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Abstract

Tissue heating is used for the treatment of health disorders. However, the benefits of this therapy depend heavily on the tem-
perature reached in the tissues. Values outside the ideal range recommended for therapeutic effects may result in ineffective
or tissue-damaging treatments. Thus, understanding the heat transfer process and knowing the temperature distribution in
biological tissues are essential factors for this treatment to be applied safely and effectively. In this context, the numerical
simulation becomes an interesting tool to understand the temperature field in the different tissues that make up the joint and,
thus, to contribute to a better application of the thermal resources used in the clinical practice of physiotherapy. This study
aimed to simulate the transient heat transfer in a canine knee joint during the application of a therapeutic heating feature
and to investigate the effects of blood perfusion performed at a constant rate (Al simulation) and as a function of tissue
temperature distribution (A2 simulation). The heat diffusion equation was used to model the heat transfer phenomenon. The
simulations were performed using the ANSYS-CFX® program. The results obtained from the simulations were compared
with in vivo experimental data. The Al simulation showed a maximum percentage difference of 25.6% compared to the
experimental data. In contrast, the highest percentage difference found for the A2 simulation was 9.8%. In conclusion, the
results suggest that simulation can be an important tool to evaluate the temperature behaviour of biological tissues during
the application of thermal therapeutic resources.
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Therefore, to use therapeutic heating efficiently and safely,
it is essential that the heat transfer process in biological tis-
sues is understood and that the temperature behaviour is
determined the specific tissue type [9]. Although in vivo
measurements of tissue temperature are used for this pur-
pose, there are still great difficulties and risks associated
with performing these temperature monitoring measures,
mainly due to the invasive profile, the imprecision involved
in the control of various parameters and the limitations of
the measures [10].

However, studies investigating temperature behaviour in
living tissues have grown since 1948, when Harry Pennes
proposed the first bioheat transfer model that related the
temperature of biological tissues to blood perfusion and
metabolic heat generation [11]. The model was based on
an experimental procedure, in which the temperature in
the radial position of the forearm of nine individuals was
measured. Temperatures were measured by thermocouples
inserted in the forearms of individuals. No anaesthesia was
applied to avoid effects on blood perfusion [12]. Since then,
several alternative heat transfer models have been developed
providing a quantitative analysis of the complex phenom-
enon of heat transfer in living tissues [12]. Since the publica-
tion of the heat transfer equation, due to its great simplicity
and the ability to predict the temperature distribution rea-
sonably well, the Pennes equation has been widely used for
the analysis of a range of heat transfer phenomena in living
tissues [13-15].

In the last two decades, the use of numerical simulations
to solve complex health problems has become a reality due
to the large spread of computer use and the relative ease
of the application of numerical methods [16]. Numerical
simulations are presented as a non-invasive and alternative
form of temperature evaluation that is low cost and that
enables the calculation, analysis and display of temperature
changes that occur with time at any therapeutic target [10].
However, thus far, the vast majority of research has been
directed at the assessment of tumour location and size [17]
or the use of hyperthermia in cancer treatment [18]. There
are few studies in the literature that evaluate the temperature
distribution in the tissue during the application of thermal
heating resources used for rehabilitation. In addition, the

Fig.1 a Cross section and b
geometric model of the canine
knee joint

results obtained with the simulations are rarely compared
with real data (experimental in vivo), which leaves doubt
as to the accuracy of the simulated data. The present study
reproduces a real therapeutic heating situation and compares
simulated results with in vivo experimental data. In addition,
conditions commonly adopted in simulation studies (the
rate of blood perfusion assumed constant or as a function
of temperature) are evaluated, showing the impact of these
considerations on the simulation results.

This study aims to simulate the transient heat transfer
in the canine knee joint during the application of a heat-
ing therapeutic resource and to evaluate the temperature
behaviour in different tissue layers. Additionally, this study
is intended to investigate the effects of blood perfusion per-
formed at a constant rate and as a function of tissue tempera-
ture distribution.

