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1 INTRODUCTION 
 
The human thermoregulatory system is capable of maintaining body core 
temperature near 37°C over a wide range of environmental conditions and during 
exercise.  This is largely facilitated by the vascular system of the body.  In 
addition to its primary functions of mass transport of body metabolisms and 
regulation of systemic blood pressure, the human vascular system plays an 
important role in systemic thermoregulation.  The blood, which can be viewed as 
the heat transport medium contained within the vasculature, exerts a duel 
influence on the thermal energy balance within the body.  It acts both as a source 
or sink of thermal energy by redistributing and balancing the temperature 
differences between the arterial blood and the individual organ tissue.  This 
dynamic tissue heat transfer is fundamental as some body organs give rise to 
abundant amounts of heat during exercise (i.e., muscles), whereas others are 
vitally dependent on nutrient supply (i.e., brain).  Further, heat redistribution is 
life saving during changing environmental conditions, as in warming of the body 
during exposure to cold, or it can be disadvantageous, for example, by 
counteracting therapeutic temperature elevations for cancer treatment with 
increased blood perfusion of the target region.  
 



To maintain a normal, or euthermic, body temperature, the vasculature facilitates 
the redistribution and transfer of heat throughout the body preserving a steady 
core temperature for all vital organs and making the human body relatively 
insensitive to environmental temperature changes.  Theoretical calculations have 
shown that if the body would solely depend on heat conduction and not utilize 
blood-induced heat redistribution, the body would reach its steady state 
temperature at about 80°C [1], which, of course, is incompatible with survival.  
Heat redistribution and the consistency of an euthermic core temperature of 37°C 
rely on two main mechanisms.  First, adjustments in cardiac output or blood 
recirculation time induced by central and local thermoregulatory responses allow 
rapid changes in heat ‘turn over’, and second, regulation of blood perfusion of the 
body surface and the skin and subcutaneous tissue permit both enhanced 
evaporative loss or preservation of heat as demanded by internal and external 
environmental temperature changes.  If those compensatory mechanisms are 
exhausted, such as in heat stroke, the body experiences a critical decline in its 
ability to regulate temperature and will decompensate if not treated.  The clinical 
implications of thermoregulatory failure are easily underscored by the fact that, 
despite aggressive medical care, about 25% of patients with heat stroke victims 
experience organ failure and 7-14% permanent neurological deficits [2]. 
 
Active control of body temperature is increasingly employed therapeutically in 
several clinical scenarios, most commonly to protect the brain from the 
consequences of either primary (i.e., head trauma, stroke) or secondary injury 
(i.e., after cardiac arrest with brain hypoperfusion).  Mild to moderate 
hypothermia, during which brain temperature is reduced to 30 to 35°C, has been 
studied, among others, as an adjunct treatment for protection from cerebral 
ischemia during cardiac bypass injury [3], carotid endarterectomy [4], and 
resection of aneurysms [5] and it is also commonly employed in massive stroke 
and traumatic brain injury patients [6-7].  Even minute reductions in brain 
temperature as small as 1°C and importantly, the avoidance of any hyperthermia, 
can substantially reduced ischemic cell damage [8-9] and improve outcome [10].  
Some of the beneficial effects of brain hypothermia include decrease in cerebral 
edema formation and intracranial pressures, reduction of tissue oxygen demands 
[11], and amelioration of numerous deleterious cellular biochemical mechanisms, 
including calcium shift, excitotoxicity, lipid peroxidation and other free-radical 
reaction [12]. 
 
Introduction of brain hypothermia is induced via whole body (systemic) cooling 
as currently no efficient and safe cooling device for targeted, selective brain 
cooling exists, although novel approaches and investigations are ongoing [13].  
To achieve systemic cooling many methods have been advocated and 



demonstrated various clinical success.  Current strategies are either relatively safe 
but only modestly effective (e.g. antipyretics [14-15]; blankets, garments [16], 
peripheral infusion of a coolant [17]), or more effective in temperature reductions 
but invasive and elaborate such as endovascular cooling or extracorporeal heat 
exchange [18-19].  Unfortunately, practical limitations in procedural accessibility 
and nursing care availability often prohibit the use of more complicated and 
invasive fever reduction methods, highlighting the ongoing need for safer, 
simpler, and cost-effective cooling strategies.  In clinical practice, the most 
effective way to control the temperature in critically ill patients is to directly cool 
the blood of major veins using intravascular cooling catheters [20].  Cooling rates 
as high as 5°C/hour can be achieved depending on the cooling capacity of the 
device and the patient’s cooling response [19, 21-23].   
 
