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a b s t r a c t

The whole body hyperthermia (WBH) is being regarded as a very promising way of efficiently treating
patients with tumors already distributed throughout the human body. However, quite a few important
issues still remain unclear, some of which are how much energy can be deposited into human body or
how long will it take for a patient’s body core temperature to rise from its normal to the desired point.
Aiming to provide a general background for tackling the complex heat transfer behavior throughout
the whole human body during a WBH treatment, we propose in this paper to adopt a compartmental
model for a comprehensive evaluation of several existing typical WBH methods. The heating performance
of four heating strategies such as contact-heating-based WBH (CWBH), radiative- heating-based WBH
(RWBH), extracorporeal circulative-heating-enabled WBH (EWBH) as well as interventional WBH (IWBH)
were compared and evaluated. The characteristics of different WBH methods were assessed in detail from
the engineering perspective. Further, the effect of the thermal regulation mechanism and brain cooling
upon body temperature response during WBH was investigated. Specially, this research explained for
the first time the reason why intravascular heating strategies could have a higher heating efficiency in
raising body core temperature than that of the heating from outside. This study would help probe into
the complex behavior of the temperature response of the human body subject to various WBH. The the-
oretical model and calculation method could serve as a valuable guidance for future tumor treatment
planning.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The whole body hyperthermia (WBH) represents a promising
technique capable of efficiently treating patients with distributed
malignancies [1–3]. A large body of literature suggests that the
therapeutic utility of WBH may generate factors that affect tumors
at the molecular, cellular, tissue and organ levels. The most funda-
mental contributing mechanism is, perhaps, the molecular re-
sponse, i.e., the loss of regulation of cell proliferation, a process
thought to be controlled by apoptosis (programmed cell death)
[4,5]. Hyperthermia has been found as a pathological insult that
is a stimulus for apoptosis. Many studies and clinical trials have
proven that WBH is rather safe and can be effective in reducing tu-
mor size and ultimately eliminating the tumor [5]. However, the
ll rights reserved.
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thermoregulation mechanism of a human body is so complicated,
that some key parameters for WBH can still not be easily obtained
through clinical experience. For example, how much energy should
be deposited into the body interior and how long will it take to
raise body core temperature still remains unclear up to now.
According to existing literature, one can only know that the output
power of various WBH equipments varies from several hundred
watts to several kilowatts, and the time required for the body
warming spans from dozens of minutes to hours. So far, it is still
not possible to grasp the whole picture of thermal behavior of
the human body via experimental measurements. For instance,
one can only estimate the temperatures of the brain core or some
vital organ. But these values may seriously deviate from case to
case. Therefore, an appropriately justified theoretical model would
provide a very useful tool to clarify these problems.

Among numerous mathematical models which have been
developed to describe the heat transfer in whole body, the im-
proved Stolwijk’s 14-block model may be among the best [6–8].
It includes the human temperature regulatory mechanism and
blood circulation system. Previously, this model had been adopted
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Nomenclature

a, b element of matrix in Eq. (23)
A area (m2)
c specific heat (W/kg K)
C1 intersection of the tangent of temperature curve for core
C2 intersection of the tangent of temperature curve for

muscle
Ebk spectral irradiance (W/m3)
F ratio in Eq. (38)
h convective coefficient (W/m2K)
I radiation intensity (W/m2)
I0 initial radiation intensity
k0 absorption coefficient (cm�1)
K thermal conductivity (W/m K)
Ke effective thermal conductivity (W/m K)
l penetration depth (cm)
mcore,1 the rate of brain temperature rise at the initial stage
mcore,2 the rate of brain temperature rise at the regular stage
Pa partial pressure of water vapour in ambient air (mmHg)
Q heat flux (W)
Qb basal metabolism (W)
Qblood heat transfer to tissue by perfused blood (W)
Qcond heat transfer by conduction (W)

Qconv heat loss by convection (W)
Qevap heat loss by evaporation (W)
Qmet metabolic heat production during hyperthermia (W)
Qradi heat loss by radiation (W)
Qresp heat loss by respiration (W)
r radius(m)
T temperature(�C)
Tb blood temperature (�C)
V volume (m3)

Greek symbols
r Stefan-Boltzmann constant (W/m2 K4)
e emittance
k wave length (lm)
q density (kg/m3)
s time (s)
x blood perfuse rate (ml/s kg)
xb basal blood perfuse rate (ml/s kg)

Subscripts
i, j index for compartment
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only for the temperature prediction in a localized hyperthermia
treatment. However, few trials were made for the WBH simulation.

