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Abstract  

Temperature changes in the resting proximal human forearm have been studied non-invasively, using 

computer simulation. A procedure for spatial model generation, based on digitized slice data, has been 

applied. A mathematical model and a 3-D computer simulation program have been implemented. Heat 

transfer in the non-homogenous tissue was modeled with a well known bio-heat equation. The heat 

production by tissue metabolism was modeled using the Q10 rule, while the heat exchange between the 

blood and tissue was modeled as a function of local temperature and regional blood flow. The stability 

and accuracy of the method was confirmed by varying the simulation parameters, the initial and 

boundary values, and the model dimensions, with subsequent analysis of the results.  

 

We have explained, by computer simulation, the variations in the Pennes‟ well-known in vivo 

measurements of the steady-state temperatures along the transverse axis of the proximal forearm. 

Suspecting that the anatomical positioning of his measuring probes varied, we have reconstructed their 

possible positions by searching for the simulated positions that result in the best agreement between 

simulated and measured temperature fields. Our simulations indicate that the fluctuations of the 

measured steady-state temperatures should not be smoothed out because they are the natural consequence 

of a complex interplay between the position of the measuring probes, anatomical position of the main 

arteries, dimensions of the forearm, blood flow, inhomogeneity of tissues, and environmental 

temperature. 
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bio-heat equation, computer simulation, forearm temperature, Pennes‟ measurements, blood flow, 

metabolism 

 

1. INTRODUCTION 

 

The temperature of the human tissue is an important factor in many fields of physiology [1], sports [2], 

cryotherapy [3], etc. The temperature field is influenced by the environmental conditions, the 

temperatures of neighboring tissues, the muscle metabolism and the blood circulation. Different tissues 

have different physical and thermodynamic properties and respond diversely to temperature changes [4, 

5, 6]. The temperature field varies in space and time in different parts of the investigated domain. In-vivo 

measurements are usually invasive and often impossible if deep tissues or vital organs are in question [7, 

8].   

 

In recent decades, computer simulations have proved a great help in understanding and solving a variety 

of problems in science. Especially in medicine, experiments are often difficult to perform because human 

subjects are involved [9]. Measurements during clinical procedures are time consuming and often not as 

accurate as desired, because many parameters are difficult to control [10]. In some cases, measurements 

during a clinical procedure would be too invasive and limited to only a few test points. An example 

would be a search for the highest temperature gradient in a particular part of the human body. With the 

use of computer simulation, however, it is possible to calculate, analyze, and visualize both stationary 

temperature fields and the changes of temperature in time [11].  

 

In most scientific computing applications, a physical system is represented by a mathematical model. 

Real problems cannot be solved analytically, i.e., by a formula that provides the solution for any time 

moment and spatial point. Instead, the numerical solution must be obtained, for which the continuous 

physical domain has to be replaced by its discrete form. Parts of the human body are irregularly shaped 

three-dimensional objects, composed of different tissues, which must be represented by spatial geometric 

models [12]. The investigated phenomena are often described mathematically by partial differential 

equations (PDEs) [13].  

 

In this paper, we applied computer simulation method, based on the well known bio-heat equation, which 

incorporates heat diffusion, heat generation by tissue metabolism and heat transfer between the blood and 

the tissue. Some important extensions have been introduced, in particular an inhomogeneous spatial 
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model composed of tissues with different characteristics and modeling of the heat contributions from 

arteries, blood perfusion, and metabolism as functions of the surrounding tissue temperature. This 

improved bio-heat equation was evaluated in terms of sensitivity and accuracy and solved numerically on 

single and parallel computers [14, 15].  

 

The invaluable measurements of the steady-state temperature fields in forearms of unanesthetized 

subjects, published by Pennes, sixty years ago [9] have still not been explored in all details [16].  We see 

from Figure 1 that the author tries to smooth the discrete measurements. We have shown that this is 

inappropriate because local gradients in the temperature profiles have biological background.  

 

 

Figure 1. The steady-state temperature profiles in forearms of nine unanesthetized subjects, as appeared 

in the original Pennes’ publication [9]. 