2 Materials and methods
2.1 Geometric model and mesh generation

The knee joint’s geometry is an irregular structure and can-
not be represented as a combination of flat objects; therefore,
the structure’s temperature distribution cannot be obtained
analytically. Thus, the use of an alternative method, such as
numerical simulation, becomes inevitable.

The geometric model of the canine knee joint was cre-
ated based on a photographic record of a cross section
of an anatomical part (Fig. 1a). Prior to developing the
model, the various tissues that make up the joint of the
canine knee were established by visual inspection. The
skin, the subcutaneous tissue, the fat and muscle tissue,
the pericapsular region and the intra-articular cavity (con-
sisting of the tibiofemoral regions, ligaments and bone)
were all considered as members of the joint structure.
The geometric model was developed with the help of the
SolidWorks® program, in which each region was bounded
on the imported photographic record. An exception was
made for the epidermis layer, the boundaries of which,
due to the layer’s thinness, could not be determined in
the image. Thus, this layer was generated based on the

1- Epidermis; 2- Subcutaneous; 3- Fat tissue; 4- Medial muscle; 5- Lateral muscle;
6- Pericapsular region; 7- Cruciate ligaments; 8- Bone
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thickness values available in the literature (8 x 107> m)
[9]. To correspond to the actual size of the canine knee
joint, the model was adjusted to scale by means of a meas-
uring instrument included in the photographic image.
The geometric model was developed with a thickness
of 0.5 mm. This was the smallest thickness allowed by
the simulation software. The geometric model can be
observed in Fig. 1b.

After the development of computational domain, the
meshes were built using ANSYS Meshing, a tool avail-
able in the ANSYS Workbench® platform. According to
the literature, mesh generation is one of the most critical
aspects of the simulation. High or very small numbers
of elements can result in long simulation times or inac-
curate results, respectively [19]. The simulations were
started with less-refined meshes composed of prismatic
quadrangular elements. Subsequently, the initial coarse
meshes were gradually refined until the average changes
in the temperature results in tissues were lower than 1%.
Refinements followed the criteria of the length value of
the mesh element, as described in the literature [20]. For
the choice of the ideal mesh, the solution was consid-
ered to be independent of the mesh with a percentage
difference lower than 1% between the results obtained
with the previous coarse mesh and the subsequent refined
mesh. Among the three evaluated meshes, the intermedi-
ate mesh, which had 29,002 elements and 68,442 knots,
filled the criteria cited above; therefore, it was chosen to
perform the simulations. The chosen mesh for the heating
process simulation can be observed in Fig. 2.

i
000 4000

Fig.2 Intermediate mesh generated on the geometric model

2.2 Mathematic model

The heat diffusion equation was used to model the heat
transfer phenomenon in solid tissues during therapeutic heat-
ing conditions (Eq. 1). The software provides conditions for
the relevant physiological terms (metabolism and perfusion)
to be included in the diffusion equation, as source terms,
in the same way as in the Pennes equation [11]. The addi-
tional source terms of heat conduction equation arising in
thermal energy equation were introduced by means of UDF
(user-defined function) functionality of the ANSYS (Eq. 2).
The equations can be described as:

20 = 2 (k20) 1+ (k20 ) + 2 (k20) g, 44
P9 T ax\ax) Ty Moy ) T oz \Foz ) T ma T

ey

q;r,/ (Ttissue) = WpPpCpb (Tref - Ttissue) 2)

where: p and ¢, represent the specific mass (kg m~>) and
the specific heat of the tissue (J kg=! °C™1), respectively. Cpb
is the specific heat of blood (J kg™! °C™!); p, represents the
blood specific mass (kg m™>); w is the blood perfusion s™;
k is the thermal conductivity of each tissue (W m~! °C™);
... 1s the volumetric rate of metabolic heat (W m™), qy
is the blood perfusion rate of tissue (W m~2); and T, and
Tssue are the reference and tissue temperatures, respectively.

