Heat Mass Transfer
DOI 10.1007/s00231-007-0233-z

ORIGINAL

Measurement of local tissue perfusion through a minimally

invasive heating bead

Yong-Gang Lv - Jing Liu

Received: 15 July 2006/ Accepted: 19 January 2007
© Springer-Verlag 2007

Abstract A minimally invasive approach was pro-
posed to measure local blood perfusion rate in living
tissues, based on the well-known Pennes bioheat equa-
tion. The measuring probe consists of a heater covered
with conductive epoxy and temperature sensor depos-
ited on the probe-tissue interface. By monitoring the
probe-tissue interface’s temperature response before
and after employing the constant heat flux, the tissue
blood perfusion rate can be obtained. A theoretical
model was developed to describe the measurement
system. In vivo experiments were performed on the
rabbit’s thighs to validate this method. At last, uncer-
tainties implied in the temperature measurement and
voltage across the heater was evaluated. The results
point out the way to improve the accuracy of the present
method and its appropriate application occasion.

Keywords Local blood perfusion - Penne’s equation -
Constant heat flux - Minimally invasive - In vivo
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List of symbols

C Specific heat of tissue (J/kg K)

Gy Specific heat of blood (J/kg K)

K Thermal conductivity of tissue (W/m K)

Y.-G. Lv (X)

Department of Biomedical Engineering,

The City College of the City University of New York,

510 West 144 Street APT# 25, New York, NY 10031, USA
e-mail: yglv2001@hotmail.com; lv@engr.ccny.cuny.edu

J. Liu

Cryogenic Laboratory, Technical Institute of Physics

and Chemistry, Chinese Academy of Sciences,

P.O. Box 2711, Beijing 100080, People’s Republic of China

Q,, Metabolic rate of tissue (W/m?)

qo Heat flux passing from the bead to the tissue
(W/m?)
R Resistance of the heating wires embedded in

the bead (Q)
Ry Bead radius (m)

T Tissue temperature (°C)

To Initial tissue temperature (°C)
T, Artery temperature (°C)

t Time (ms)

U Voltage across the heating wires (V)
AU  Uncertainty of the voltage (V)
W,  Blood perfusion rate (kg/m’ s)

AW,  Uncertainty of the predicted blood perfusion
(kg/m’ s)
r Coordinate (m)

Greek letters

o Thermal diffusivity of tissue (m?/s)

0 Temperature elevation due to external heating
“C)

Or,  Temperature elevation at the bead-tissue

interface due to external heating (°C)
ABgr, Uncertainty of the temperature (°C)
P Density of tissue (kg/m?)
Ob Density of blood (kg/m?)

1 Introduction

As a fundamental physiological entity, tissue blood
flow in micro-circulation including the capillary net-
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work plus small arterioles and venules, is usually re-
ferred to as perfusion defined as the blood flow rate per
unit tissue volume. This value is of importance in car-
diovascular, thermoregulatory and medical fields for
practice and research. Knowledge of perfusion is
becoming increasingly important for diagnostic and
therapeutic medicine as well as understanding of gen-
eral physiology. There is a strong need for measuring
the local perfusion in small volumes of target tissue.
Measurements of tissue blood flow are of great
importance for development of medical science, bio-
medical engineering and the technology for disease
diagnostics, drug studies, and cancer treatment [17].
Techniques to estimate the perfusion rate generally
include non-invasive and invasive ones. Non-invasive
measurements have been attempted for a long period
of time and several effective approaches have been
reported [1, 6, 9, 11, 18, 19, 24]. Such approaches suc-
cessfully avoid causing discomfort, trauma, and possi-
ble local infections for tissue. However, the
measurements were performed through skin surface.
Hitherto insufficient measurement depth and poor
time- or space-resolution was often encountered. A
minimally invasive measurement might be one possible
solution to resolve this problem. Presently available
assessments of perfusion typically involve the addition
of a foreign substance (dyes, radioactivity, particles) or
excitation (ultrasound, X-rays, electricity, heat) into
the biologic system. Localized heating has the advan-
tage of producing no systemic effects, easy to be tol-
erated by biological body, and quick to dissipate heat
in the surrounding tissue [26]. Therefore method has
been tried by many investigators to measure perfusion.
Chato’s self-heated thermistor method [7] was among
the first to be based on calculating the perfusion from
the amount of power necessary to cause a set increase
in thermistor temperature. Balasubramanium and
Bowman [5] contributed to this method by considering
a more realistic sphere of thermistor. Chen and
Holmes [8] postulated their thermal pulse decay (TPD)
technique for simultaneous determination of local
blood perfusion and tissue thermal conductivity, which
has been subsequently enhanced by Arkin et al. [3, 4].
Parker [21] suggested using the same technique but
proposed heating the tissue surrounding a thermo-
couple using a focused ultrasound transducer. The
measurement error of the TPD technique becomes
significant in the region where perfusion is low. John-
son et al. [12] developed a spherical probe, which is
operated in a constant power mode. Patera et al. [22]
changed the spherical probe to cylindrical one. Val-
vano and his colleague [2, 25, 26, 27] improved the
thermal diffusion probe technique developed by
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Bowman and his colleagues, an approach using a
spherical thermistor probe operated at constant tem-
perature. But this method requires calibration on the
thermistor probes and the plot of perfusion versus the
difference between the effective and intrinsic conduc-
tivities. Kress and Roemer [14] have compared a
variety of perfusion estimation techniques and found
that none of the transient techniques appears to be
clearly superior to the others.