The effect of blood flow on heat transfer in living tissue has been addressed 
previously [1] and, because of the complex geometry of the vascular system, two 
theoretical approaches are currently used to assess the blood flow effects in 
biological systems.  First, vascular models which consider blood vessels as rigid 
tubes incorporated in organ tissues.  However, despite the availability of detailed 
information on vascular geometry only several large blood vessels are generally 
considered in these models, neglecting the remaining vascular tree in order to 
reduce the complexity.  Nevertheless, with the advance of computational 
techniques in recent years, models simulating more complex vascular networks 
have progressed rapidly and already demonstrated great potentials in accurate and 
point-to-point blood and tissue temperature mapping [24].  Second, an approach 
different from modeling the vasculature evaluates flow effects in biological 
systems is employed in continuum models which average the influence of flow 
and temperature on a controlled blood and tissue volume.  Thus, in the considered 
tissue region the blood flow effect is treated by either adding an additional term or 
changing some of the thermophysical parameters in the traditional heat 
conduction equation.  The continuum models are simple to use as long as one or 
two representative parameters related to blood flow are available.  The limitation 
of the continuum models is their inability of mapping point-to-point temperature 
variation along blood vessels.  The two most widely employed equations are the 
Pennes bioheat equation [25] and the Weinbaum-Jiji equation [26].  In the Pennes 
bioheat equation, blood flow effect is modeled as a source term and its strength is 
proportional to the local blood perfusion rate and the temperature difference 
between blood and tissue.  In the Weinbaum-Jiji equation blood flow is modeled 
as an enhancement in tissue thermal conductivity.  In the Pennes equation blood 
temperature is considered to be the same as the body core temperature; in the 
Weinbaum-Jiji equation, on the other hand, the effect of the blood temperature 
serves as the boundary condition of the tissue domain.  As outlined above, due to 



the complexity of the vasculature continuum models appear more favorable in 
simulating the temperature field of the human body.  In either continuum model 
(Pennes or Weinbaum-Jiji), blood temperature is an input to the governing 
equation of the tissue temperature.  However, in situations in which the blood 
temperature is actively lowered or increased both continuum models seem less 
adequate to account for the tissue-blood thermal interactions and to accurately 
predict the expected body temperature changes. 
 
In this study, we developed a new simple theoretical model to study blood-tissue 
thermal interaction in the human body.  In addition to using the Pennes bioheat 
equation to simulate the body temperature distribution during blood 
cooling/remarming, a heat transfer equation for the blood temperature was 
developed to account for the energy balance among blood and tissue as well as for 
the influence of external cooling or rewarming.  The theoretical approach 
provided the solution procedures of solving for both the body and blood 
temperatures during active blood temperature modifications. A sample calculation 
of the body temperature transient was conducted using the theoretical approach to 
show its feasibility and accuracy.  So far, the response pattern of an individual 
patient to manipulations of systemic temperature changes, such as vascular 
cooling or rewarming using intravenous fluids or endovascular catheters, has not 
been well delineated in the literature. A theoretical model simulating the 
cooling/rewarming process and temperature interactions between the blood and 
tissue (organs), as presented in this study, will help predict precisely these 
changes and is, therefore, of both clinical and scientific importance.   
 
    
2 MATHEMATICAL FORMULATION 
 
The mathematical formulation consists of simulation of both body temperature 
distribution and energy balance of the blood compartment of the body.  The 
Pennes bioheat equation is used to simulate the body temperature, while a lumped 
system analysis is implemented to predict temperature change of the blood during 
clinical applications. 
 
2.1 Body Temperature Distribution 
 
The human body can be modeled as a simple cylinder or a combination of 
components representing torso, head, and limbs.  As shown in Figure 1, the body 
is exposed to evaporation, convection, and radiation heat transfer on the skin 
surface. The Pennes bioheat equation simplifies the vasculature by modeling 
blood flow as a source term.  The metabolism is considered as a heat source 



within the body tissue and the blood perfusion in tissue is modeled as a heat 
source or sink depending on whether the arterial temperature is higher or lower 
than the local tissue temperature.  The governing equation for the temperature 
field in the body tissue can be written as  
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where Tt is the body tissue temperature, ρ is density, c is specific heat, kt is 
thermal conductivity of tissue, qm is the volumetric heat generation rate (W/m3) 
due to metabolism and ω is the local blood perfusion rate.  The above governing 
equation can be solved once the boundary conditions and initial condition are 
prescribed.  The boundary at the skin surface is modeled as a convection 
boundary subject to an environment temperature of Tair and a convection 
coefficient of h.  h can be considered as the overall heat transfer coefficient 
related to the combined thermal resistance due to convection, radiation, 
evaporation at the skin surface.  The Pennes bioheat equation has been used 
extensively in the past to model tissue temperature field for various clinical 
applications and has been considered as an accurate description of tissue 
temperature field. 
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Figure 1. Schematic diagram of thermal interaction among tissue, blood, and 
environment. 