Traditional physical WBH methods were generally conducted
through directly contacting skin with surrounding fluid. The fluid
can be as either hot water (Fig. 1a), wax, air or more other flow
medium. Heat is thus transferred from the surrounding fluid to
the body surface via convection. A small part of the heat was then
transferred from the surface to the body core through conduction
in the tissue, but in large part distributed via circulating blood over
the skin capillaries. This direct-immersion method is seldom uti-
lized in clinics due to lack of efficacy in raising body core temper-
ature and are not easy to be incorporated with chemotherapy or
radiotherapy. Up to now, application of WBH in clinics has evolved
into two main approaches-via infrared radiation on body surface
(RWBH) (Fig. 1b) and heating blood through extracorporeal circu-
lation (EWBH) (Fig. 1c) [9,10].

In a RWBH session, infrared radiation can penetrate skin to the
superficial vascular plex which resides 1–2 mm beneath the skin
and subsequently transferred heat to the patient’s core. For an
EWBH, a large quantity of blood is temporarily shunted to the
outside of patient body, heated, and then returned to the circula-
tion circuit where it gradually warms the rest of the human body.
Recently, we proposed a novel method to realize an efficient and
safe WBH, termed as interventional whole body hyperthermia
(IWBH) (Fig. 1d) [11,12]. The basic principle of this method lies
in that the blood is directly heated by a flexible needle inserted
into the large vessel via a percutaneous (seldinger) approach. Ex-
cept for its potential capability in raising body core temperature,
an additional advantage of this system is its simplicity in admin-
istration and causing almost no impact on important hymody-
namic parameters such as blood pressure. The EWBH and IWBH
methods can be classified into a category-induced hyperthermia
via heating the blood in major blood vessels. In a CWBH or RWBH
therapy, the vast majority of heat is picked up by local blood
perfusion and distributed throughout the body. That is, blood as
a heat carrier is the same for all the above four methods.
It is on the basis of this common ground, CWBH, RWBH, EWBH
and IWBH can be evaluated with only one compartmental
model.
2. Mathematical formulation

2.1. Compartmental model

Compartmental models are a class of theoretical formulations
which have lumped parameters, in that the events in the system
can be described by a finite number of changing variables. It is usu-
ally described by ordinary differential equations based on govern-
ing laws of heat and mass conservation. This is a very attractive
method which ignores the spatial variation of variables in each
compartment containing the lumped parameters and deals with
only a single value (for example temperature in this paper) as-
signed to each compartment. In this way, the problem can be sig-
nificantly simplified, which, however, still contains the most basic
feature of the problem. As can be seen from Fig. 2, in the sense of a
compartmental model, the human body is idealized as 12 body
segments and a blood compartment. All these segments can be
treated as cylindrical in shape for simplicity, except that the head
is assumed to be spherical. Each body segment is further subdi-
vided into four concentric layers. The thermophysical and physio-
logical properties within each tissue block were assumed to be
uniform. In addition, a compartment ‘‘I” for IWBH, ‘‘R” for RWBH,
‘‘C” for CWBH and a compartment ‘‘E” for EWBH are included in
this model. Each body segment (head, neck, thorax, abdomen,
two arms, two hands, two legs and two feet) are expressed by ‘‘i”
(1 6 i 6 12) while four layers (core, muscle, fat, skin) in each seg-
ment is expressed with ‘‘j” (1 6 j 6 4). Therefore, the temperature
for each body element can be characterized as T(i, j). The geomet-
ric, anatomical and physical properties for each compartment are
listed in Tables 1 and 2, respectively [14]. The basal blood flow rate
for tissue and major organs were collected from many different
sources [7,8,13,14].
2.2. Energy balance equation for whole body

Based on energy conservation equation and heat transfer the-
ory, one can build up partial differential energy equations as well
as their corresponding boundary conditions for each tissue block.



Fig. 1. Four typical approaches for realizing a WBH. (a) WBH through contact-heating method; (b) WBH through infrared radiation on body surface; (c) EWBH via heating
blood from outside; (d) IWBH via directly heating blood inside vessel.

Fig. 2. Compartmental model for characterizing WBH on human body.
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This consists of the mathematical model for the evaluation of tem-
perature response during WBH therapy.
The heat exchange between different neighboring tissue blocks,
or a tissue block and blood running through it can be described by
the schematic diagram as shown in Fig. 3a. It is assumed that blood
enters each tissue element at the same temperature.

The energy balance equations for the core, muscle, fat and skin
layers of the body segment as well as the blood compartment can
then be described as

Core:

qði; jÞ � Vði; jÞ � cði; jÞ � oTði; jÞ
os

¼ Q bloodði; jÞ � Q condði; jÞ þ Qmetði; jÞ

þ Q resp 1 6 i 6 12; j ¼ 1 ð1Þ

Muscle:

qði; jÞ � Vði; jÞ � cði; jÞ � oTði; jÞ
os

¼ Q bloodði; jÞ þ Q condði; j� 1Þ � Q condði; jÞ

þ Q metði; jÞ 1 6 i 6 12; j ¼ 2 ð2Þ

Fat:

qði; jÞ � Vði; jÞ � cði; jÞ � oTði; jÞ
os

¼ Q bloodði; jÞ þ Q condði; j� 1Þ � Q condði; jÞ

þ Q metði; jÞ 1 6 i 6 12; j ¼ 3 ð3Þ



Table 1
Geometrical and anatomical parameters of the model

Element Geometric shape Length (cm) Diameter (cm) Surface area (cm2) Material type Volume (cm3) Radius (cm)