Clearly, each of these techniques is based on ther-
mal phenomena and very complicated. The goal of this
study is to develop a simple method for blood perfu-
sion measurement. The probe consists of a heater
covered with conductive epoxy and temperature sensor
deposited on the probe-tissue interface. Power is sup-
plied through a small thermistor bead, which was in-
serted in advance into the tissue. The supplied power
elevates the temperature of the surrounding local tis-
sue, which reaches the thermal equilibrium state soon.
By monitoring the probe-tissue interface’s tempera-
ture response before and after employing the constant
heat flux, the tissue’s blood perfusion rate was thus
obtained. The theoretical basis for this model will be
described in the paper. A series of in vivo experiments
are further performed on the rabbit’s thighs to validate
this method. At last, uncertainties caused by the tem-
perature elevation and voltage across the heater was
studied. The present method is expected to be useful in
a series of clinics and research.

2 Theoretical model

The model for this method is based upon the well
known ‘“‘bioheat- transfer’” equation which was first
expressed by Pennes [23]. This formulation is simply an
energy balance between the heat conduction through
the cellular portion of the tissue, the heat convection
by the flow of blood in the vascular network, and the
heat of metabolism. The thermoregulation mechanism
of the biological bodies has been neglected because of
the slight temperature increase induced. Assuming
thermal equilibrium between the tissue and the venous
blood, and constant isotropic tissue thermal properties,
the one dimensional energy equation takes the form in
spherical coordinate:

laz(rT)
r or?

Om(t) 10T
K “aor (0

+ WyCp(T,— T)/K +

where, p, C, K are respectively the density, specific
heat and thermal conductivity of the tissue; « = K/p C
is the diffusivity of tissue; C, denotes specific heat of
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blood; W, the blood perfusion; 7, the supplying arte-
rial blood temperature which is treated as a constant,
and T the tissue temperature, Q,, is the metabolic
volumetric heat generation rate.

The heating strategy to measure the blood perfusion
is shown in Fig. 1. At the tissue-bead interface, the heat
flux is considered as the constant. At the distant site far
from the bead, this constant heating almost has no
influence on the temperature there. The boundary and
initial conditions to Eq. (1) can then be expressed as:

oT
Ko =k =40, 1= Ry (2a)
oT
E = 0, r = o0 (Zb)
T(r,0) = To(r), =0 (2¢)

where, Ty (r ) is the initial temperature of the tissue
before inserting the probe into the tissue, R is the
bead radius, g is the heat flux passing from the bead to
the tissue. In this study, the electrical current for the
heater is supplied by the DC power. The heat flux
could then be obtained as:

qo = U? [4nRRg (3)

where, U is the voltage applied on the heater, R =
36 Q is the electrical resistance of the heater in the
heated probe under room temperature (25°C). The
heater is made of constantan whose main feature is its
resistance which is constant over a wide range of
temperatures [31].