Rectal temperature (38.1 °C), considered as the refer-
ence temperature (7;), and the temperatures used as initial
conditions (7;) of each tissue layer were removed from the
Aragjo study [9] (Table 1). According to the author, the ini-
tial temperatures were considered to be equal to the average

0,00 (mm)
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Table 1 Physiological and thermophysical properties of tissue layers and blood

1

Region ¢ d kg’l °c™h p (kg m™3) k(Wm™' °Cc™) qm (W m™3) w(m?® s~ m™3 tec) Initial
temperature
()]
Epidermis 3593 1200 2.28x107! 0 0 349
Subcutaneous 3365 1200 4.64x107! 200 1.3x1073 355
Fat tissue 2678 937 2.03x107! 39 2.9%x107 36.1
Muscle 3684 1097 5.29%x107! 716 5.8x107 36.5
Pericapsular 3500 1051 4.98% 107! 0 1.8x1073 352
Cruciate ligaments 4190 1000 6.10x107! 0 0 37.1
Bone 1785 1585 7.35x 107! 368.3 4.0x10™ 37.1
Blood 3800 1060 - - - 38.1

of the experimental temperatures obtained in thermal neu-
trality condition (24.7 °C) [9]. The initial temperature was
adopted from the bone, based on the innermost region where
the temperature was measured in this study (the region of
the cruciate ligaments).

Because the present study has as a specific objective
to evaluate the effects of considering the blood perfusion
rate (¢, ) constant or as a function of temperature (Eq. 2),
the simulations were performed with different considera-
tions of flow rate. The simulation of the therapeutic heating
that considered the blood perfusion rate to be constant was
termed “A1l simulation” and the simulation that considered
the blood perfusion rate as a function of temperature was
termed “A2 simulation”.

2.3 Tissue properties and numerical simulation

The physiological and thermophysical properties adopted to
perform the simulations were considered from the average
of published data and were taken from the Aradjo study [9].
The values of the variables used for each layer are shown
in Table 1. All properties were considered constant for the
execution of the simulations.

The simulations of the temperature behaviour of the knee
joint were performed in transient therapeutic heating condi-
tions. To perform the simulations, a second type of boundary
condition was adopted in the upper and lower sides of the
articulation, corresponding to a perfectly isolated or adi-
abatic surface. This measure assured that the heat transfer
occurred only in the two-dimensional cross-sectional plane
of the canine knee. On the outside face of the geometric
model (i.e. the epidermis), the average heat flow of a thermal
blanket (215.7 W m~2) was adopted as a boundary condition
[9]. The simulations were performed considering a thermal
blanket (50 cm X 29 cm) with an output power of 35.2 W, an
average power of 31.2 W and automatic temperature control
in the 40-66 °C range. The average temperature was set to
57.6 °C, and a 40-min treatment time was considered. The
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information regarding the external heating source and the
time used to heat the canine knee, adopted for the implemen-
tation of the simulations, were taken from the experimental
study by [9].

Once this model consists of different tissue layers, it is
necessary to define the interface conditions between the
various tissues. Thus, conservative heat flow was assigned
between the tissue interfaces. The numerical simulation of
the canine knee in the heating conditions was performed
using the ANSYS-CFX® program.

According to the literature, the results of the numerical
solution when compared to the reality of a physical prob-
lem may present some error related to the use of differential
equations that do not adequately represent the phenome-
non. For this reason, physical validation must be performed
in order to demonstrate the fidelity of the mathematical
model to the physical problem [19]. In the present study,
the physical validation of the canine knee simulations was
performed comparing the obtained results from the simula-
tions with the average values of temperature measured from
an experimental in vivo study [9]. Experimental measure-
ments were performed on 10 adult dogs. The experimental
protocol was approved by the Ethics Committee of the Uni-
versidade Federal de Minas Gerais (protocol 127/05). Ten
conventional-type K thermocouples (previously calibrated)
were used to perform the measurements. The sites of place-
ment of the thermocouples were: skin surface, subcutaneous
region, adipose tissue, periarticular musculature (medially
and laterally), pericapsular region and intra-articular cav-
ity. One thermocouple was inserted into the rectal mucosa
to control body temperature in dogs. The heating process
was conducted for 40 min, and temperatures were measured
throughout this period.

