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Problems of Active Dynamic Thermography
Measurement Standardization in Medicine
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Abstract: Reliability of thermographic diagnostics in medicine is an important practical problem.

In the field of static thermography, a great deal of effort has been made to define the conditions for
thermographic measurements, which is now the golden standard for such research. In recent years,
there are more and more reports on dynamic tests with external stimulation, such as Active Dynamic
Thermography, Thermographic Signal Reconstruction or Thermal Tomography. The subject of this
report is a discussion of the problems of standardization of dynamic tests, the choice of the method of
thermal stimulation and the conditions determining the credibility of such tests in medical diagnostics.
Typical methods of thermal stimulation are discussed, problems concerning accuracy and control of
resulting distributions of temperature are commented. The best practices to get reliable conditions of

measurements are summarized.
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1. Introduction

Infrared thermography has been used in medical diagnos-
tics since the 1960s [1]. Its introduction to medical diagnos-
tics aroused real enthusiasm as a non-contact and completely
non-invasive method. However, after its initial success, it was
subjected to severe criticism, because in the research and treat-
ment of breast cancer it turned out that the method led to
the false positive breast cancer diagnoses in the USA, which
resulted in many unnecessary breast resections and, of course,
great costs of damages, after lawsuits brought about by inju-
red patients. Only after ca forty years, the introduction of new
infrared imaging technologies and the commencement of work
on standardization of research, there was an increase in inter-
est in infrared diagnostics and a slow return to clinical trials,
especially as a low-cost screening method. At the same time,
since the nineties, technical methods of non-destructive infra-
red thermal imaging (NDTE) [2] have been developed, based
on thermal models of the studied structures. Since the begin-
ning of the 21° century, these methods have also been used in
medical diagnostics, known as Active Dynamic Thermography
— ADT, Thermographic Signal Reconstruction — TSR, or Ther-
mal Tomography — TT [3-5]. There are no agreed conditions
for conducting such tests in terms of the applied thermal stim-
ulation, which is the subject of this publication.
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2. Status of standardization works on
thermal imaging in medical diagnostics

Defining and agreeing on the conditions of thermal research

in medical diagnostics took several decades and led to the cre-

ation of so-called the golden standard [6, 7], which includes:

— determining the conditions for preparing the patient for the
tests — he or she should avoid taking stimulants and medi-
cations before the tests and taking up physical activities
leading to the stimulation of the organism; the skin in the
area of interest should be free from ointments, creams, etc.;
a patient should be in the waiting or examination room at
least 15 minutes before the test to stabilize the thermal
conditions; areas of interest should be exposed during this
time to achieve thermodynamic equilibrium;

— specification of the technical conditions of the diagnostic
equipment — the type of an infrared camera, the geometric
resolution of the lens used, the thermal resolution of the
measurement — at least 0.1 K; the position of a camera
— perpendicular location, at least 0.5 m from the field of
interest; scan frequency (the number of images recorded in
a given period of time);

— determination of climatic conditions — a test room tempe-
rature 18-23 °C (max. 25 °C), stabilized with an accuracy
not worse than 1 °C; no ventilation and radiation sources
and heaters that could affect the temperature of the exa-
mined areas of the patient’s body; constant and controlled
humidity in the room;

— databases and catalog of items of particular areas of interest
of the patient’s body ROI were developed determining the
conditions for storing and processing medical images [§];
unfortunately, the DICOM standard for thermal imaging
has not yet been implemented!

So far, no agreed guidelines have been defined in the diagnosis
of a patient after using external thermal stimulation and analy-
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sis of resulting transient processes. Thus, people using dynamic
thermography methods practically apply developed diagnostic
instrumentation and algorithms, obtain “some” results, but there
are no agreed procedures allowing for reliable assessment of the
applied approach.

Theoretically, the problem comes down to the identification
of parameters of the equivalent thermal model of a tested object
defined at the Region of Interest — ROI. This was described in
detail in the study of technical structures [2] and for some medi-
cal cases in [3-5]. Unfortunately, in medical diagnostics the pro-
blem is rather difficult, as the examined structures are complex
and poorly defined; access to ROI is unilateral for measurements
and excitation; the initial and boundary conditions necessary
for solving the reconstruction procedures of equivalent thermal
model parameters are usually unknown and additionally masked
by biofeedback processes.