 
We would like to emphasize that in Eq. (1), the arterial temperature Ta is used as 
an input.  To predict the body temperature response to change of the arterial blood 
temperature during clinical applications, one needs to understand thermal 
interaction between blood and tissue.  Unfortunately, Pennes equation alone 
would not predict the thermal interaction.  In this study, we will analyze steady 
state temperature distribution and predict the overall energy balance of tissue-
blood heat exchange. 
 
Blood interaction with tissue is described by the Pennes perfusion source term 
(the third term on the right side of Eq. (1)).  Depending on the local tissue 
temperature, it may act as either a heat source or a heat sink to tissue during 
circulation.  Let’s consider that in a steady state situation, the body can maintain 
stable body temperature and blood temperature.  Maintaining a stable blood 
temperature implies that the total heat transfer between the blood and tissue 
should be equal to zero during steady state.  It is suggested that heat loss from 
blood to tissue in the periphery tissue region would be compensated by the heat 
gain in the central region.  Based on the Pennes bioheat equation, the rate of the 
total heat loss from the blood to tissue during steady state is  
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where subscript 0 represents steady state, Vbody is the body volume, and ω  is the 
volumetric average blood perfusion rate defined as 
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tT  is the weighted average tissue temperature defined by Eq. (2) and is given by 
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Note that tT  may not be equal to the volumetric average tissue temperature (Tavg) 
if ω is not uniform in the body tissue.  Eq. (2) implies that during steady state the 
arterial blood temperature, Ta, should be the same as the weighted average tissue 
temperature, tT .  The average body temperature tT  can be predicted by solving 
Eq. (1) and calculated by Eq. (4).  During steady state thermal regulation in the 
human body ensures the energy balance to maintain stable body and blood 
temperatures.  In this study we assume that the body maintains its steady state 
temperature via adjusting the convection coefficient on the skin surface.  



However, during a transient heat transfer process such as blood 
cooling/rewarming, the rate of the total heat loss from blood to tissue is no longer 
equal to zero, and is given by 
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2.2 Energy Balance in Blood 
 
During clinical applications, external heating or cooling of the blood can be 
implemented to manipulate the body temperature.  Because of the relatively short 
recirculation time, blood in the human body is represented as a lumped system.  
We assume that a typical value of the blood volume of body, Vblood, is 
approximately 5 liters.  A mathematical expression of the energy absorbed or 
removed per unit time is determined by the temperature change of the blood, and 
is written as:  
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where Tb(t) is the blood temperature at time, t, and Tb(t+∆t) is at time t+∆t; ρblood 
is the blood density (kg/m3), and cblood (J/kg°C) is the specific heat of blood that 
measures the energy (J) needed to raise or decrease the temperature of 1 kg blood 
by 1°C.  In the mathematical model, we propose that energy change in blood is 
due to the energy added or removed by external heating or cooling (Qext), and heat 
loss to the body tissue in the systemic circulation (Qblood-tissue).  Therefore, the 
governing equation for the blood temperature can be written as 
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where Qext may be a function of the blood temperature due to thermal interaction 
between blood and the external cooling approach, Ta, tT , ω , and Qext can be a 

function of time.  Eq. (7) cannot be solved alone since tT  is determined by 
solving the Pennes bioheat equation.  One needs to solve Eqs. (1) and (7) 
simultaneously. 
 
2.3 Numerical Method of Solving Eq. (7) 



 
The governing equation of the blood is a first order ordinary differential equation 
and can be solved numerically since most of the parameters in Eq. (7) are a 
function of time and solving for the blood temperature depends on solving for the 
whole body temperature field. The time derivative on the left side of Eq. (7) is 
discretized using finite difference form.  Although either implicit or explicit 
method can be used, an undesirable feature of the explicit method is that it 
imposes a restriction on the time step to avoid oscillation in the solution, which is 
physically impossible.  In this study, Eq. 7 is discretized using either the implicit 
scheme or the explicit scheme as follows: 
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where ∆t is the time interval for solving for the transient blood temperature, and 
the superscript P denotes the time dependence of temperature.  Superscript P and 
P+1 represent temperatures associated with the previous and new times, 
respectively.  Note that Eqs. (8a) and (8b) are the discretized equation of Ta only, 
the new (P+1) blood temperature can be easily determined by re-arranging the 
equation. The finite element method (FEMLAB®) is used to solve Eq. (1) for the 
body temperature distribution.  The following procedures are the general 
approach implemented in solving Eqs. (1) and (8). 
 