Head Spherical – 20.9 963 Core 1332 8.60
Muscle 430 10.04
Fat 335 10.25
Skin 189 10.45

Neck Cylinder 8.42 11.4 300 Bone 179 2.60
Muscle 553 5.26
Fat 86 5.56
Skin 32 5.67

Thorax Cylinder 28.6 25.8 2310 Core 5360 7.73
Muscle 4324 11.30
Fat 2899 12.64
Skin 509 12.87

Abdomen Cylinder 55.2 25.2 4368 Core 10595 7.82
Muscle 7107 10.51
Fat 7661 12.44
Skin 717 12.60

Arms Cylinder 127.4 8.2 3348 Bone 869 1.47
Muscle 4701 3.73
Fat 871 4.01
Skin 558 4.18

Hands Cylinder 62.0 4.6 881 Bone 195 1.00
Muscle 268 1.54
Fat 349 2.04
Skin 184 2.26

Legs Cylinder 139.3 11.4 5012 Bone 2523 2.40
Muscle 6989 4.66
Fat 3849 5.53
Skin 985 5.73

Feet Cylinder 48.4 7.2 1093 Bone 483 1.78
Muscle 411 2.43
Fat 819 3.36
Skin 254 3.60

Table 2
Tissue physical properties in the models

Tissue Density, q
(10�3 kg/m3)

Specific heat,
c (10�3 kJ/kg � K)

Thermal conductivity, k
(W/m � K)

Basal blood perfusion, xb

(ml/s � kg)
Basal metabolism, Qb

(W/kg)

Head core 1.36 2.45 0.53 9.65 12.7
Thorax core 0.79 2.71 0.28 0.45 0.67
Abdomen core 1.10 3.35 0.55 4.12 3.83
Bone 1.30 1.59 1.16 – –
Muscle 1.05 3.77 0.42 0.51 0.67
Fat 0.85 2.51 0.16 0.004 0.004
Skin (head, neck, thorax, abdomen, arm,

hand, leg, feet)
1.00 3.77 0.21 (7.2,2.9,1.1,1.4, 1.4,3.3,1.2,2.1) 1

Blood 1.00 3.77 – – –

Fig. 3. Schematic for energy transport between different tissue blocks. (a) Energy balance for each tissue block; (b) heat conduction between adjacent layers.
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Skin:

qði; jÞ � Vði; jÞ � cði; jÞ � oTði; jÞ
os

¼ Q bloodði; jÞ þ Q condði; jÞ þ Q metði; jÞ

� Qevapði; jÞ � QRadi � Q Conv

1 6 i 6 12; j ¼ 4 ð4Þ

Blood compartment:

qb � Vb � cb �
oTb

os
¼
X12

i¼1

X4

j¼1

qði; jÞ � Vði; jÞ � xði; jÞ � qb � cb � ðTði; jÞ

� TbÞ � Q res þ Q in

1 6 i 6 12; 1 6 j 6 4 ð5Þ

where q(i, j), V(i, j), T(i, j) and x(i, j) are respectively the density, vol-
ume, temperature and blood perfusion rate of each tissue or organ.
Qblood is the heat transfer from the perfused blood to the tissue via
convective heat exchange. Qcond is the conductive heat exchange be-
tween different tissue layers. Qresp is the heat exchange between the
lung and the blood in the pulmonary system by respiration, i.e.,
Qresp applies only to thorax core. Qmet is the metabolic heat produc-
tion. Qradi, Qconv and Qevap are respectively the heat loss from the
skin layer to the environment via radiation, convection and evapo-
ration. For CWBH treatment, Qin is Qc; for infrared radiation, Qin is
Qradi; for the case of IWBH, Qin is QI; and for EWBH Qin is QE. qb,
Vb, cb are respectively the density, volume (blood comprises approx-
imately 7.5% of a person’s total weight) and specific heat of the
blood. In the following, we will discuss in detail about the expres-
sions of Qblood, Qcond, Qconv, Qradi, Qevap, Qresp and Qmet.

2.3. Convective heat transfer between blood and tissue

Blood is an important intermediate media for heat transfer be-
tween different parts of the tissues. For WBH methods, especially
for EWBH or IWBH, most of the heat is transported to the whole
body owing to flow of blood. The convective heat transfer between
the tissue element and the blood perfused this tissue is

Qbloodði; jÞ ¼ qði; jÞ � Vði; jÞ � ðqb � xði; jÞ � cbÞ � ðTb;inði; jÞ � Tb;outði; jÞÞ
ð6Þ

where Tb,in(i, j) and Tb,out(i, j) are the temperature of blood entering
the tissue or leaving the tissue, respectively. Assuming a complete
thermal equilibrium between the tissue element and the blood
leaving the element .