3. Theory

This problem is addressed anywhere, here basic information is
taken from [5]. Thermal diagnostics requires analysis of ther-
mal processes based on thermal models in correlation with
physiological processes. Solution of so-called direct problem,
determination of temperature distribution in time and space
for assumed boundary conditions and known model parame-
ters is possible for external thermal excitation. Having proper
model one can compare the results of experiments and may
try to solve the reverse problem. This responds to the question
— what is the distribution of thermal properties in internal
structure of a human body? Such knowledge may be directly
used in clinical diagnostics if correlation of thermal and phy-
siological properties is high.

In biologic applications the direct problem requires solution of
the heat flow in 3D space; the analysis is most frequently based
on the Pennes [8] ,biologic heat flow equation”:

‘p 0T (z,y,2,1)

) P WVPT(,y,2,t) + q, + 4y, + ey (1)

where: T(z, y, 2, t) — temperature distribution [K] at the
moment ¢ [s]; k— thermal conductivity [Wm'K"]; ¢ — specific
heat [J-kg'K']; p — material (tissue) density [kg-m*]; g, [W-m]
— heat power density delivered or dissipated by blood; ¢, —
heat power density delivered by metabolism; ¢ — heat power
density delivered by external sources.

Generally, there are three approaches in analysis and solving
of heat transfers to find distribution of temperature. The first
one is analytic, known only for very simple structures of well
define shapes, applicable in practice to get some estimates only.
The second option is using numerical methods, usually based
on FEM (finite element method). There are several commercial
software packages broadly known and used for solving problems
of heat flows, usually combining a mechanical part, including
generator of a model mesh as well as modules solving specific
thermal problems, as e.g., general mathematical programs —
MATLAB or Mathematica. FEM methods allow solution of
3D heat flow problems in time. Functional variability of ther-
mal properties and non-linear parametric description of tested
objects may be easily taken into consideration. Unfortunately,
there are basic limitations concerning the dimension of a pro-
blem to be solved (complexity and number of model elements),
which should be taken into account from the point of view of
the computational costs. The third solution, most practical is

52 P O M I AR Y

AU T O MATY KA

a)
b)
A AR RN
LLLELERLLERRARARAAARARAANAANNNNAN
1 — Epidermis, 2 — Corium, 3 — Subcutaneous
C Rth1 Rth2 Rth3
Cth1 S Cth2 Cth3
layer 1 layer 2 layer 3

Fig. 1. a) Anatomy of the skin [10] — depth of burn, b) three-layer
structural model, c) equivalent thermo-electric model

Rys. 1. a) Anatomia skéry [10] — gteboko$¢ oparzenia, b) trzy warstwy
strukturalnego modelu termicznego — naskdrek, skéra wiasciwa, warstwa
podskdrna, c) zastepczy model termo-elektryczny
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Fig. 2. Electric circuit simulating thermal processes at the ROI
surface, where U(x,y,t) voltage of a temperature value at a pixel x, y
in time t; U — voltage sources representing ambient A, stimulation
ST and body B temperature (boundary conditions), Ri — thermal
resistances, Ci — thermal capacitances

Rys. 2. Zastepczy obwdd elektryczny symulujacy procesy termiczne

na badanej powierzchni, gdzie U(x,y,t) napigcie o wartosci temperatury
wybranego piksela x, y w momencie t; A — otoczenie o temperaturze U,,
opornosci termicznej R, i pojemnosci termicznej C,; Uy, — Zrédto
pobudzenia cieplnego o temperaturze i rezystanciji termicznej R
trzywarstwowy model skéry RC, i Zrédto temperatury wewnetrznej ciata U,
o rezystancji termicznej R,

the use of equivalent electro-thermal models, as in Fig. 1 for
skin burn as an example [5].

In medical diagnostics the practical question is solution of the
reverse problem — reconstruction of model parameters. There are
several conditions necessary for getting reliable results, what is
here discussed for the model of the skin as an example (Fig. 2).

It should be underline, that for normal static thermography in
equilibrium the surface temperature distribution T(x,y,o) = U(va_[J>
depends only on boundary ambient temperature U, (typically
around 20 °C), internal body temperature U, (typically around
37 °C), tissue properties distribution represented by nonlinear
thermal resistances, and heat exchange conditions with environ-
ment (ambient) represented by R, — combining radiation heat
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exchange and air conduction. In fact, this situation is recorded
by static thermography and interpreted in medical diagnostics.