According to the literature [21], the uncertainty of meas-
urement is evaluated according to either a “Type A” or a
“Type B” method of evaluation. The Type A evaluation of
standard uncertainty is the method of evaluating the uncer-
tainty by the statistical analysis of a series of observations.
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In this case, the standard uncertainty is the experimental
standard deviation of the mean. The Type B evaluation of
standard uncertainty is the method of evaluating the uncer-
tainty by means other than the statistical analysis of a series
of observations. In this case, the evaluation of the stand-
ard uncertainty is based on some other scientific knowl-
edge. Values belonging to this category may be derived,
for example, from experience with or general knowledge
of the behaviour and properties of relevant materials and
instruments. According to Cornacchia et al. [22], uncertainty
evaluated using thermocouples type K can be considered
as 1.1 °C.

In cases where a normal (Gaussian) distribution can
be attributed and the standard uncertainty associated with
the output estimate has sufficient reliability, the standard
coverage factor k=2 shall be used. The assigned expanded
uncertainty corresponds to a coverage probability of approx-
imately 95%.

The average percentage difference between the simula-
tions and the experimental data was calculated for each of
the tissue layers at different time instants. A smaller average
percentage difference or one equal to 10% was considered
acceptable, as the experimental measurements are subject
to errors due to various difficulties involved in controlling
the parameters. For a measurement to be performed with-
out errors, the following would be required: 1—a perfect
measurement system; 2—a controlled and perfectly stable
environment; 3—a perfect operator and 4—that the measure
had a single value that was perfectly definable and stable.
However, in practice, it is not common that these condi-
tions occur separately and even less common that they occur
simultaneously [23]. Thus, to a greater or lesser extent, there
will always be a measurement error, which justifies the
adopted percentage difference consideration. Furthermore,
thermophysical and physiological properties related to the
heat biotransfer process are greatly discrepant in the litera-
ture. These differences demonstrate that uncertainties still
exist in the experimental measurements of these properties.

3 Results and discussion

Figure 3 shows the temperature behaviour of each tissue
during the A1 and A2 simulations and in the in vivo experi-
ment. In A1 simulation, it was noted that in some cases, the
500-s threshold simulation curve behaviour approached the
behaviour of the experimental curve. However, in the subse-
quent seconds, it was possible to note divergences between
the simulated and experimental temperatures. It was also
observed that simulated temperatures tended to increase dur-
ing the analysed period, while the experimental tempera-
tures tended to stabilize. This result can be explained due
to the fact that the blood perfusion rate was considered as a

constant value in Al simulation. Thus, adding the value of
the blood perfusion rate to the metabolism and heat received
in the heating, the trend was that all tissues continuously
heated up in the simulated case. In the experiment, the perfu-
sion rate depended on the temperature of the tissue (which
varied over time). The higher the temperature of the tissue
was, the smaller the amount of heat supplied by the blood
to the tissue, to an extent that blood could remove heat from
the tissue (at a temperature above the reference temperature
of 38.1 °C). According to the literature, the distribution and
behaviour of tissue temperature can be highly modified by
the cooling effect produced by increased blood flow in the
region [24, 25]. Therefore, in reality, as the tissue heats up,
the rate of heat supplied by the blood to the tissue decreases.
When the temperature exceeds 38.1 °C (the reference tem-
perature considered in this study), the blood starts to remove
heat from the system until a time that the power source for
the heating and the metabolism equals the heat loss by perfu-
sion rate, and the system reaches the steady state (i.e. tem-
perature stabilization).