 

Other experimental data are available for the temperature of the forearm during an immersion in water of 

various temperatures, either as it evolves in time [17] or near its steady-state [4]. These measurements 

have since been elaborated by others [18, 19].  In some recent studies, measured temperature profiles in 

forearm cross-sections are reported, together with estimated values for the in-vivo thermal conductivities 

of muscle and subcutaneous tissues [19], but with lower resolution than in Pennes‟ paper. We have 

recreated in simulation the conditions similar to those of the Pennes‟ measurements, and have simulated 

the steady-state temperatures of the proximal forearm. Our simulation methodology proved adequate in 

explaining most of the fluctuations in Pennes‟ measurements through the position of the measuring 

probe, the diameter of the subject forearm, the vicinity of arteries, and the inhomogeneities of the tissues.  

 

The rest of the paper is organized as follows. In the next section the spatial forearm model is described. 

Different simulation modalities and parameters are then presented, followed by a description of the 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

4 

mathematical model. The solution method is described, together with a conceptual description of the 

computer program for the numerical simulation. Section 3 is devoted to presentation and analysis of the 

simulated results and their comparison with the measured values. The simulation methodology is 

confirmed to be robust by the analysis of its sensitivity. In the Discussion, different aspects of the 

proposed methodology are mentioned, which have been inspired by the simulated results. Limitations of 

the proposed methodology are also stressed. The paper concludes with a short summary and some 

directions for future work.    

 

 

2. METHODS 

 

2.1. Geometric Model of the Forearm 

The basic anatomical data for a computer model of the forearm was derived from the digital photographs 

of the human body cross-sections (thorax 1601 – 1800), each 1 mm apart, that are available from the 

Visible Human Dataset (VHD) [20] with a resolution of 0.33 mm in the X-Y (transversal) plane. The 

cross-sections corresponding to the right forearm section were cropped from the original photographs as 

rectangles of 506 (width) × 632 (height) pixels. The VHD right forearm is inclined by 32.5º in the X-Z 

(coronal) plane and by 43.1º in the Y-Z (sagittal) plane. Because the measuring position of the Pennes‟ 

measuring probe was transversal to the forearm axis, the cropped VHD cross-sections were rotated in 3-

D by the above angles, to obtain 100 transversal slices of the forearm segment, shown in Figure 2. The 

slices obtained after rotation have been further cropped to the dimensions of 420 × 348 pixels. The 

rotated and cropped slices are termed as „model slices‟ in the rest of the paper. The positions of different 

tissues, e.g. muscles, bones, subcutaneous tissue, skin, nerves, veins and arteries were determined 

manually, using an open source visualization program [21], and assisted by an expert anatomist.   

 

The 3-D geometric model was built simply by stacking the 100 model slices, generating a model of a 

section of the human forearm, 50 mm distal to the tip of the elbow and 100 mm long. Because at the 

original resolution, the total number of pixels was too large for a full 3-D simulation, and the axial 

distance between neighboring slices was already 1 mm, we reduced the model slices resolution to 1 mm 

too, by averaging 9 neighboring pixels on a slice and merging them into one. Thus we created a 3-D 

geometric model of the forearm, composed of X × Y × Z = 140 × 116 × 100 = 1,624,000 small cubic 

volume elements (voxels) with 1mm edges, shown in the right side of Figure 2. For better visibility of 

the bones and arteries in the model, muscles, skin and subcutaneous tissues are shown semi-transparent.  
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Figure 2. Right human arm in the position as measured by Pennes (left). 3-D model of the simulated 

forearm part (right) with labeled model slices 1, 50, and 100. On the model, two bones (radius behind 

ulna) along with the ulnar and radial arteries are shown through the semi-transparent muscles, 

subcutaneous tissue and skin.  

 

 
In Figure 3 model slice 50 is shown with different tissues labeled and marked by different levels of gray.  

Horizontal measuring axis and points of interest, used later in this paper, are labeled by arrows and (X, 

Y) coordinates. There is a small amount of unlabeled adipose tissue around the arteries and nerves, and 

above the bones; only the cephalic vein is labeled from the modeled set of veins; the border between the 

cortical and cancellous bone tissues is marked by a thin line.  
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Figure 3. Model slice 50 at a resolution of 1 mm. Different tissues are marked by different levels of gray. 

Model slice corners and other points of interest are labeled by pixel coordinates. Horizontal line at Y=55 

marks the approximate path of the Pennes’ thermocouple probe.  