Use of the stimulation source U, allows to record thermal
transiens represented by series of thermograms in time U(z, v, ?)
and reconstruct thermal capacitances and components of ther-
mal resistances C; and R. It should be underline, that while
the excitation source is on and off the structure of the circuit is
modified, resulting in different heat flows. Additionally, heating
and cooling are changing boundary conditions and even struc-
ture parameters (e.g., thermal model dimensions) as the depth
of heat penetration depends on the duration time of excitation.

There are several methods of reconstructing the parameters
of an equivalent thermal model after using external stimula-
tions. Such procedures are described in more detail in the cited
literature [3-5]. One of the first questions is heating or cooling?
Another concern the shape of the stimulation and its param-
eters, duration or amplitude. In addition, there are a number
of limitations with respect to patient safety and the reliability
of the thermal response, due to existing physiological biological
feedback mechanisms. The methods of identifying simple two
or three-layer models represented by ADT and TSR parametric
images are relatively easy reconstructed.

The most frequently reconstructed are parameters of the
equivalent exponential equation. The parameters to be deter-
mined are: constant temperature component 1(z, y). = T(z, ¥, 0)
— temperature in steady state; coefficients representing increases
or decreases of the temperature T and thermal time constants 7.
On this basis, the examined tissue can be quantitatively
described by means of time constants and exponential terms

—t

T(z,y,t) = T(z,y), + X, T(z,y), |- 2)

for the natural heating phase after switching off the cooling
apparatus. The natural cooling phase after switching off the
heating stimulation source is described by very similar equ-
ation (3) — note lack of the sign minus in the last component:

—t

T(z,y,t) = T(a,y), + X0 Tlavy), | (3)

where: T(z, y, t) — temperature of the pixel (z, y) for the time ¢
AT(z, y)j — values of temperature changes caused by the exci-
tation stimulus, time constants 7(z, )

J

Formally both equations are described by the same symbols,
but practically values of the parameters are different as heat
flows are different for cooling and for heating, for both the exci-
tation phase and for the recovery to equilibrium phase!

Practically temperature transients at ROI are registered with
limited accuracy and reconstruction of tested structure parame-
ters based on series of thermographic images are limited. For
a sufficient compliance of the model with the measured data,
very often only two exponential components are determined,
ie.m=2.

The obtained measurement data from the thermographic
camera is fitted to the exponential models described by the
above equations using simplex, Levenberg-Marquardt or other
matching algorithms (minimizing error functions). To improve
the quality of fit to the replacement model, low-pass or median
filtering can be used.

Similarly, transient changes on the tissue surface can be cha-
racterized by the TSR (Thermographic Signal Reconstruction)
method. The method assumes that the temperature changes
for the area without defects should be consistent with the one-
-dimensional Fourier heat flow equation, and that the area above
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the defect will have deviations from this course. One can write
the Fourier equation in the logarithmic domain [11] as:

In[AT(z,y,t)] = h{gj - éln(ﬂ' ) (4)
e
where: @ — heat power density, e — effusivity.

For the data space transformed in this way, one may adjust
the data to the n-degree polynomial:

In[AT(z, y, t)] = a, + aIn[T(z, y, t)] + aln’[T(z, y, t)] + ..
+ o In"[T(z, y, 1)] (5)

where: a, — coefficients of the polynomial, n — order of the
polynomial, T'— temperature, ¢ — time.

Typically, the order of the polynomial is 4-5. As the last step
of the procedure, the first and second derivatives of the param-
eter changes after time are determined.

One practical problem should be underline in pulse thermo-
graphy — the choice of excitation time should be carefully ana-
lysed! The simplest model of heat penetration shows, that so
called heat diffusion length L is a function of material properties
(a — tissue diffusivity) and time ¢,

L = 2(at)"? (6)

what means that the excitation time should be chosen according
to expected model depths, on the other hand this means, that
equivalent thermal model may be changed with time excitation!