Tb;outði; jÞ ¼ Tði; jÞ ð7Þ

and that blood enters each tissue element at the same temperature,

Tb;inði; jÞ ¼ Tb ð8Þ

where Tb is the temperature of the blood entering each compart-
ment. Then one gets,

Qbloodði; jÞ ¼ qði; jÞ � Vði; jÞ � ðqb �wði; jÞ � cbÞ � ðTb � Tði; jÞÞ ð9Þ
2.4. Heat conduction between different tissue layers

Heat conduction occurs between the body segment in both ra-
dial and axial directions. Here, for simplicity, heat is assumed to
be transferred only along radial direction (Fig. 3b). Therefore, the
Table 3
Skin evaporation rate for each compartment

Element Head Neck Thorax

Sweat evaporation (W) 1.44 0.23 1.75
heat conduction between two radially concentric body segments
can be expressed as

Q cond ¼ Ke � ðTði; jÞ � Tði; jþ 1ÞÞ ð10Þ

where Ke is the effective heat conductance between two radial adja-
cent tissue layers.

1
Ke
¼ 1

Keði; jÞ
þ 1

Keði; jþ 1Þ ð11Þ

For cylinders

1
Keði; jÞ

¼2pKði; jÞLði; jÞ
lnðrb;j=rmid;jÞ

ð12Þ

1
Keði; jþ 1Þ ¼

2pKði; jþ 1ÞLði; jþ 1Þ
lnðrmid;jþ1=rb;jÞ

ð13Þ

For spheres

1
Keði; jÞ

¼ 4pKði; jÞ
1=rmid;j � 1=rb;j

ð14Þ

1
Keði; jþ 1Þ ¼

4pKði; jÞ
1=rb;j � 1=rmid;jþ1

ð15Þ

where K(i, j) and L(i, j) are the thermal conductivity and length of
element ‘‘i, j”; rb,j and rmid,j are respectively the radius at the bound-
ary and mid-volume of element ‘‘i, j”.

2.5. Heat transfer to the environment

A neutral ambient condition (30 �C, 0.1 m/s velocity, 60% rela-
tive humidity) is assumed in this paper. The heat loss through con-
vection from the patient’s skin to the air is a function of the
temperature difference between the skin and the air, the convec-
tive heat transfer coefficient as well as the body surface area, i.e.,

QConvði;4Þ ¼ AhairðTi;4 � TairÞ ð16Þ

where A is the body surface, hair the convective heat transfer coeffi-
cient, and Tair the air temperature of the ambient.

Radiant heat exchange takes place between the patient and its
surroundings. The heat loss by radiation from the patient’s body
surface to the ambient can be estimated by Stefan-Boltzmann’s
law:

Q radiði;4Þ ¼ AerðT4
i;4 � T4

surÞ ð17Þ

where e is the emissivity of the body surface, Tsur the surrounding
temperature, r = 5.67 � 10�8 W/m2 K4, i.e., the Stefan-Boltzmann’s
constant.

The heat loss via sweat evaporation (in Table 3) in a neutral
ambient is obtained from the literature [14].

2.6. Respiratory heat loss

Based on the study of Fanger [15], the following expression has
been found as a practical approximation for the latent respiration
heat loss,

Q resp ¼ 0:0023 � Q met � ð44� paÞ ð18Þ

where pa is the partial pressure of water vapor in inspired air (ambi-
ent air).
Abdomen Arms Hands Legs Feet

3.29 0.93 0.35 2.2 0.48
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2.7. Internal heat production

The basic metabolic rates for each body block are listed in
Table 2.

3. The controlling system in body temperature regulation

There is a significant change of physiological parameters in the
human body when subjected to hyperthermia, such as blood flow
rate, evaporative heat loss, metabolic heat generation rate, etc.
which are partially caused by the body temperature regulation
mechanism which may affect the clinical result of WBH. Thus,
the temperature regulation system should also be included in the
modeling. So far, the controlling equation as developed by Stolwijk
may be one of the best models for simulating body temperature
regulation behavior. Therefore, it will be modified for the present
simulation. According to some published reports, regional blood
flow, sweat evaporation and metabolic rate depend on the local
temperature as well as the central command [16–19] (Fig. 4). How-
ever, a general anesthesia is often used during WBH treatment in
order to inhibit the central nervous system. Tranquilizers such as
scopolamine combined with anesthetics plays a strong role in cen-
tral inhibition and reduction of sweat evaporation [20]. Therefore,
the controlling system can be simplified as the solid line in Fig. 4.