1) Select a proper temperature of blood, Tb0, as the input to the Pennes 
bioheat equation. Use the FEMLAB® software to solve for the steady state 
temperature field of the body before the clinical treatment.  Adjust the 
overall heat transfer coefficient h so that the blood temperature Ta0 is equal 
to the weighted average body temperature 0tT .  The steady state 
temperature field (Ta0 and 0tT ) serves as the initial temperature field of the 
transient heat transfer process. 

 
2) Substitute the initial temperature values (time step P) into Eq. (8) and 

determine the blood temperature at the next time step (P+1). 
 

3) The newly determined blood temperature at time step P+1 is then used as 
the input to the Pennes bioheat equation to solve for 

P
tT . 

 



4) Steps 2 and 3 are repeated to solve for the transient temperature field of 
the subsequent time steps. 

 
3 RESULTS 
 
In this sample calculation, we apply the model to a blood cooling application, 
during which coolant is pumped into the inner tube of a catheter inserted into the 
femoral vein and advanced to the veno-vera.  Once the coolant reaches the 
catheter, it flows back from the outer layer of the catheter and out of the cooling 
device.  This cooling device has been used in clinical trials in recent years as an 
effective approach to decrease the temperature of the body for stroke or head 
injury patients.  Based on previous research of this device, the cooling capacity of 
the device is around 100 W. 
 
All the finite element calculations including the finite element mesh generation 
for Eq. (1) were performed on FEMLAB 3.1, operated on a Pentium IV processor 
of 2.79 GHz speed, using 1 GB of memory under a Windows XP SP2 
Professional Operating System.  The numerical model was obtained by applying 
the Galerkian formulation to Eq. (1).  The total number of tetrahedral elements of 
the finite element mesh was around 135,000.  The time dependent problem was 
solved using an adaptive time stepping scheme wherein the convergence criterion 
was kept at 10-6.  Mesh independency was checked by increasing the number of 
elements in the calculation domain by 100% over the current mesh.  The finer 
mesh showed less than 1% difference in the temperature field.  The CPU time for 
calculating each time step (∆t=60 seconds) is approximately 8 minutes.   
 
A typical human body (male) has a body weight of 81 kg and 0.07421 m3.   We 
consider two body geometries and test whether the developed model yields 
similar results.  As shown in Figure 2, the body can be modeled as a simple 
cylinder of 0.232 m in diameter and 1.8 m tall.  A more realistic body geometry is 
illustrated by Figure 3, where the body consists of limbs, torso (internal organs 
and muscle), neck, and head.  The green, red, and yellow color represents muscle, 
brain tissue, and internal organs, respectively.  The limbs and neck are modeled as 
cylinders consisting of muscle.  Note that the body geometry can be modeled 
more realistically if one includes a skin layer and a fat layer in each compartment.  
However, since our objective is to illustrate the principle and feasibility of the 
developed model, those details are neglected in the sample calculation.  The 
simple geometry results in a body surface area of 1.312 m2, while the detailed 
geometry has a body surface area of 1.8 m2.  Based on a previous study by 
Mosteller [27], the body surface area is usually calculated by the following 
formula: 
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For a realistic human body with a body weight of 81 kg and 0.07421 m3, the 
calculated body surface area based on Eq. (9) is around 2.012 m2.  The detailed 
body geometry used in this study agrees relatively well with the realistic body 
surface area.  Table 1 gives the geometrical parameters used in both models. 
 
Table 1. Geometrical parameters used in both models 
 
 Simple Geometry Detailed Geometry 
Height (m) 1.8 1.8 
Radius (m) 0.232 --- 
Head volume (m3) 0.004206  

Neck volume (m3) 0.001287  
Internal organ volume (m3) 0.019503  
Torso (w/o internal organ) volume (m3) 0.019406  

Upper arm volume (each) (m3) 0.002085  

Lower arm volume (each) (m3) 0.001622 
Upper leg volume (each) (m3) 0.00695 
Lower leg volume (each) (m3) 

n/a 

0.005212 
Total volume Vbody (m3) 0.0761424 0.076142 
Total blood volume Vblood (m3) 0.005 0.005 
Total weight mbody (kg) 80.7 80.7 
 
Table 2. Physical and physiological parameters used in both models. 
 