To calculate the transient tissue temperature field
due to varied environment, the steady state tempera-
ture distribution 7, (r) needs to be known. It repre-

4.0mm

Thermocouple Epoxy Filler

Heater

5.6mm
Polytetrafluoroethylene

Tube

Heater Leads

Fig. 1 Cross section of the probe

sents the basal state of living tissues, and can be
obtained through solving the following equation:

10°(rTo)
r or

The temperature increments used during the
experiment are very low in our study. Then we
assumed that the metabolic heat Q,, (¢) is similar to
that in the steady state Q,,. Subtracting the steady-
state temperature field from Eq. (1), one has

+ Wy Co (T — To)/K—&-%:O (4)

10%(r0) 100

Fan  GlK =25 ®)

where 0(r,t) = T(r,t) — To(r) is the tissue temperature

elevation due to the constant heating by the bead.
The boundary and initial conditions Eq. (2) then has

the form:

00
R Sp =R = q0, r=Ro (5a)
% =0, =00 (5b)
0(r,00=0, t=0 (5¢)

In the present method, two steps are involved to
impose the constant heat flux at the bead-tissue surface
(r = Ry). The first is to insert the bead to the small
selected volume of a target tissue. The bead is so small
that it reaches thermal equilibrium with the
surrounding tissue within a short time. Then, the
power is switched on, until the temperature elevation
at the bead reaches its steady state. Through solving
Eq. (5) at the time of 1 — oo, the final elevated tissue
temperature could be obtained as:

1 qoRo exp(—v/Dr)
r |K(1/Ry + VD) exp(—VDRy)

where, D = W,C,/K. The temperature 0(r = Ry,
t — o0) = Og, at the bead-tissue interface then reads as:

0(r,t — (6)

o0) =

_ qo
Oro = K(1/Ro+ VD) 7

Substituting D = W, C,, /K into Eq. (7), one has

2
o0 1\*K
[/[/ = —_—— PR 8

b (KHRU Ro) Gy (8)

Then, the blood perfusion W, can be expressed as
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U2 1\* K
Wy=(—o o — | = 9
b <4nK0RORR3 Ro) C ®)

Generally, typical values for the tissue properties are
approximately constant and used as: C = C,=4,200 J/
kg °C, K=0.5 W/m °C [10]. From this equation, if the
voltage across the heater U is specified, then the blood
perfusion W, can be estimated by simply measuring the
bead-tissue surface temperature elevation Og,.

3 Experimental methods

In practice, a heating element is needed to deliver heat
to the local tissue and then elevate its temperature.
Additionally, a temperature sensing device is needed
to measure the deviation of the temperature from
steady state. These two devices should be placed at the
same point to create a constant heat flux/temperature
measuring device (HFTD), so that the conditions will
be comparable to the situation depicted by the theo-
retical model. Additionally, the size of the bead should
be small enough to comply with the boundary condi-
tion [Eq. (2b)]. With this guidance the manufacture of
the HFTD and the measurement system will be given
in this section.

3.1 The heated thermocouple probe

The heating device, shown in Figs. 1 and 2, is spherical
to reduce the analytical model to one-dimension. The
small heater is fabricated by winding 0.1 mm-dia con-
stantan wire around a 2 mm-dia polytetrafluoroethyl-
ene tube. The space around the heater is filled with
conductive epoxy (whose thermal conductivity is
0.503 W/m K [12]) to enhance efficient heat transfer to
the surrounding tissue. The epoxy coating the entire

Fig. 2 Closeup of probe

@ Springer

assembly’s surface is electrically insulated from the
surrounding medium. The bead diameter is kept small
to avoid unnecessary trauma during its inserting into
living tissue. In this study, diameter of the probe was
designed as 4.0 mm and the resistance of the heated
probe is measured as 36 Q. The probe’s copper-con-
stantan thermocouple is placed on the sphere’s equator
as shown in Fig. 1. The polytetrafluoroethylene tube
has a small hole through which the 0.1 mm-dia heater
leads are pulled out.

3.2 Local blood perfusion measurement system

In this study, new apparatus and experimental proce-
dure have been developed to facilitate a systematic
study of local blood perfusion. The schematic diagram
of the apparatus is given in Fig. 3. The electrical current
for the heater is controlled by Regulated DC Power
Supply WIW-3003I11, whose working voltage range is
0-5 V. The thermocouples are calibrated in the ice
water and an accuracy of +0.1°C is obtained. The bead-
tissue interface transient temperature and voltage across
the heater are obtained using a 48 channels HP Agilent
34970 Data Acquisition/Switch Unit. The HP Agilent
34970 Data Acquisition/Switch Unit is connected with
the personal computer with the data acquisition card
(HP E2078, USA). The acquisition software uses HP
BenchLink Data Logger, which can immediately dis-
play, analyze and save the input measurement data.

