice helping to save millions of
lives. This trend is in part based on non-mentioned
implementation of machine learning methods to the
data analysis [23—25], in part it can be explained by
increased availability of equipment, in part by the sim-
plicity, non-invasiveness and ease of use of the
method, and in part by the development of models
and methods that allow to extract reliable information
about the bioprocesses from temperature distribution
patterns. In this paper, we’ve examined in detail one of
the thermal models, using which we’ve described the
results of occlusion, cooling and heating tests of a fin-
ger and obtained qualitative and quantitative data on
the blood flow rate and circulation in different areas of
the finger before and during the tests. The model spec-
ificity lies in the fact that it allows for an analytical
solution, which eliminates the stage of solving the
non-homogeneous differential heat transfer equations
numerically yet preserving the main qualitative ele-
ments of the heat transfer process. This brings the
model to the field of real-time IR thermometry, which
is in demand in medical circumstances requiring rapid
decision-making, such as intraoperative circulation
monitoring.
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