4. Practice

The general concept of measurements performed in ADT, TT,
TSR is shown in Fig. 3. First, steady state temperature distri-
bution on the tested surface (ROI) is registered using the IR
camera. The following step requires thermal excitation appli-
cation to the diagnosed ROI and registration of temperature
transients at the ROI surface, especially after switching off the
excitation. An external thermal excitation source (heating or
cooling) should be applied to a tested structure in fully con-
trolled conditions.

EXCITATION | —|  TESTED "
SOURCE OBIECT CAMERA
synch. L
DATA
COL';IJFrOL ACQUISITION
< SYSTEM

Fig. 3. Block diagram of basic ADT/TSR/TT measurement procedure
Rys. 3. Schemat blokowy pomiaru w ADT, TSRiTT

The control unit synchronizes the processes of excitation and
registration. For pulsed excitation diagnostic measurements
should be performed at the recovery phase to initial condi-
tions after excitation is off. All data are stored in the Data
Acquisition System for further computer analysis and model
parameters determination.

As in medicine one is dealing with living patients’ problems
of unintentional movements, breezing etc. must be solved. This
requires synchronization of following images, determination of the
region of interest the same on all images in the series, even if the
data are taken in different days, e.g., when studying wound healing
processes; corrections of camera unintentional movement etc.
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Much more complicated is procedure of thermal tomography
as in this case dimensions and material properties of 2D or 3D
structural thermal models must be reconstructed. Typical tomo-
graphy procedure of model parameter reconstruction is shown
in Fig. 4. Thermal excitation (from a physical source as well as
simulated for the assumed thermal model) is applied simulta-
neously to the tested structure and to its model. As the result
thermal transients are registered at the surface of the object by
the IR camera. In parallel the same process should be simula-
ted for the model. For each pixel the registered temperature
course is identified. The measurement results are compared with
the simulated transient and if necessary, the thermal model is
modified in iterative procedure to fit to experimental results. If
the results of measurements and simulation are convergent the
reconstruction procedure stops. With a great probability the
model is representing the tested structure.

THERMAL
EXCITATION

v v

TESTED THERMAL
OBIJECT MODEL
IR CAMERA
AND SIMULATION
DAS
EQUIVALENT
MODEL » COMPARISON |—
IDENTIFICATION
MODULE

Fig. 4. Thermal Tomography procedure for reconstruction of a tested
structure properties
Rys. 4. Algorytm rekonstrukcji parametrow badanej struktury w procedurze
tomografii termicznej

Unfortunately, this reconstruction procedure is rather long and
not always successful as the problem is mathematically ill posed
and boundary conditions are not always properly identified.

Dynamic measurements with excitation are performed in
a system, as for example shown in Fig. 5. This is the block dia-
gram of the measurement system for tests using the method of
active dynamic thermography. The system consists of a central
computer (1), a controller (2), a symmetrical thermal excitation
system (3), a thermographic camera (4) and the RGB camera
(5). The whole operation of the system is controlled by a com-
puter with a program of the sequence of excitation signals and
the software for the acquisition of RGB image data and thermo-
graphic sequences. The adjustment of the control signals takes
place in the controller (2), which is responsible for obtaining the
voltage levels and ensuring the I/O current efficiency necessary
to actuate the cryotherapy devices.

The examined object (6), in this case a cardiac surgery
patient, is located about one meter from the stimulating and
recording set. During the examination, the patient usually lies in
the bed with the area of interest exposed, e.g., the chest. Access
to the patient is limited to the study of the surface of the exami-
ned ROI, unilaterally, both for the data acquisition system and
the sources of excitation. To read more about this set see [4, 12],
where also issues related to applied software, data processing,
model fitting, normalizing to the reference ROI are discussed.
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Usually, diagnostic instrumentation is equipped in proper soft-
ware packages allowing easy manipulation and at least semi-
automatic registration of images and data manipulation. ADT
requirements are not easy as the simplest descriptive multi expo-
nential models are applied. As the diagnostic descriptor mainly
thermal time constants (1, t,) are applied though the magni-
tude T (temperature gradients) are also of important diagnos-
tic value. Such descriptors are strongly correlated to thermal
equivalent model, e.g., the 3-layer structure described by thermal
resistance R and thermal capacitance C The product

th(1-3) th(1-3)"
is equivalent to thermal time constants.