It is shown from Fig. 4 that the error signal is a key parameter
for body temperature regulation. Such an error signal can be de-
fined as

ERRORði;4Þ ¼ Tði; jÞ � Tsetði; jÞ ð19Þ

where Tset (i, j) are the normal temperatures for each compartment
and they will be the resulting sets of Eq. (24). Blood flow rate to the
core, muscle and fat are kept constant during modeling. The skin
blood flow is doubled for every 4.5 �C increase in local temperature
above the set-point temperature of the body segment.

xði;4Þ ¼ xbði;4Þ � 2ERRORði;4Þ=4:5 ð20Þ

where xb is the basal blood perfusion rate (Table 2). The rate of
sweating is assumed to double for every 4 �C increase in local tem-
perature above the set-point, i.e.,

Q evapði; jÞ ¼ Q evap;bði; jÞ � 2ERROR=4 ð21Þ

where Qevap,b (Table 3) is the basal sweat evaporation. There is a
non-linear increase in the metabolic rate as the body temperature
increases, especially during whole body hyperthermia. Thus, the ef-
fect of local temperature on metabolic heating is included in this
model.
Fig. 4. The body temperature regulatory mechanism. The solid lines represent the WBH
control under cold or hot stimulus (non-WBH therapy).
According to Robins et al. [17], the relationship between the
metabolic rate during hyperthermia and the basic metabolic rate
can be expressed by the following formula,

Qmetði;jÞ ¼ Q bði;jÞ � 1:07ERROR=0:5 ð22Þ

where Qb(i, j) is the basal metabolic rate for each body segment.

4. Method of solution

Under a steady basal physiological state, the 49 energy balance
equations (48 energy balance equations for body segments and one
equation for blood compartment) are solved simultaneously under
a set of thermally neutral ambient air conditions. Considering that
the human body is symmetric, the temperatures for the left arm,
hand, leg, and foot are then identical to that of their counterpart
at the right hand side. So the 49 equations can be reduced into
33 equations. The MATLAB was applied for solving the present
model by the following matrix

a1;1 a1;2 a1;3 � � � a1;33

a2;1 a2;2 a2;3 � � � a2;33

a3;1 a3;2 a3;3 � � � a3;33

..

. ..
. ..

. . .
. ..

.

a33;1 a33;2 a33;3 � � � a33;33

2
66666664

3
77777775

T1;1

T2;1

T3;1

..

.

T33;1

2
66666664

3
77777775
¼

b1;1

b2;1

b3;1

..

.

b33;1

2
66666664

3
77777775

ð23Þ

Thus, one has,

T ¼ a=b ¼

a1;1 a1;2 a1;3 � � � a1;33

a2;1 a2;2 a2;3 � � � a2;33

a3;1 a3;2 a3;3 � � � a3;33

..

. ..
. ..

. . .
. ..

.

a33;1 a33;2 a33;3 � � � a33;33

2
66666664

3
77777775

b1;1

b2;1

b3;1

..

.

b33;1

2
66666664

3
77777775

,
ð24Þ

The resulting sets of the 33 temperatures are the set-point temper-
atures (Tset). In order to validate the numerical code, it was neces-
sary to compare some solutions with the typical temperature
value of an internal organ and body surface as provided by classic
physiological text book. Some computational results are obtained
and shown in Fig. 5.

The heat transfer from the blood to the tissue is very complex
such that there exists a mixture of the brain circulation and the li-
ver circulation or renal circulation, during EWBH or IWBH therapy.
In addition, different circulations require different times for com-
pleting one circulation. For example, the pulmonary circulation
time is nearly 11 s while for system-wide circulation, it takes
20 s [21]. This implies that the organs close to the heart need less
time for one circulation than do the organs a far distance from it,
feedback model as adopted in this paper. The dashed lines represent the feedback
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i.e., the former’s temperature increasing rate is higher than the lat-
ter. Therefore, obtaining transient temperature data in each body
block is a challenging issue. Since blood is the heat carrier, and
the temperature rise of the blood leads to the temperature rise of
the whole body, for simplicity, the whole complex heating proce-
dure may be separated as two simple parts. The first one is that
the blood is heated, and the second is that the hot blood perfuses
the tissue and the organs, which leads to the temperature increase
of the whole body. Thus, the next work in this paper is to evaluate
the average temperature increase of the entirety of the blood and
the temperature variation of each tissue or organ.

From Eq. (5), one can have

oTb

os
¼

X12

i¼1

X4

j¼1

qði; jÞ � Vði; jÞ � xði; jÞ � qb � cb � ðTði; jÞ � TbÞ
"

�Q res þ Q in

��
ðqb � Vb � cbÞ 1 6 i 6 12; 1 6 j 64 ð25Þ

Its governing equation is discretized as

Tiþ1
b � Ti

b

Ds
¼

X12

i¼1

X4

j¼1

qði; jÞ � Vði; jÞ � xði; jÞ � qb � cb � ðTi
ði;jÞ � Ti

bÞ
"

�Q res þ Q in

��
ðqb � Vb � cbÞ ð26Þ

Hence

Tiþ1
b ¼ Ti

b þ
X12

i¼1

X4

j¼1

qði; jÞ � Vði; jÞ � xði; jÞ � qb � cb � ðTi
ði;jÞ � Ti

bÞ
 "

�Q res þ Q in

��
ðqb � Vb � cbÞ

�
� Ds ð27Þ

For one circulation, once the blood temperature is acquired, each
body block temperature can hereafter be obtained using the similar
method as above.