 

Pennes measured forearms with significantly different diameters (7 – 10 cm) at “8 cm distal to tip of ulna 

olecranon” [9] – or 8 cm from the tip of elbow. In the case that 8 cm were strictly respected, the variation 

in the position of the measuring probe, regarding the forearm anatomy, could be significant − up to 25% 

of the distance to the elbow.  

 

The diameter of the described geometric model of the forearm at slice 50, which is in the middle of the 

model, is 12.4 cm. To obtain a closer match to the measured forearms, which were significantly smaller, 

we linearly scale the geometric model, to a desired diameter. In the rest of the paper, we use the diameter 

of 8.3 cm except when we explicitly specify it otherwise. Scaling works directly on dimensions of 

voxels, therefore keeping the number of voxels in the model unchanged, while changing the model 

dimensions.  

 

2.2. Simulation Parameters 

Thermal Constants  
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Numerical values of thermal constants for living tissues are not known precisely, because, for example, 

they depend on the tissue temperature. Also the measuring equipment and method used could introduce a 

significant variance [22, 23]. We determined the thermal constants as an average of published data [18, 

24, 25, 26]. Each voxel of the geometric model is characterized by constant coefficients – heat 

conductivity , specific heat c, and density , which are often combined into thermal diffusivity D, where 

D=/c (see Table 1).  

 

Blood Flow  

Published measurements of the blood flow rate show that the blood flow increases with the tissue 

temperature [19, 27]. Earlier measurements of the forearm blood flow were limited to the 

plethysmography, which measures the mean total blood flow through a given region of the forearm [28], 

later more data became available also for regional blood flow of specific tissues [29, 30, 31]. Several 

studies have established that the muscle blood flow does not increase with increasing temperature; most 

of the increase takes place in the skin [32].  

 

The mean forearm blood flow rate V was modeled as a function of skin temperature Ts, which was 

obtained by fitting the published experimental data [17, 27, 29, 33, 34] with exponential function:  

 

V(Ts) = (5.142 10
-5

 e
0.322 Ts  

+ 0.705) ml (100 ml)
-1

 min
-1

,               (1) 

 

which results, for example, in V(33 ºC) = 2.8 ml (100 ml)
-1

 min
-1

 or 4.7 10
-4

 s
-1

. We separated the total 

blood flow into regional blood flows for each tissue and modeled the regional blood flow rate Vr(T) with 

the same exponential function as in Equation (1), substituting T for Ts: 

 

Vr(T) = vr V(T),               (2)  

 

The dimensionless regional blood flow rate fraction vr was introduced to allow for different blood flow 

rates in different tissues. vr were determined based on the measured ratios between blood flow rates in 

different tissues [29, 30, 31]. The values of vr were obtained by an iterative procedure, to maintain the 

mean forearm blood flow rate V from Equation (1). First, initial approximations of vr were used for the 

simulation of a medium sized (diameter of 8.3 cm) forearm resting at an ambient temperature of 25 °C. 

From the obtained temperature field, the regional blood flow rates Vr(T) and their mean were calculated. 

The mean Vr(T) should equal the mean forearm blood flow rate V(Ts), where Ts is the mean skin 
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temperature obtained by the simulation. After comparing the simulated Vr(T) with V(Ts), the eventual 

difference was reduced by multiplying all the values of vr by a factor of V(Ts)/Vr(T), thus preserving the 

ratios between vr. Then, because the values of vr influence the simulated temperature field, the whole 

process was repeated until the desired accuracy of mean Vr(T) was achieved.  

 

We considered the steady-state of the forearm and have therefore not incorporated the autonomic 

thermoregulation (vasodilatation, vasoconstriction), as we assumed that their effects are stable when the 

forearm is at rest and its temperatures do not change with time. Although a more detailed blood flow 

model could be used in our simulation, its development is beyond the scope of our paper. 

 

Metabolism 

Metabolic heat production in the human can be separated into unregulated heat production from 

voluntary muscle contraction and normal metabolic pathways, and into regulated heat production for 

maintaining temperature homeostasis at lower ambient temperatures [6, 35]. The rate of metabolic heat 

production per unit mass hm was assumed to obey the Q10 rule [36], which is expressed as a function of 

the tissue temperature: 

 

hm(T) =  hr 2
(T-Tr)/10

,                                (3) 

 

where hr is the reference metabolic heat production of a tissue at reference temperature Tr = 35 ºC. For 

muscles at rest, hr was taken to be about half the human basal metabolic rate, which equals 0.6 W kg
-1

 [2, 

37, 38]. The impact of the metabolic rate production is almost negligible for the temperature field in the 

forearm; even so, it can be adjusted in the model for each tissue independently. We derived the values 

from the available data in the literature listed above.  