3.3 Preparation for the in-vivo studies

During the in vivo experiments, a healthy, female
rabbit with a body weight of 2.2 kg was used in this
experiment. Study was performed on the muscle tissue
of rabbit thighs to measure the local blood perfusion
constant heat flux. The rabbit was intubated after
anesthesia induced by intravenous infusion of urethane
(25%, 4 ml/kg). After allowing a period of 10 min for
the anesthetic to become fully effective, a 4 mm-dia
medicinal needle was inserted into the rabbit thigh and
drew out quickly. Then the bead was subsequently in-
serted into the tissue following the same path. This
made the bead capable of piercing the tissue with
minimal resistance. During the course of experiments,
an attempt was made to keep the rabbit’s level of
anesthesia as low as possible. Additional anesthetic
was not administered. The rabbit was placed on the
test-bed and the probe and thermocouple were in-
serted into the specified sites. The other thermocouple
was placed on the rabbit armpit to monitor the physi-
ological conditions. The voltage was changed after the
temperature reached the steady state.
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Fig. 3 Schematic diagram to
measure blood perfusion
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In the same way three different sites were measured.
All temperature and voltages sampling were carried
out with a Date Acquisiton/Switch Unit (Aiglent
34970A, USA) and displayed at 1 s intervals by the
computer.

The protocol was approved by the Animal Care
Committee of Zoology Institute, Chinese Academy of
Sciences. All experiments were performed according to
the Guidelines for Animal Experiments, Zoology
Institute, Chinese Academy of Sciences. No compli-
cations occurred in the subject examined.

4 Uncertainty analysis

In previous sections, the theoretical concept and design
of the system developed were discussed. The perfor-
mance of this system depends on the quality of the
process to manufacture and assemble the components
of the system. Any imperfection thus involved will
cause measuring error, which is defined as the differ-
ence between a measured perfusion and its true value.
It occurs due to various factors, which should be
analysed and controlled in order to minimize the
measuring error. The following section focuses on

Voltage

Signal Power

Regulated DC Power | | SUPPly

Supply WJW-3003lII

e

mEi0o0
ocoohp

- +

estimating the measuring error. The uncertainty caused
by thermal properties of tissue such as thermal con-
ductivity which depends on the kinds of tissues and the
individual differences will not discussed in this study.
Many methods have been used to measure the thermal
conductivity of tissue in a wide temperature range [16,
29, 30]. In our study, muscle tissue of rabbit thighs was
used to measure the local blood perfusion and the
typical thermal conductivity of rabbit thighs was ob-
tained from the above references.

The blood perfusion W, can be expressed as func-
tion of the tissue thermal, probe geometrical and
electrical parameters as

Wb :f(U1K7 CbaeR()vRvRO) (10)

If all the exact tissue thermal, probe geometrical and
electrical parameters were measured, the measured
blood perfusion can reasonably be regarded as the real
value. However, no measurement is perfectly accurate.
Thus the blood perfusion predicted will deviate with its
real value due to the uncertain parameters.

The same probe was used for all experiments. In this
experiment, only the voltage across the heater U, the
probe geometrical and electrical parameters Ry, R,
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and temperature elevation g, must be measured. The
tissue thermal properties K, C,, are generally constant
due to the very low temperature increments, uncer-
tainties caused by them will not be considered in this
study.

Suppose AW, is uncertainty of the predicted blood
perfusion due to the approximate parameters, one can
write [13, 15]:

sions have no obvious variations at different positions.
They all express the mean blood perfusion of the rabbit
thigh. It is noticed that the blood perfusion would
change with the temperature [28]. Due to the small
heating flux, the change could not be seen in Fig. 5 and
Table 1. However, the estimated blood perfusion re-
sults appeared as a little higher than the blood perfusion
in normal tissue temperature.

oW, 2 oW, 2 /oW, 2
AW, = 1| [ =2 A ZT0A ALY
W, \/<8U U> + ((%RO 9R4)> + (8R R| +

oWy o\’

where A stands for uncertainty for the corresponding
variable. Equation (11) can further be expressed as
follow:

Table 1 gives the uncertainties caused by Ry, R, U
and Og, with the Eq. (11). The uncertainty of the cal-
culated blood perfusion decreased for large tempera-

AW, | (9lnW, AU 2+ d1n W, A, 2+ dIn Wy AR 2+ 91n Wy ARy (12)
w, \\omu U 91ln0g, Og, 9InR R dInRo R

The uncertainty limit of the two parameters will be
studied. This result is expected to be important for
estimating the accuracy of this perfusion measuring
method.