Core:

Tiþ1
ði;jÞ ¼ Ti

ði;jÞ þ ½ðQbloodði; jÞ � Q condði; jÞ þ Qmetði; jÞ

þ Q respÞ=ðqði; jÞ � Vði; jÞ � cði; jÞÞ� � Ds

1 6 i 6 12; j ¼ 1 ð28Þ

Muscle:

Tiþ1
ði;jÞ ¼ Ti

ði;jÞ þ ½ðQbloodði; jÞ þ Q condði; j� 1Þ � Q condði; jÞ

þ Qmetði; jÞÞ=ðqði; jÞ � Vði; jÞ � cði; jÞÞ�=Ds

1 6 i 6 12; j ¼ 2 ð29Þ
Fat:

Tiþ1
ði;jÞ ¼ Ti

ði;jÞ þ ½ðQ bloodði; jÞ þ Q condði; j� 1Þ � Q condði; jÞ

þ Qmetði; jÞÞ=ðqði; jÞ � Vði; jÞ � cði; jÞÞ� � Ds

1 6 i 6 12; j ¼ 3 ð30Þ

Skin:

Tiþ1
ði;jÞ ¼ Ti

ði;jÞ þ ½ðQ condði; jÞ þ Q metði; jÞ � Q evapði; jÞ � Q Radi

� QConvÞ=ðqði; jÞ � Vði; jÞ � cði; jÞÞ� � Ds

1 6 i 6 12; j ¼ 4 ð31Þ

The temperature responses of head, abdomen and foot with heating
power (Qin) as 100 W and 200 W are shown in Figs. 6–8,
respectively.

5. Results

From the results as given in Fig. 5, it can be seen that the tem-
perature of the brain, liver (liver temperature may be represented
by abdominal core temperature in this model) agreed well with the
data in literature [20]. While the theoretical skin temperature of
the forehead, trunk and hand is a little lower than the actual value,
such approximation is still generally acceptable for modeling a
complex human regulatory system.

From this analysis, the temperature rise in the tissue is a func-
tion of the time and the energy level. Fig. 6 showed the brain tem-
perature increases with the heat deposited into body as 100 W and
200 W, respectively. As can be seen from Fig. 6, obviously, there are
different characteristics for curve of temperature rise at different
heating stage. The slope (defined as mcore,1) of the tangent line
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Fig. 7. Temperature response of abdomen in WBH session. (a) 100 W energy input;
(b) 200 W energy input.
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Fig. 8. Temperature response of leg in WBH session. (a) 100 W energy input; (b)
200 W energy input.
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for the temperature curve for core at the starting stage (initial
stage) is larger than the slope (defined as mcore,2) of the tangent line
at normal heating stage (regular stage). The intersection between
the tangents was defined as C1. Also, C1 can be taken as the clear
boundary between the initial stage and regular stage. It is noted
that msubscript defined as the slope of the temperature curve and
Csubscript defined as the intersection of the tangent line can be ap-
plied to Figs. 6–10. The reason for the above-mentioned phenom-
enon is that at the starting stage, the blood temperature is close
to that of the tissue, i.e., there is nearly no heat transfer between
blood and the surrounding tissue. Most of the energy was used
to heat the blood and there is a rapid blood temperature increase
in this stage. Subsequently, for the small heat capacity of brain,
there is a rapid increase of the brain temperature. Next, when
the temperature difference reaches certain extent (regular stage,
over C1), that will cause a full heat exchange between the blood
and the tissue, the rate of temperature rise will drop slowly. But
for muscle, which has a relatively larger heat capacity, situation
is contrary to this. At the beginning of heating, though the muscle
was perfused by the hot blood, the heat capacity of muscle is so
large that the heat transferred to it cannot lead to a significant
temperature increase. Accompanied by the heating progressing
(over C2 in Fig. 6), more heat is conducted from the core to muscle
and metabolic rate is increasing. There will be a relatively large
change in muscle temperature. From Fig. 7, one can find that the
characteristic of temperature response of brain is applied to the
abdomen. That is, for large heat capacity tissue such as abdominal
muscle, the rate of temperature rise is ‘‘first slower” and ‘‘then fas-
ter”. But for small heat capacity tissue such as abdominal core, the
rate of temperature rise is ‘‘first faster” and ‘‘then slower”. Fig. 7
also shows that the abdominal core, which contained most of the
body’s vital organs, can reach the expected temperature (40–
42 �C) for killing tumors in less than 30 min. Fig. 8 gives the ther-
mal behavior of the leg at heating. For the core of the leg composed
mainly by bone, which has a low blood perfusion rate (close to
zero), the temperature curve of the leg core is almost entirely in
coincidence with that of the leg muscle.