 Simple Geometry Detailed Geometry 
Thermal conductivity k 0.5 W/m°C 0.5 W/m°C 
Density ρ 1060 kg/m3 1060 kg/m3 
Specific heat c 3800 J/kg°C 3800 J/kg°C 

Muscle 0.0001129 (1/s) 0.0005 (1/s) 
Head n/a 0.0083333 (1/s) 

Blood perfusion 
rate ω 

Internal organ n/a 0.001266 (1/s) 
Muscle 1249.7 W/m3 553.5 W/m3 

Head  n/a 9225 W/m3 
Metabolic heat 
generation rate qm 

Internal organ n/a 1401.5 W/m3 
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Figure 2. Schematic diagram of a simplified human body geometry. 
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Figure 3. Schematic diagram of the detailed human body geometry. 



 
The average stroke volume is 0.7 liter and heart beat is 75 beats/min.  Based on 
the total body mass of 81 kg, one can determine the average blood perfusion rate 
as 6.773 ml/min.100g tissue or 0.001129 (s-1).  For the simple one compartment 
model, the average metabolic heat generation rate is estimated based on a food 
consumption of 2000 kCal/day and is equal to 1250 W/m3.  The metabolic heat 
generation rate and local blood perfusion rate used in the detailed body model are 
listed in Table 2.   

 
The body is exposed to an evaporation, convection, and radiation environment 
with an overall heat transfer coefficient h and a room temperature of 25°C.  The 
clothes covering the human subject can be modeled as a thermal resistance and 
incorporated into the overall heat transfer coefficient h.  In this sample 
calculation, ω, h and Tair are assumed unchanged during the cooling process.  The 
initial blood temperature is assigned as 37°C.   
 
Temperature field in the simplified human body can be considered as three-
dimensional and the steady state temperature can be determined by the 
FEMLAB® software using the finite element method.  During steady state, the 
convection heat transfer coefficient h is adjusted to 6.3 W/m2 °C and 4.7 W/m2 °C 
for the simple and detailed models, respectively, so that the average body 
temperature 0tT  is equal to the blood temperature Ta0.  The different values of h 
used in those two models can be explained by the different body surface areas.  
From the energy balance of the entire body during steady state, the metabolic heat 
generation inside the body has to be dissipated from the body surface via 
convection and radiation.  Figure 4 shows the steady state temperature distribution 
in the body ranging from 37.275°C inside the brain to 34°C at the finger tip.  The 
left image of the temperature contours are the temperature distribution using the 
simple geometry.  The maximum body temperature is usually slightly higher than 
the arterial temperature due to metabolic heat generation.  The maximum 
temperature usually occurs inside the brain tissue due to its large metabolic heat 
generation rate.  Note that the detailed body geometry gives a more realistic 
temperature contours in the body, while the simple model still correctly predicts 
the maximum and minimum temperatures in tissue.  The simulated steady state 
temperature distribution is used as the initial temperature field for the simulation 
of the transient heat transfer process. 
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Figure 4. Initial steady state temperature contours of the human body. 

 
Since the cooling capacity of the cooling device is around 100 W, one models the 
external cooling to the blood Qext as -100 W.  One can rewrite the discretized 
equation for Ta using the explicit scheme as follows: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ∆
+

∆
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ ∆
−=+

bloodbloodblood

bodyP
t

bloodbloodblood

ext

bloodbloodblood

bodyP
a

P
a Vc

tVc
T

Vc
tQ

Vc
tVc

TT
ρ

ωρ
ρρ

ωρ
11   (9) 

 
Note that the coefficient of the first term on the right side of Eq. (9) has to be 
positive to avoid oscillation of the solution.  This restriction requires 
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In this sample calculation, ∆t is selected as 60 seconds, which satisfies the 
constraint in Eq. (10).  
 
The discretized equation for Ta using the implicit scheme can be written as  
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The time step is also selected as 60 seconds. 
 