In evaluating the temperature curves of A2 simulation, we
note that, unlike the A1 simulation, all tissues had profiles
similar to the experimental data. It was noted that, despite
the fact that the tissue temperatures continued to be overes-
timated in the A2 simulation in relation to the data measured
in vivo, the simulated temperature curve remained within the
expanded uncertainty range for a longer period of time than
in Al simulation, with the exception of the subcutaneous
and medial muscle layers after 1000 s.

Comparisons of the average percentage differences found
between temperatures in the Al and A2 simulation and the
experimental data are listed in Table 2. The average percent-
age Al simulation differences were greater than 10% for all
layers and were greater in the region of the subcutaneous
tissue (25.6%) and lower in the fat and bone tissues (13.8%
and 13.9%, respectively). The simulated temperatures were
overestimated, indicating a model difficulty in representing
the measured experimental data. Thus, the results show that
the conditions adopted for the Al simulation (which dif-
fers from Penne’s biothermal model in which temperature-
dependent perfusion is assumed) were not suitable to rep-
resent the canine knee temperature behaviour during tissue
heating situations. However, it is noted that all of percentage
differences in the A2 simulation were less than 10%. The
largest percentage difference can be seen in the subcutane-
ous (9.7%). The smallest difference was obtained by fat and
bone tissues (3.4%). Furthermore, it can be noted that tem-
perature values when simulating the perfusion rate varying
with temperature in the heating regime were much closer to
the experimental data. Thus, there is evidence that modelling
with blood perfusion varying as a function of temperature
better represents the real phenomenon, resulting in values
closer to the experimental data. However, considerations of
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Fig.3 Average temperature behaviour of each tissue over time in Al and A2 simulations and the in vivo experiment (error bars represent the
expanded uncertainty)

the blood perfusion rate are controversial in the literature.
Some studies have adopted the blood perfusion rate con-
stant and other studies consider as function of temperature.
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However, given the paucity of experimental data for com-
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eration on the found studies.
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Table 2 Average percentage differences between the final temperatures of Al and A2 simulations and the experimental data

Tissue Final experimental Final temperature simu-  Difference (%) Final temperature simu- Difference (%)
temperature (°C) lation A1 (°C) lation A2 (°C)
Epidermis 40.8 49.8 22.1 43.8 74
Subcutaneous 38.9 48.9 25.6 42.7 9.8
Fat 39.2 44.6 13.8 40.5 33
Lateral muscle 39.2 45.3 15.6 41.3 54
Medial muscle 38.6 46.9 214 42.1 9.1
Pericapsular 38.7 452 16.7 40.5 4.7
Cruciate ligaments 38.5 44.7 16.1 40.3 5.5
Bone 38.5 43.8 13.9 39.8 34

Xiao et al. [26] performed numerical simulations to
assess the contributions of temperature fields in normal and
pathological knees on the effect of heating. The geometric
model used for simulation considered only the skin, muscle,
bone and blood vessels. Considerations of blood perfusion
and metabolism were made only in the muscle and were dis-
regarded in other tissues. The blood perfusion was consid-
ered constant. In this study, the simulated heating methods
have not been well described, and the adopted criteria used
for determining heat flow as a boundary condition were not
made explicit in this work. This fact prevents the reproduc-
tion of this study in research and clinical practice. In addi-
tion to these limitations, the study does not perform physical
model validation. According to Versteeg and Malalasekera
[14], physical validation should be conducted to demonstrate
the fidelity of the mathematical model in terms of the physi-
cal problem.

Xue et al. [27] computationally evaluated the effects
of the major blood vessels of the human knee joint dur-
ing the cooling and heating processes. For this purpose, a
simplified three-dimensional model of the knee containing
skin, muscle, bone and blood vessel has been developed.
For simulations of the cooling and heating processes, the
authors considered the presences of cold and heated liquids
as boundary conditions. The characteristics of the simulated
resources were not described in the study, which does not
extend the results observed for correlations with clinical
practice. Furthermore, the simulation results were not com-
pared or correlated with either experimental or clinical data.
In the simulations, the authors considered blood flow rate as
a function of temperature. However, this consideration was
performed only in the muscle layer. Based on the results
found in this study, it should be noted that the blood flow
rate influences the temperature behaviour in all tissue layers.