 

The thermal constants, regional blood rate fractions and reference metabolic heat production used in the 

simulation, are listed in Table 1.  

 

Table 1. Simulation parameters 

   [Wm
-1 

ºC
-1

] c [J kg
-1 

ºC
-1

]   [kg m
-3

] vr hr [W kg
-1

] 

Skin 0.51 3431 1200 0.4 0.3 

Subcutaneous/adipose tissue 0.55 2241 812 0.4 0.3 
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Muscle 1.03 4668 1179 0.8 0.6 

Cortical bone  2.28 1260 1700 0.2 0.1 

Cancellous bone  0.5 2260 900 0.6 0.3 

Nerve 0.5 3277 1190 1.1 0.3 

Blood 0.67 3890 1057 / / 

Ambient air 0.025 1012 1.29 / / 

Water 0.58 4204 1000 / / 

 

2.3. Mathematical Model 

Because the human forearm is an irregularly shaped three-dimensional object, it cannot be represented as 

a combination of simple geometric objects and its temperature distribution cannot be obtained 

analytically. The temperature change rate was modeled by a partial differential equation of the second 

order, based on the well known bio-heat equation [9, 39]: 

 

)(
1

)()(2 Th
c

TTTV
c

c
TD

t

T
mar

bb 







,           (4) 

 

where T is the temperature of a tissue, t is time, b and cb are the density and specific heat of blood, and 

all other notations are as defined previously. Besides the diffusion, Equation (4) also models the heat 

transfer between the arterial blood and tissues, and the heat production arising from tissue metabolism, 

which are separately shown, for muscle, in Figure 4. The contribution of metabolism is minimal, while 

the blood perfusion acts as a heat source, at temperatures lower than Ta. However, if the tissue 

temperature rises above Ta, the arterial blood effectively cools the tissue [40, 41]. The behavior of other 

tissues differs only for a constant factor.  
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Figure 4. The modeled temperature change rate caused by the blood perfusion and metabolism as a 

function of muscle temperature. 

 

2.4. Numerical Solution 

We selected the Explicit Finite Difference Method (EFDM) for the numerical solution procedure [13], 

because it has low calculation complexity, is sufficiently accurate, and is simple to implement [42]. In 

addition, EFDM can directly use the available geometric model as its discretized domain. Although we 

are currently only interested in stationary temperature field of the domain, EFDM can also be used to 

determine the evolution of the temperature of different tissues in the domain for the analysis of time 

dependent problems. 

 

We simulated the steady-state temperatures of the resting forearm near the thermo-neutral conditions. It 

is known that the thermo-neutral conditions of an unclothed arm with skin temperature of 33 °C are 

obtained at the ambient air temperature of 25.2 ± 1.1 ºC [5]. The initial conditions of our simulation 

comprise the temperatures of all the modeled tissues except arteries, and are all set to 36 ºC. The 

temperatures of the arteries, which act as heat generators, and ambient air, which acts as heat sink, form 

the boundary conditions of the simulation, and are set to constant 36.8 ºC and 26 ºC, respectively. After 

running the simulation, the tissue temperatures converge towards their stationary values. In our case, the 

near steady-state was reached after three simulated hours, with the maximal changes of temperatures in 

the last hour 0.01 ºC and with the skin surface temperature 33 °C.  
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Moving air was not simulated because of its significant contribution to the calculation complexity [43]. 

We simulated the heat flow between the skin surface of the forearm and the ambient air using convective 

boundary conditions [44], based on the continuity of the heat flow perpendicular to the surface of the 

simulated body part: 

)( TTH
n

T
a 




 .                (5) 

In the equation, Ta and T are ambient and boundary voxel temperatures, respectively. The convection 

coefficient H = 16 W m
-2 

ºC
-1 

was determined by numerical experiments, based on the simulation of the 

thermo-neutral conditions (Ta = 26 ºC, Ts = 33 ºC), maintained also by Pennes' measurements. 
n


 

denotes derivative along the outward normal to the face of the surface voxel, which is in contact with air. 