Figure 5 shows the simulated temperature of the arterial blood during the first 20 
minutes of the cooling.  The observed difference between the implicit and explicit 
schemes used in both body geometries suggests that the time step should be 
selected smaller than 60 seconds to minimize the error associated with the 
approximation of the time derivative in the numerical method. Up to 0.737°C 
decrease in the arterial temperature is achieved during the first 20 minutes using 
the implicit scheme.  One notices the large initial temperature drop and the 
temperature decay rate is slowed down and stable at approximately 0.019°C/min 
in the detailed model.  Based on the cooling rate, it is expected that the arterial 
blood temperature will decrease to 35.5°C after one hour and 34.4°C after two 
hours. 
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Figure 5. Simulated blood temperature changes during the cooling using 

both implicit and explicit schemes. 



  
In clinical applications of whole body cooling for stroke or head injury patients, 
physicians are more interested in the temperature of the body tissue.  The 
maximum tissue temperature, the minimum tissue temperature at the skin surface, 
the volumetric average body temperature (Tavg), and the weighted average body 
temperature ( tT ) are plotted in Figure 6.  The difference between the volumetric 
average body temperature and the weighted average body temperature is due to 
their different definitions.  All tissue temperatures decrease almost linearly with 
time and after 20 minutes the cooling results in approximately 0.3~0.5°C tissue 
temperature drop.  The cooling rate of the skin temperature is smaller (0.2°C per 
20 min).  As shown in Figure 7a, the initial cooling rate of the blood temperature 
in the detailed model is very high (~ 0.14°C/min) and then it decreases gradually 
until it is stabilized after approximately 20 minutes.  On the other hand, cooling 
the entire body (the volumetric average body temperature) starts slowly and 
gradually catches up.  It may be due to the inertia of the body mass in responding 
to the cooling of the blood.  Figure 7a also illustrates that after the initial 
fluctuation, the stabilized cooling rates of all temperatures approach each other 
and they are approximately 0.019°C/min or 1.15°C/hour.  The cooling rates of all 
temperatures in the simple model are plotted in Figure 7b, where the cooling rates 
converge to approximately 0.018°C/min only after 10 minutes. The simulated 
results demonstrate the feasibility of inducing mild body hypothermia (34°C) 
within three hours using the cooling approach. 
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Figure 6. Temperature decays during the cooling process using the detailed 

geometry and implicit scheme. 
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Figure 7.  Induced cooling rates of the blood temperature, the maximum 

temperature, the volumetric average temperature, and the weighted average 
temperature. (a) the detailed model and (b) the simple model. 

 
The first term on the right side of Eq. (8) represents the external cooling rate if the 
blood does not gain heat from the tissue.  It is estimated that the cooling rate 
induced by this term is approximately equal to 18.9°C/hour, which is much higher 
than the achieved cooling rate of the body.  It is understandable since the cooling 
capacity induced by the external cooling device cools not only the blood, but also 
the entire body.  Therefore, the second term on the right side of Eq. (8) 
representing blood-tissue thermal exchange is mainly dependent on the 
temperature difference between the blood and tissue.  During blood cooling, 
blood is colder than the average body temperature, therefore, the second term on 
the right side of Eq. (8) is positive to account for the heat transfer from the tissue 
to the blood.  One notices that the initial temperature difference is zero since the 
thermal balance is established during the initial steady state (Eq. (2)).  Later, the 
temperature difference changes and becomes stabilized as -2.5°C.  After the 
difference between Ta and tT  is stabilized (approximately 20 minutes after the 
initiation of the cooling), the right side of Eq. (8) becomes a constant.  This is the 
direct result of the assumptions that the external cooling capacity (Qext), the 
metabolic heat generation rate, as well as all the physiological parameters such as 
the blood perfusion rate and convective coefficient are kept the same during the 



cooling simulation.  Once the temperature difference is unchanged, it is expected 
that the cooling rate of the blood temperature governed by Eq. (8) would become 
a constant.  One can then extrapolate the current simulated data to later time 
duration. 
 
The effect of simplification of the body geometry on the body temperature 
transients is illustrated in Figure 9.  Implicit scheme is used with a time step of 60 
seconds.  Although the two geometries are quite different, the yielded cooling 
rates of the volumetric average body temperature (Tavg) during the cooling are 
very similar.  Both geometries have the same body weight and volume.  The 
results imply that it is the overall energy balance that determines the temperature 
reduction of the body tissue.  The limitation of the simple model lies in its 
inability of modeling any realistic thermal regulation during the cooling process. 
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Figure 8.  Difference between the blood temperature and the weighted 

average body temperature during cooling. 
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Figure 9. The effect of model geometry on the volumetric average body 

temperature. 
 