In Table 2, it can be observed that the epidermis, subcu-
taneous tissue, medial and lateral muscles and pericapsular
end region showed temperatures above the limit recom-
mended for therapeutic heating (38-45 °C) [7]. The epider-
mis presented the highest final temperature obtained with the

simulation (49.8 °C), corresponding to the highest elevation
in temperature, which was expected due to this structure’s
close proximity with the heat flux boundary condition. The
lowest simulated temperature and temperature rise occurred
in the bone region (43.8 °C). In the A2 simulation, unlike
what occurred in the Al simulation, the final temperature
values were within the appropriate temperature range for
the benefits of heating that are provided without tissue
damage. Similar to A1 simulation, the epidermal layers and
bone area achieved the higher and lower final temperatures
(43.8 °C and 39.8 °C, respectively). The occurrence of the
lowest temperature in the bone region can be explained
by the fact that the layer is located more internally and is
overlapped by layers that hinder heat transfer to this region.
According to the literature, little heat is transferred into the
innermost regions due to the thermal resistance conferred
by the skin and the subcutaneous and adipose tissues [28].
For Pardasani and Adlakha [29], the skin and subcutane-
ous and adipose tissues act as an insulating barrier for the
body and, therefore, influence the degree of internal tissue
temperature variation. The muscle layer, a frequent target
of physical therapy, had high temperatures of 42.1 °C in the
medial layer and 41.3 °C in the side layer. Draper et al. [30]
reported that the physiological effects of tissue heating are
dependent on the residual temperature changes in the tis-
sues. The increase in tissue temperature, considered as mild
heating, is able to increase the metabolic rate of the heated
tissue. The moderate heat, characterized by an increase of
2-3 °C in the tissues, promotes a greater metabolic response
and increases the blood circulation to dissipate heat. For
temperature increases higher than 4 °C, vigorous heating is
achieved, and tissue stiffness is reduced [30].

Figure 4 shows the temperature field of the A2 simulation
in the cross-sectional plane of the canine knee joint. The
epidermis region achieves the highest temperatures, reaching
45 °C at some locations. Moving towards the centre of the
model, it can be noted that the temperatures decrease, reach-
ing a minimum temperature of 35.9 °C. Therefore, from the
outermost tissue layers to the innermost, the temperature
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Fig.4 A2 simulation temperature distribution in a cross-sectional plane of the canine knee joint

gradient decreases. This result is consistent with studies in
the literature that consider the surface heating methods, such
as thermal blankets, as not being capable of efficiently heat-
ing tissues located at depths greater than 2 cm [31]. This fact
is a function of the intolerance of the individual, the heat-
ing resistance of the tissue and the local body’s response to
increased tissue temperature (i.e. vasodilation).

4 Conclusion

The present study simulated the heat transfer in the knee
joint during canine therapeutic heating. Transient simula-
tions were performed, considering: 1—a constant blood per-
fusion rate (A1 simulation) and 2—blood perfusion rate as a
function of temperature (A2 simulation). The A1 simulation
results in shorter computational time. However, the present
study shows that this consideration is not consistent with
the in vivo experimental data. The blood perfusion rate as a
function of temperature is a nonlinear problem resulting in
higher computation requirements. Despite this, the results of
the simulation that adopted this condition obtained a better
approximation with the experimental data. Since the imple-
mentation of the blood perfusion rate as function of tempera-
ture is not unanimous among published studies, this study
provides information on the need to adopt this condition.
To reduce the uncertainty of the simulations in future
studies, the other thermophysical and physiological
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properties can be considered as a function of tempera-
ture and the boundary condition can be altered and the
heat losses from the thermal blanket to the environment
considered.
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