5 Experimental results and discussion
5.1 Experimental results

The probe was inserted in the rabbit right thigh to
evaluate the local blood perfusion at three different
depths: 1.05, 1.55 and 2.35 cm (The insertion depth is
the distance between the center of the probe and the up
surface of rabbit thigh as shown in Fig. 3). The initial
tissue temperatures at these positions are 35.4, 36.7 and
35.7°C, respectively. The initial tissue temperature at
2.35 cmis lower than that at 1.55 cm. The probe may be
inserted so deep that it approaches the other surface of
the rabbit thigh. Figure 4 shows the transient probe—
tissue interface’s temperature and voltage across the
heater. The muscle temperature responsed instantly as
soon as the voltage across the heater changed and
reached thermal equilibrium (about 250 s). Therefore,
the metrical results were the local blood perfusion in
steady state. As shown in Fig. 5 and Table 1, the results
are similar to that of Johnsonet al. [12], which was ob-
tained with the analysis of the heated thermocouple
probe’s temperature transients. The local blood perfu-
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ture elevation. This implies that the HFTD method has
high accuracy in large temperature elevation. How-
ever, the blood perfusion would change with the strong
enough heating. Therefore the appropriate tempera-
ture elevation and other parameters must be studied to
improve the resolution of blood perfusion measure-
ment with this method.

At first, the imperfection and asymmetry of the
geometrical parameters of the probe will induce
measurement error. The bead must be made as a
sphere, which guarantees that the tissue temperature
could be characterized with the one-dimensional
Penne’s bioheat equation in spherical coordinate sys-
tem. This measurement uncertainty is caused due to
fabrication and will not be discussed in this paper.
The diameter is measured by screw micrometer,
whose resolution is 0.01 mm. Uncertainties caused by
this parameter appear so small that could be neglect
in this study. The heater is made of constantan and
thermal resistance coefficient is about 0.00001°C~!
[31]. Thus, the effect of the temperature on the
electrical resistance of the probe could be ignored.
For the same reason for probe diameter, the electrical
parameter R has minor effect on the measurement of
the blood perfusion, when only considering the mea-
surement resolution.

Therefore, the temperature elevation 0g, and volt-
age across the heater U are the most critical parame-
ters, which are obtained using a 48 channels HP
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Fig. 4 Probe-tissue interface’s temperature response to differ-
ent voltages at three positions

Agilent 34970 Data Acquisition/Switch Unit. The
measurement resolution of them are 0.1°C and
0.0001 V, respectively. The uncertainty of the calcu-
lated blood perfusion decreased for high temperature
elevation (seen in Table 1). Further calculation gives
that the influence of the temperature uncertainty is
much greater than the voltage uncertainty. In order to
improve the accuracy of the method, the thermocouple
could be changed with thermistor thermometre to
measure the bead-tissue interface’s temperature. The
uncertainty of the temperature measured by thermistor
thermometre could be obtained 0.01°C, which could
greatly improve the accuracy of the method. Separat-
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Fig. 5 Measured blood perfusion under different constant heat
flux

ing the heater from the polytetrafluoroethylene (as
shown in Fig. 2) is another good method to improve
the accuracy of this method which could make the heat
transfer in the probe more spherically symmetric. In
the theoretical model, 2 cm is assumed as the distant
site far from the bead. Thus, the distance between the
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Table 1 Measured blood perfusion under different constant heat flux

Depth (cm) Voltage (U), temperature elevation (6g ) and blood perfusion (Wp)
1.05 U (V) 0 1.09 1.31 1.48 1.67 2.03
O, (° C) 0 1.85 2.60 336 420 6.16
W(kg/m® s) / 524 +1.91 6.27 +1.53 5.79 £ 1.13 6.51 = 0.97 6.82 + 0.68
1.55 U (V) 0 1.01 1.30 1.66 1.79 2.04
Or,(° C) 0 1.53 2.53 3.83 4.83 6.20
Wy(kg/m® s) / 6.68 + 2.71 6.76 + 1.65 6.78 + 1.46 6.47 + 0. 84 6.96 + 0.69
2.35 U (V) 0 1.0 1.34 1.59 1.96 2.26
Or,(° C) 0 1.52 2.70 3.80 5.78 7.70
W(kg/m® s) / 6.14 = 2.59 6.57 £ 1.52 6.59 + 1.09 6.55 = 0.71 6.47 = 0.53

probe and each surface of tissue should be more than
2 cm in the optimal case.