4. DISCUSSION 
 
The provided sample calculations identified the feasibility of applying the model 
for predicting the temperature distribution in the human body during blood 
cooling and rewarming.  The accuracy of the model can be confirmed by 
comparing the predicted results from the model to that using a simple lumped 
analysis of the whole body induced by an external, intravascular cooling device 
with a capacity of 100 W as estimated by the following equation: 
 
 Cooling rate  = -100 /(ρVbody c) = -100/(1060x0.076142x3800)  (12) 

=3.2605x10-4 °C/second =0.0196°C/min 
 
The estimated cooling rate is very close to the rate predicted by the developed 
model employing both the implicit and explicit schemes.  Decreasing the time 
step would further improve the accuracy of the model, however, this would 
increase the CPU time. 
 
The theoretical models developed by Wissler and other investigators [28-31] 
similarly introduced the whole body as a combination of multiple compartments.  
However, a major difference between the current model and previous approaches 



is the assessment of the thermal interactions between the blood and tissue in each 
compartment.  The majority of previously published studies introduced a pair of 
countercurrent artery and vein with their respective branching (flow system) and 
then modeled the temperature variations along this flow system to derive the heat 
transfer between the blood vessels and tissue within each flow segment. Such an 
approach is computationally intensive although the models are capable of 
delineating the temperature decay along the artery and the rewarming by the 
countercurrent vein.  The modeling approach introduced here greatly simplifies 
the theoretical simulations, and therefore, requires less computational resources 
and time.  In our approach, the vasculature is modeled as a lumped system only 
varying as a function of time and the blood-tissue thermal interactions are 
evaluated by integrating the Pennes perfusion source term over the entire body 
tissue.  The reasoning for combining these modeling steps is based on two 
assumptions.  First, several previous theoretical and experimental studies have 
suggested that the thermal equilibration length of the major supply artery is much 
longer than its physical length.  This implies that the temperature of the arterial 
blood in each tissue compartment should be very close to the body core 
temperature.  Second, we chose to neglect the rewarming effect by the venous 
blood due to countercurrent heat exchange.  Although recent studies by the 
authors and others [32-33] suggested a 30% rewarming rate originating from the 
venous system and therefore, to multiply the Pennes perfusion source term by a 
correction coefficient of 0.7, there are currently no rigorously designed animal 
studies validating such theoretical reasoning.  This lack of animal data originates 
mainly from the difficulty to measure with precision the local in vivo blood 
perfusion rate. Should, however, this correction coefficient value become 
experimentally verified and available, the Pennes perfusion term can easily be 
modified to also account for the effect of countercurrent venous rewarming in 
tissue.  We feel the current model using the Pennes perfusion term and lumped 
system of the blood is simple to use in comparison with these previous whole 
body models while providing meaningful and accurate theoretical estimates. 
 
The presented sample calculations suggest that the developed model is accurate in 
describing the overall thermal balance between blood and body tissue during 
clinical applications involving blood cooling.  Recent animal and clinical studies 
have demonstrated the effectiveness of improving patient outcome inducing 
systemic cooling and/or actively avoiding hyperthermic (febrile) episodes after 
brain injury [34-39].  Controlling fever has become a more important clinical 
treatment task since it is known that more than 60% of brain injury victims 
developed fever within 72 hours and the three-month mortality rate in these 
patients is significantly higher than those who remained normothermic (1% vs. 
15.8%, respectively) [40].  Theoretical models have suggested that the actual 



cooling rate of the volumetric average body temperature depends largely on the 
cooling capacity of the cooling device.  Among the currently utilized strategies 
for direct blood cooling are intravascular cooling by placing a cooling catheters 
within a larger veins of the trunk, or less invasively using a peripheral infusion 
scheme, the intravenous bolus infusion of saline with ice slurry [17, 41-42].  
Based on these calculations and our clinical experience, a cooling capacity of 100 
W delivered intravenously to a patient of average build will results in a 
~1.2°C/hour cooling rate.  For example, intravascular cooling can achieve within 
less than three hours systemic and hence, brain hypothermia of 34°C or, similarly, 
reduce critical fever of 40°C to euthermia temperatures.  For instance, an 
intravenous cooling catheter manufactured by Innercool® can deliver a cooling 
capacity of up to 200 W (personal communication, August 2007) and therefore, is 
capable of rapid systemic cooling within even shorter time frames.  As expected, 
the cooling capacity of intravenous infusion regimens is much smaller mainly due 
to limitations in the infusion rate and luminal diameter of quickly accessible, 
peripheral veins.  Recent theoretical evaluations by our group suggest that the 
cooling capacity is approximately 40 W per hour when using 50% ice slurry at an 
infusion rate of 450 ml/hour [17].  Therefore, the cooling rate induced by 
intravenous infusion of 50% ice slurry/saline solutions can be extrapolated to be 
~0.5°C/hour, less than half than that expected from a 100 W cooling catheter. 
 