R C

th(1-3)

th(1-3)

3a A4 3a
0
3
o
o
o]
le]
o ©

Fig. 5. Block diagram of the stand for research with the method of
active dynamic thermography

Rys. 5. Schemat blokowy stanowiska do badar metoda aktywnej
termografii dynamicznej

The technical solutions of the system may vary. The use of
double vision and thermographic cameras enables the acquisition
of stereovision images, which is used in special, non-standard solu-
tions in medical diagnostics. A separate challenge is the source
of thermal stimulation. Here, a stimulation source was used in
the form of two devices for cold air cryotherapy, controlled by
electro-valves (3a). This solution allows for cooling of the ROI
more uniformly than in the case of using a single device. Alter-
natively, the tested surface may be cooled with a mixture of CO,
and air from another cryotherapy unit, which may be applied
as the cooling source. In this case we get positive experience as
diagnostically valid measurements were taken after switching off
the coolers, what takes less than one second. In some applications
the source of heating with a set of infrared lamps can also be
used to stimulate ROI. Other technical solutions may be based
on contact cooling, but also laser or microwave heating; vibro-
thermography is known for NDTE. The mentioned methods have
a number of limitations related to properties of energy absorption
by biological tissues.

In the case of non-contact stimulation, the temperature reading
is synchronized with turning the thermal source on and off, so
that the tissue stimulation phase and the response phase are
separate from each other. In the case of a human examination,
the stimulation must be of a safe value, i.e., not to damage the
tissues or cause pain.

The result of the system’s operation is the acquisition of a series
of thermographic images, which in the next stage are subjected
to procedures specific for each method of reconstructing the
parameters of the thermal equivalent model of the tested object.
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5. Discussion

Let us pay attention to the possibility of an unequivocal answer
to a number of questions that determine the credibility of
each of the above-mentioned measurement possibilities and
the reconstruction of parametric images. Known methods of
identifying parameters of electrical circuits in technical dia-
gnostics may be used as a reference, however, it is necessary
to remember what limitations are introduced by thermal exa-
mination of living organisms.

1. Selection of the stimulation amplitude - the problem in
practice concerns the patient’s safety! Resulting tempera-
ture should remain in the range slightly above zero degrees
Celsius, so as not to damage the tissue by freezing, and not
exceeding the temperature of 42 °C when the tissue is dena-
tured. Keeping in mind the gold standard of static ther-
mographic testing, when the patient is prepared for testing
under stable thermodynamic conditions, the ROI surface
temperature is typically 30-34 °C. Thus, the amplitude of
the excitation during heating must not exceed about 8 °C.
In the case of cooling, the excitation range may be greater,
to about minus 30 °C from the initial, but in practice this
value should be reduced by half, to about 15 °C, which
will be justified in the point 4. Obviously, the greater exci-
tation amplitude allows measurements to be made with
better accuracy taking into account limited resolution of
a thermographic camera, usually 0.1-0.02 °C. This discus-
sion indicates the advantage of cooling!

2. Signal shape selection — sinusoidal, pulsed, shape projected?
Each of these proposals allows for the differentiation of cha-
racteristic features of the response signals and the diagnosis
of “something”, but again it is worth remembering about
the physiology. In the technology — NDTE and NDE — the-
oretically the most accurate results of the identification of
an electric circuit property are given by the analysis of exci-
tation with a sinusoidal signal. The question is whether this
also applies to living organisms? Therefore, what frequency
range of thermal signals should be considered? In practice,
these are rather low frequencies, single and fractions of
Hz. Measurements at low frequencies must be performed
carefully, because there exist biological feedback pheno-
mena, including the so-called vasoconstriction and vasodi-
lation, i.e., contraction and relaxation of smooth muscles in
the wall of blood vessels as a result of cooling or heating.
These phenomena are characteristic to all warm-blooded
animals! Frequency analysis is thorough but time consu-
ming. Additionally, there is a factor of movement instability,
e.g., related to breathing; what means that thermographic
images require position correction. For these reasons, the
frequency method is not recommended in practice. Dirac
pulse-shaped excitation is an attractive solution, but due
to p.1 it does not give the possibility of obtaining a suffi-
ciently strong thermal signal. The shape projected signals
have been applied successfully in technology, e.g., in elec-
tronic circuit boards testing, but so far have not been used
in medical thermal diagnostics. In practice, the rectangular
pulse-shaped excitation is most often used for both heating
and cooling in medical applications allowing sufficient chan-
ges of temperature. Still, there is the problem of duration
of such stimulation. The problem is not trivial, because the
longer the excitation time, the deeper heat penetrates the
ROT area, which changes the measurement conditions and
parameters of the thermal equivalent model!