6. Discussion

The theoretical approach presented in this paper provided a
reasonable model to estimate the whole body temperature re-
sponse when WBH therapy is used. The results reveal that net en-
ergy input larger than 100 W may meet the general clinical
requirement. Here, another important question, which had never
been clarified before by existing reference, needs to be answered.
The question is ‘‘how much energy could be transferred into blood
circulation for CWBH, RWBH, EWBH and IWBH?”

In clinics, hot water bath (43 �C) is often taken as the represen-
tative of CWBH. As mentioned in the introduction section, in a
CWBH therapy, the heat transfer from surrounding fluid to the
body core is a process involving a number of intermediate steps.
First, heat transfer occurs by convection from the fluid to the body
surface. Second, heat transfer from the body surface to the core
through conduction, but in a large portion it is delivered by the
skin blood flow. Since superficial capillary networks are merely
1–2 mm beneath the skin and convective heat transfer coefficient
between the skin and the fluid is taken as 100 W/m2 K, it is reason-
able to ignore the conductive thermal resistance and convective
thermal resistance between the fluid and the capillary. Therefore,
heat transfer to the body interior through CWBH method can be
expressed by the following equation:

QCWBH ¼ hfluidAcDTm;c ¼ hfluidAc �
DT 00m;c þ DT 0m;c

2

 !
ð32Þ
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Fig. 9. Comparison on heating efficiency of four WBH methods. (a) Operation time
1800 s; (b) operation time 3600 s.
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where hfluid is heat transfer coefficient of convection for fluid, here
the typical value 100 W/m2 K for water is used. DTm,c is the arithme-
tic mean temperature difference between the fluid and the blood
circulated in the skin capillaries. DT 00m;c ¼ 43� 42 ¼ 1 �C and
DT 0m;c ¼ 43� 37 ¼ 6 �C are respectively the temperature difference
at the end and initial stage of CWBH therapy. Ac is the heat transfer
area between the water and the blood. Literature [24–26] suggests
that the blood is uniformly distributed in the skin. A roughly esti-
mated value for cutaneous blood content (volume fraction) is less
than 10%. Ac should be Ac = A � 10%. The final solution to Eq. (32) is

QCWBH ¼ 100� 1:8� 10%� ð43� 37Þ þ ð43� 42Þ
2

� 60 W ð33Þ

For RWBH, as can be seen in Fig. 1a, the infrared radiation pene-
trates through the skin into the subcutaneous capillary network
and subsequently transfers heat into the patient’s core via blood cir-
culation. The most commonly used device (closed-chamber-type)
utilizes black-body radiation with a temperature of 60 �C, resulting
in the emission of wavelengths of �7 lm (infrared of very low fre-
quency) [22]. The formulation for infrared ray attenuation along its
way can be expressed as [23]

I ¼ I0e�k0 l ð34Þ

where I is the radiation intensity while the penetration depth is l, I0

the initial radiation intensity, K0 the absorption coefficient of the
medium.

According to the classical electromagnetic theory, the penetra-
tion depth can be defined as

l ¼ � ln
I
I0

� �
� 1
k0

ð35Þ

The absorption coefficient of the skin for near-infrared radiation is
5 cm�1, while for far-infrared radiation, it is 50 cm�1. Thus, the pen-
etration depth for near-infrared radiation in skin is

l ¼ 1
5
¼ 0:2 cm ¼ 2 mm ð36Þ

The penetration depth for far-infrared radiation in skin

l ¼ 1
50
¼ 0:02 cm ¼ 0:2 mm ð37Þ

Therefore, only the near-infrared radiation can be used to heating
the blood circulated in the subcutaneous vascular plexs. Radiation
(wavelength, k1 � k2) occurs according to the proportion of the total
radiation energy

Fbðk1�k2Þ ¼
R k2

k1
EbkdkR1

0 Ebkdk
¼ 1

dT5

Z k2

0
EbkdðkTÞ �

Z k1

0
EbkdðkTÞ

� �

¼ f ðk2TÞ � f ðk1TÞ ð38Þ

Infrared radiation of very low frequency (0–7 lm) accounts for the
proportion of the total radiation energy as

Fbð0�7Þ ¼ f ð333� 7Þ ¼ f ð2331Þ ¼ 12% ð39Þ

The results indicated that only 12% of the total energy can reach the
dermis in which vascular plexs was included. As discussed above, a
typical value for cutaneous blood content (volume fraction) is less
than 10%. That is, the energy absorbed directly by the blood flow
will be less than 2% and all the rest energy will accumulate in the
epidermis and tissue. This is the reason why it is often difficult to
achieve a core temperature of 42 �C without causing burn risk to
the skin. Assuming that total energy emitted by the radiator is
2000 W, the energy transferred into blood circulation via RWBH
should be

QRWBH ¼ 2000� 12%� 10% � 25 W ð40Þ
Considering that some factors have been ignored in the analysis, it
should be reasonable to take 50 W as the maximal heating capacity
of RWBH.