Another application of the developed and here proposed model involves the 
representation of the re-warming process, i.e., after induces systemic hypothermia 
or for the treatment for body hypothermia.  Rapid rewarming in those applications 
may result in dangerous rebound intracranial pressure elevation and cerebral 
perfusion pressure reduction ultimately worsening outcome in brain injury.  
Several clinical investigations [41, 43] have emphasized the importance of 
gradual rewarming to minimize this clinical problem with rewarming.  In support, 
a recent animal study performed by Diao and Zhu [44] suggested that a fast 
rewarming rate in normal hypothermic rats results in local blood perfusion-
metabolism mismatch which may explain the clinical worsening observed in some 
patients exposed to accelerated rewarming.  Conveniently, the current model can 
be applied to assist in the design of an optimal rewarming strategy for clinical 
practice. In a research paper published by our group [45], a theoretical model was 
developed to simulate targeted brain hypothermia induced by an interstitial 
cooling device in the human neck. This previous model can be combined with the 
whole body model for designing the temperature elevation strategy in the 
interstitial cooling device to achieve desired rewarming rates in both the body 
core and brain.  
 



In the presented sample calculations we also found that the simple geometry 
model yields very similar cooling rates as those predicted by a more detailed 
model. However, the simple model is not capable of simulating blood 
redistribution in the body as local blood perfusion and/or metabolic heat 
generation rates are a function of the tissue location.  Both models can be used in 
applications when the physiological parameters, such as local blood perfusion 
rate, metabolic heat generation rate, or environmental thermal conditions, vary 
during blood cooling or rewarming.  Previous studies have shown that the 
temperature dependence of local blood perfusion is based on a coupled 
relationship between blood perfusion and metabolism. For example, it has been 
calculated that hypothermia decreases cerebral metabolic rate by an average value 
of 7% for the first 1°C reduction in temperature, while it is reduced by 50% of 
normal baseline when the temperature reduction approaches 10°C [46].  Our 
developed models are capable of including the dynamic responses of 
physiological parameters changes during the simulation. 
 
Although the model was developed for applications involving blood cooling or 
rewarming, the detailed geometry can also be used to accurately predict the body 
temperature changes during exercise.  It is well known that strenuous exercise 
increases cardiac output, redistributes blood flow from internal organs to muscle, 
increases metabolism in exercising muscle, and enhances heat transfer to the skin.  
Our detailed model can be easily modified to also include a skin layer and a fat 
layer in the compartments of the limbs.  Further, redistribution of blood flow from 
the internal organs to the musculature can be modeled as changes of the local 
blood perfusion rate in the respective compartments and the enhanced skin heat 
transfer can be adjusted for by increasing the overall heat transfer coefficient (h).  
Therefore, one can use the detailed model to accurately delineate important 
clinical scenarios, such as heat stroke, and predict body temperature elevations 
during heavy exercise and/or heat exposures. 
 
In summary, in this study a theoretical model is developed to simulate the 
transient body temperature distribution and blood temperature during blood 
cooling/rewarming.  It is a relatively simple but accurate whole body model for an 
improved prediction of body temperature changes during various clinical 
scenarios and applications.  The model’s predictive strength has been 
demonstrated by sample calculations with intravascular cooling.  With minor 
modifications, the detailed body geometry can be adjusted easily to also describe 
body temperature changes during physiological and medical conditions such as 
exercise or rewarming of a hypothermic patient.  
 
NOMENCLATURE 



 
c Specific heat capacity (J/kgK) 
k Thermal conductivity (W/mK)  
h Overall heat transfer coefficient (W/m2K) 

mq  Local metabolic heat generation rate (W/m3) 
t Time (s) 
T Temperature (°C or K) 
Ta Temperature of the blood (°C or K) 
Tavg Volumetric average body temperature (°C or K) 
Tmax The maximum temperature in body tissue (°C or K) 
Tt Tissue temperature (°C or K) 

tT  Weighted average body temperature (°C or K) 
 
Greek Symbols 
ρ Density (kg/m3) 
ω Local blood perfusion rate (1/s) 
ω  Volumetric average blood perfusion rate of the human body (1/s) 
 
Subscript 
a Artery 
b Blood 
m Metabolism 
avg Average 
t Tissue 
0 Steady state or initial condition 
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