3. Heating or cooling? Already the reply to point 1 shows the
advantage of cooling, but it is not the only argument. Note
that under the conditions of thermodynamic equilibrium
there is a temperature gradient in the layer of the subsur-
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face tissue, from 30-34 °C to about 37 °C in depth of the
body. This means that heating causes an increase in the
temperature of the body surface, thus reducing the tem-
perature gradient in the near-surface layer, and consequ-
ently reducing the heat flows inside the body! In contrast,
cooling increases the temperature gradient, which increases
heat transfer and improves thermal contrast. This causes
stronger heat exchange within tested structure giving more
reliable data for tissue parameters reconstruction!

4. Determination of reliable boundary conditions for the recon-
struction of model parameters. It is worth to determine the
duration of the heating/cooling stimulus to limit the thick-
ness of the analyzed ROI layer to diagnostically interesting
value. When cooling, it is recommended to obtain at the
end of excitation the surface temperature at the level of
the ambient temperature. This eliminates heat exchange at
the tested surface and forces heat transfer within internal
tissue layers, at least at the initial phase of recovery to the
equilibrium conditions after thermal excitation.

6. Conclusion

According to analysis of the circuit in Fig. 2 there are several
cases of heat flows resulting in static and dynamic temperature
distributions important for diagnostics in medicine. The most
important for diagnostics are added value strong heat flows
via biological structures. This leads to advice to use cooling
as the privileged solution. Heating is more difficult in control
of safety conditions and additionally leads to flat temperature
distribution inside the body what means lower heat flows and
increase of the role of heat exchange with the environment,
what is of rather low diagnostic importance.

In medical diagnostics of ADT, TSR and TT it is postula-
ted to use cooling in the form of a rectangular stimulus with
a duration that ensures obtaining the ROI surface temperature
equal to the ambient temperature, which standardizes the ini-
tial boundary conditions. As a result, the process of returning
to thermodynamic equilibrium conditions is dominated by heat
flows inside the tested ROI, so the reconstruction result allows
for a reliable assessment of the parameters of the layers of the
substitute thermal model. In the exemplary solution shown in
Fig. 5, the thermographic camera can be used to automati-
cally determine the moment of stopping the excitation signal,
here the cooling process. On the other hand, cooling to lower
than ambient temperatures are resulting in bigger tempera-
ture gradients what with limited thermal resolution of applied
thermal camera always improves measurement accuracy, while
heat exchange with ambient is not decreasing diagnostic infor-
mation given by heat flows inside the ROI.

There is still the problem of the excitation pulse duration.
It may be relatively easy to reach ROI surface temperature
equal to the ambient temperature and keep this value for lon-
ger what in result may increase the tissue layer of this tem-
perature. This may be changing in not fully controlled way
boundary condition for the recovery phase after switching the
excitation off. Probably this should be worked up for different
diagnostic applications.
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Problemy standaryzacji pomiarow w Aktywnej Termografii

Dynamicznej w medycynie

Streszczenie: Wiarygodnos¢ diagnostyki termograficznej w medycynie stanowi wazny problem
praktyczny. W zakresie statycznej termografii w podczerwieni wtozono sporo wysitku, by zdefiniowad
warunki pomiardw termograficznych, co stanowi obecnie ztoty standard takich badarn. W ostatnich
latach pojawia sie coraz wiecej doniesien dotyczgcych badan dynamicznych z pobudzeniem
zewnetrznym, takich jak ADT, TSR czy tomografia termiczna. Przedmiotem niniejszego doniesienia
jest dyskusja problemdw standaryzacji badari dynamicznych, wyboru sposobu pobudzenia
termicznego i warunkow decydujgcych o wiarygodnosci takich badarn w diagnostyce medyczne;j.

Stowa kluczowe: aktywna termografia dynamiczna, rekonstrukeja sygnatu termograficznego, tomografia termiczna, dynamiczne testy termiczne, standaryzacja
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