The heating capacity for EWBH can be evaluated by the follow-
ing simple expression

QEWBH ¼ _mcbDTm;e � _mcb
DT 00m;e þ DT 0m;e

2

� 0:5=60� 3770� 8þ 3
2
� 170 W ð41Þ

where _m � 400��600 ml=min is the blood flow rate,
_m ¼ 500 ml=min is used in this study. DTm,e is the arithmetic mean

temperature difference between the inlet and outlet of the heat ex-
changer during EWBH, DT 00m;e is the temperature difference at the
end stage of heating, its typical value is taken as DT 00m;e ¼ 45�
42 ¼ 3 �C. DT 0m;e is the temperature difference at the initial stage
of heating, the typical value is taken as DT 0m;e ¼ 45� 37 ¼ 8 �C.

For IWBH, assuming that the size of power supply is 200 W,
then

DTm;i ¼
Q IWBH

_mcb
¼ 200

3=60� 3770
� 1 �C ð42Þ

where _m � 3000 ml=min is the blood flow rate in the abdominal
aorta. Generally, such a small temperature difference can be
achieved in IWBH. So it is reasonable to assume the heating capac-
ity of IWBH as 200 W. In fact, we have demonstrated this opinion in
our previous work [12].

Based on the heating capacity of the four typical WBH methods
as discussed above, a comparison on their efficiency in raising body
core temperature via compartmental model is made in Fig. 9. It is
clearly seen that EWBH and IWBH are more efficient than RWBH or
CWBH in elevating patient’s body core temperature. CWBH and
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Fig. 11. Simplified schematic illustratio
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RWBH have the potential to raise body core temperature. But their
processes are relatively slow. This is consistent with previous clin-
ical case report.

During the course of hyperthermia therapy, it is critical to clo-
sely monitor the brain temperature. Simple treatments such as
surface cooling may be adopted to avoid the brain temperature
over 40 �C. Generally, brain blood flow accounts for almost 15%
of the whole blood flow. So it is necessary to examine the effect
of brain cooling on the thermal response of whole body during
WBH treatment. Fig. 10 depicts the effect of brain cooling upon
the temperature response of the abdominal core, muscle, fat as
well as skin. It is clearly seen that the brain temperature main-
tained at 40 �C after brain cooling and the rate of temperature rise
slowed down after brain cooling (mb,c is the slope of the tempera-
ture rise curve before brain cooling, ma,c the slope of the tempera-
ture rise curve after brain cooling). This is because the blood
perfused the abdomen was cooled by the blood flow in the cerebral
circulation.

A more significant result as obtained in this paper was that the
characteristic temperature response during WBH was revealed. Up
to now, there is still no a clear ceiling to the amount of heat should
be delivered to the human body for WBH. Wust et al. [27] ad-
dressed a power surplus of energy input into the human body at
about 85 W to cause a systematic temperature increase of 1 �C
for a patient weighing 70 kg undergo WBH. Clearly, they took the
human body as an organism full of tissues such as muscle or fat,
in which blood circulation is ignored. The present results revealed
that the rate of temperature increase for whole body is not uniform
and that the temperature increasing rate for core of internal heat-
ing is faster than body shell. From the schematic illustration in
Fig. 11, one can see that the weight of body core and shell are
respectively 9 kg and 46 kg (obtained from the model in Table 1).
But the blood flow rate of the core is nearly three times of the body
shell. According to the basic law of heat transfer, the core will be
quickly heated than the shell. It is noted that the compartmental
n of the blood circulation system.



5496 S.-H. Xiang, J. Liu / International Journal of Heat and Mass Transfer 51 (2008) 5486–5496
model as adopted in this paper is still a simplification from the real
anatomical structure, and some minor impact factors have been
neglected for brevity. Though this may lower the prediction preci-
sion of the temperature response, the overall temperature varia-
tion trend as simulated still accords well to the existing data.
Further, this work would be a beneficial trial for solving complex
whole body bioheat transfer problem with mathematic model. Fur-
ther theoretical and experimental work can be done in the near fu-
ture to improve this model.

7. Conclusion

Temperature variation of the tissues and major organs during
typical WBH therapy was investigated through compartmental
model. The evaluation results showed that internal heating is more
efficient than body surface heating. Specially, heating rate of core
for internal heating is higher than that of the body surface heating
owing to the heat transfer role of the blood. The body core temper-
ature will reach the requisite value in less than 1 h provided that
the net energy input into human body is 100 W. If the net energy
input into human body is 200 W, the body core temperature will
quickly reach 42 �C in less than a half-hour. These results could
serve as a guideline to the basic and applied research for future
WBH therapy.
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