As seen from the Figure 3, contact surfaces between the skin and air are not smooth as a consequence of 

an equidistant orthogonal discretization. Therefore, a surface smoothing was implemented on the voxels 

of the model that are in contact with air. The surface smoothing keeps the contact areas of surface voxels 

with a single face in contact with air unchanged – 1 mm
2
. For surface voxels with 2, and 3 or more faces 

in contact with air, their contact surface areas are reduced to 2  mm
2
 and 2 mm

2
, respectively. This 

method was experimentally evaluated and proved to provide errors less than 0.01 ºC, which is 

sufficiently accurate for our simulation. 

 

The influence of the parts of the forearm that were not simulated, was mimicked by setting the heat flow 

to zero at both “ends” of the modeled arm (slice 1 and 100) indicating a thermal equilibrium between the 

modeled and excluded parts of the forearm. 

 

 

3. RESULTS 

 

3.1. Steady-state Forearm Temperature Profiles 

The simulated steady-state temperature field of the model slice 50 with the diameter of 8cm after three 

hours of simulation is shown in Figure 5a. The impact of each of the two main arteries (ulnar and radial), 

with constant blood temperature, is visible as peaks in the temperature profile at the locations of the 

arteries, which are marked by the two vertical lines. We can also notice that the skin temperature depends 

on the position because its distance from the arteries varies. The steady-state temperature profile taken 

from the same slice along the path of the Pennes‟ thermocouple measurements (referred to as the 
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measurement path in the rest of the paper) is shown in Figure 5a by a white curve and also in Figure 5b 

by a thick solid curve. The dotted curve shows the analytical solution of the bio-heat equation [1] for a 

cylindrical homogeneous model with blood flow V = 4.7 10
-4

 s
-1

, hm = 0.62 J kg
-1

s
-1

, skin temperature Ts 

= 32.5 ºC and with other constants b, cb, and Ta, set the same as in the simulation. We see that the 

analytical solution of the homogenous model can reproduce the general trends in the temperature 

gradients; however, it cannot reproduce the measured results because it is symmetric and uniform 

throughout the model.   

 

     (a)                                                                                          (b) 

 

Figure 5. (a) Model slice 50 and its steady-state temperature field. The simulated temperature profile 

along the approximate measurement path (dashed line) is emphasized with a white line. The positions of 

two main arteries are marked by vertical lines. (b) Simulated temperature profiles along the same path 

as in (a). The unmodified profile (thick curve) is contrasted against the analytical solution of the bio-heat 

equation on a homogenous cylindrical model (dotted curve) and the profiles acquired with modified 

simulation: disabled metabolism (solid thin), arteries not a heat source (dashed), and disabled blood 

perfusion (dashed/dotted). 

 

By disabling, one at a time, the metabolism, main arteries, and blood perfusion in the simulation, we 

obtain the last three temperature profiles shown in Figure 5b. The thin solid curve shows the simulated 

temperature without metabolism. We can see that the metabolism minimally contributes to the final 

temperature. The dashed curve was obtained by not keeping the arteries at a constant temperature in the 
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simulation, thus canceling their heat generating role. The impact of the arteries not heating up the 

surrounding tissue makes this temperature profile stand out among the simulated profiles by having 

lower than normal deep muscle temperature and being more symmetric. The dashed/dotted curve, 

obtained by the simulation with the arteries at a constant temperature Ta and disabled blood perfusion, 

confirms that the contribution of the blood perfusion is essential. The average temperature of this profile 

is significantly lower with pronounced peaks corresponding to the two main arteries. 

 

3.2 Sensitivity Analysis 

The simulated steady-state solution was evaluated regarding its sensitivity. Input parameters were varied 

within the selected ranges and the variations in the resulting temperature profiles were analyzed. In 

Figure 6 the simulated temperatures from model slice 50 along the measurement path are shown, after 

three hours of the simulated resting forearm, exposed to ambient air at 26 ºC, with varying forearm 

diameter, thermal diffusivity, blood flow, and metabolism, all for +20% (dotted line) and -20% (dashed 

line) of their nominal values (solid line). A slight exception of this rule is Figure 6a, where instead of the 

nominal value, a 10 cm diameter is taken as the central value. 

 

 

         (a)                                                                             (b) 
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         (c)                                                                            (d) 

 

Figure 6. Simulated temperatures from the model slice 50 along the measurement path after simulated 

three hours resting forearm at a room temperature of 26 ºC for various: (a) forearm diameters, (b) 

thermal diffusivity, (c) blood flow, and (d) metabolism. All panels feature solid, dotted, and dashed lines 

for the results acquired using the nominal, 20% above nominal, and 20% below nominal values of the 

given parameter, respectively.  

 

The most significant impact on the temperature profiles comes from varying the forearm dimension 

(Figure 6a). The largest arms result in a plateau slightly above 36.3 ºC, while the smallest arms are 

cooled more intensively reducing the maximal temperature to 35.6 ºC, with larger temperature gradients 

in the superficial regions of the forearm. Changes in the thermal diffusivity (Figure 6b) have a much 

smaller impact on the temperature profiles as the forearm dimension. The effect is also non uniform 

across the profile, but is rather equalizing the superficial and the deep muscle temperatures. The impact 

of the blood flow (Figure 6c) is again uniform across the profile, with higher forearm temperatures when 

the blood flow is larger. The impact of the metabolism is analogous to that of the blood flow − greater 

metabolism results in higher forearm internal temperatures − but significantly smaller in scale. 

 

3.3. Reproducibility of Pennes’ Measurements 

 

Pennes described in his famous paper [9] the different sources of measuring errors. The positions of 

measuring points and the reading of temperature values have been of limited accuracy, which could 
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result in errors of 0.1 ºC. The dimensions of thermocouples were up to 0.2 mm and hence in the areas of 

steepest temperature gradient, near the forearm surface, an additional error could be introduced.  

 

To reproduce the Pennes‟ measurements we first simulated the resting forearms under the same 

conditions and environment, as in real measurements. Then we have applied a search, over the simulation 

results, for the optimal simulated positions of measuring probes that result in the best fit to the measured 

temperature profiles. To assess the differences between the simulated and measured profiles, we used the 

root mean square (RMS) error, weighted with Gaussian function, to diminish the effect of greater 

inaccuracies in measurements near the forearm surface. The similarity between the measured profiles and 

the simulated profiles that fit them best is given by Pearson correlation coefficient for all analyzed 

measurements in Table 2. The simulated paths of the measuring probes, which provide the highest 

correlation between the simulated and measured profiles, are also determined in Table 2 by two offsets 

and two angles to the measurement path. They can be obtained by applying sequentially the translations 

in Y and X directions and rotations in X-Y and X-Z planes to the path of the Pennes‟ thermocouple 

probe.  

 

Table 2. Comparison between the measured forearm temperature profiles and simulated temperature 

profiles that fit them best, for all analyzed measurements 

 Subject 

 1 2 3 4 5 7 8 9 

Correlation 0.988 0.995 0.993 0.980 0.997 0.989 0.980 0.991 

Y offset [mm] -2.6 2.7 4.5 1.8 5.7 -0.4 2.4 1.2 

Z offset [mm] -21.4 -32.7 -30.3 -9.3 -28.8 -9.0 -36.3 -4.4 

Angle in X-Y plane [°] 0 -0.4 -1.6 -0.4 0 0.4 0 3.5 

Angle in X-Z plane [°] 5.5 5.9 0 0.8 7.8 4.3 3.9 4.3 

 

Two typical simulated temperature profiles are shown in Figure 7, together with measured points. The 

central peak in the profile of measurement 4 is expected and can also be predicted by the theory. The 

temperature profile of measurement 9 with dual maxima can be explained by the probe moving close to 

and about the same distance from both arteries. The left and right shifted maxima visible in some other 

measurements can be explained by the path of the temperature probe being closer to either ulnar or radial 

artery. The difference in forearm dimensions result in significantly different temperatures in the central 

part of the forearm. As visible from Figure 7, larger forearms induce higher temperatures. 
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Figure 7. The best fit of the simulated temperature profiles (solid curves) to Pennes’ measurements for 

subject 4 (circles) and subject 7 (crosses) obtained by searching for the optimal position of the simulated 

measuring probe.  

 

 

4. CONCLUSION 

 

Our primary goal was to explain, by computer simulation, the variations in the Pennes‟ well-known in 

vivo measurements of the steady-state temperatures along the transverse axis of the proximal forearm. 

Suspecting that because of the different forearm sizes of the subjects, the anatomical positioning of the 

measuring probes varied, we have reconstructed their possible paths by searching for the simulated paths 

that result in the best agreement between simulated and measured temperature fields. Several attempts 

have been made in the past to average the measured steady-state temperatures in order to smooth 

fluctuations and obtain a standardized response. Our simulated results suggest that this approach is 

inappropriate. Our simulations indicate that such fluctuations are natural results and the consequence of a 

complex interplay between the position of the measuring probe, anatomical position of the main arteries, 

dimensions of the forearm, blood flow, inhomogeneity of tissues, and environmental temperature. 

 

In our endeavor to extract as much information from the existing measurements as possible, we have 

developed several innovative approaches in the simulation method. A procedure for spatial model 
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generation based on digitized slice data has been developed. A mathematical model and a 3-D computer 

simulation program have been implemented for the simulation of steady-state temperatures of human 

forearm. Heat transfer in the model with non-homogenous tissue was modeled with a well-known bio-

heat equation. The heat production by tissue metabolism was modeled using the Q10 rule, while the heat 

exchange between the blood and tissue was modeled as a function of local temperature and regional 

blood flow, which in turn was modeled as an exponential function fitted to experimental data. The 

regional blood flow was assumed to depend on the regional temperature in the same way as the mean 

blood flow rate depends on the skin temperature. Such an approach produced reasonable results, 

nevertheless, it needs to be supported by further physiological research. The developed simulation, 

however, is sufficiently robust to incorporate arbitrary model functions for blood flow and metabolism. 

The stability of the method was confirmed by varying simulation parameters, initial and boundary values, 

and model shape, with subsequent analysis of the results.  

 

We have confirmed that blood flow has a significant and complex impact on the steady-state 

temperatures of the forearm. Lower blood flow results in the lower temperature of the central part of the 

forearm. When the effect of blood flow on the temperature profile is increased, by disabling the direct 

effect of the main arteries, the resulting temperature profiles match very well the analytically produced 

profiles from the literature, but not well with the experimental measurements. We have shown that only 

when the effect of both, the heat distributed via blood flow, and the heat emitted directly from the arteries 

are considered, the measured temperature profiles can be fully explained. Furthermore we have revealed 

the dependence of the temperature profile shape on the dimensions of the forearm. Smaller forearms are 

more likely to feature off-center peaks in the vicinity of main arteries than larger forearms in which a 

central plateau may form, masking all other potential peaks. The thermodynamic constants of the tissue 

and the tissue metabolism were confirmed to have a relatively minor impact on the temperature field. 

 

The presented methodology has several limitations. It was previously validated on the case of a cooling 

human knee [45], which has a different proportion of the constituent tissues and distribution of the main 

vessels. In vivo validation on the forearm, however, is not applicable. The anatomy of the forearm differs 

between individuals and changes in time, and consequently the simulation on one generalized model can 

differ from the experimental measurements. Minor errors in tissue segmentation and inaccurate 

thermodynamic constants could also produce small errors in the simulated results. The possible influence 

of different mechanisms of thermoregulation on blood perfusion has not been simulated because we 

assumed that their effects are stable when the forearm temperature is in its steady-state. If required, these 
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mechanisms could be easily incorporated into the simulation. Although all these limitations of the model 

could have some impact on the simulated temperatures, the essential findings are in close agreement with 

in vivo measurements, particularly if the inaccuracy of the position of the measuring path is accepted.  

 

The long run times of the presented 3-D simulation constitute a technical limitation. The initial 

simulations were therefore done in 2-D on a single model slice, with the heat flux in the axial direction 

set to zero, emulating an infinitely long “forearm” with homogenous structure in the axial direction. 

Although the 2-D simulation times were shorter by several orders of magnitude, there were minor 

differences in the steady-state temperature profiles. The results presented in this paper have been 

obtained by the 3-D simulation. 

 

Future work includes the simulation of the temperature field evolution in time and analysis of the 

possible impact of the measuring probes, surgical instruments and other medical equipment on the 

temperature fields. Using an approach analogous to that presented here, other parts of the human body 

could also be simulated and their temperature fields analyzed. The spatial forearm model and simulation 

program are available for research purposes from the corresponding author. 
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