The results implied that the temperature has
gigantic effect on the blood perfusion measurement. In
order to improve the resolution of this method, the
reference temperature sensor must be in a location
other than a large blood vessel. The history of the
blood flow can cause fluctuations of the reference
thermocouple’s voltage potential when the reference
thermocouple is near the vessel. The HFTD method is
suitable to measure the blood perfusion far away from
the large blood vessel. At the same time, large bleed
must be avoided during the experiment which will
influence the transfer between probe and tissue.

5.2 Validation

To verify whether the above estimated perfusion is the
real value for the rabbit thigh, additional theoretical
analysis was performed. Generally speaking, if the
theoretically predicted temperature response using the
estimated perfusion fits the experimentally measured
temperature under the same conditions, then this per-
fusion can be regarded as the real one. In this experi-
ment, the probe-tissue interface’s temperature
response has been obtained. This valuable information
will be used to validate the present model. Before
heating the bead, the probe was inserted into the rabbit
thigh. Once their temperatures becomes identical, i.e.,
being in the thermal equilibrium, switch on the heating
circuit with a constant voltage, then a constant heat
flux will be applied to the tissue due to the small
thermal resistance coefficient. The transient tempera-
ture response of living tissues subjected to the constant
surface flux heating could be obtained by theoretical
model (refer to Appendix). Drawing together the
theoretical and experimentally results under the same
condition in Fig. 6, one can find that both curves fit
each other. This indicates that the measured perfusion
can represent the real value for the tested rabbit thigh.
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In Fig. 6, there exists a relatively large difference
between the predicted and the monitored bead-tissue
interface temperature at the early stage of the heating.
One reason may be due to the approximation in cal-
culation the heating power. The theoretical base of the
experiment assumed that the applied heating almost has
no influence on the temperature at the distant site far
from the bead (r = ). In the fact, the thick of rabbit
thigh is almost 3 cm. This approximation is correct when
the applied heating is not too large. Another reason may
be attributed to the placement of the copper-constantan
thermocouple, which is buried on the bead’s equator
with epoxy. The thermocouple is attached to the bead
tightly while the tissue is relaxed muscle when the rabbit
is under anesthesia. There is a small temperature dif-
ference between the surfaces of thermocouple and tis-
sue due to the incompact contact. When switching on
the heating circuit, the bead itself will also be heated,
thus, the real temperature applied on the tissue is higher
than the value calculated with Eq. (A9). Therefore, the
measured bead-tissue interface temperature increase
appears a little higher than the theoretically predicted
result. Since the theoretically predicted temperature
using the above estimated perfusion fits closely the
measured temperature, it provides encouraging evi-
dence that the measurement perfusion is acceptable.

As indicated in Fig. 6, the measured temperature
has some small oscillations. In order to make sure
the reason, additional experiments were performed.
The same copper—constantan thermocouple was in-
serted into the water and measured the temperature
of the water (shown in Fig. 7). The temperature of
water is about 26.65°C and the measured error is
about 0.05°C. A section of temperature response in
Fig. 6(b) approaching the thermal equilibrium is en-
larged as shown in Fig. 8. The oscillation is also
about 0.05°C. Comparing Fig. 8 with Fig. 7, the
oscillation could be considered as the measured error
and the blood perfusion almost has no influence on
this oscillation.
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Fig. 6 Comparison between the measured surface temperature
and the theoretically predicted value using the estimated blood
perfusion: a depth = 1.05 cm, U = 1.31 V; b depth = 1.55 cm, U
=179 V;edepth =235cm, U =196 V

6 Conclusions

Previous heated thermocouple probe required com-
plicated measurement and analytical system. The
present study presents a simple approach to measure
local blood perfusion based on an analytical solution of
the Penne’s bioheat equation, for a hollow sphere he-
ated in inner boundary by constant heating flux. This
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Fig. 7 The temperature of the water
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Fig. 8 A section of steady-state temperature in Fig. 6b depth =
155em, U=179V

method only depends on the probe-tissue interface’s
temperature elevation and the voltage applied on the
heater. For on-line measurements, the method enables
a fast and simple evaluation of tissue blood perfusion.
The small size of the thermistor bead could minimize
the trauma caused to the tissue, which is far below the
level considered deleterious to the viability of the tis-
sue. A preliminary probe is given in the present work,
which could be made in smaller size.

A series of in vivo experiments were further per-
formed on the rabbit’s thighs. The results were similar
to that of the former reports measured by other
methods. In addition, uncertainties caused by the
temperature elevation and voltage across the heater
were studied in this paper. Further simplification on
the present instrument can help to make a compact and
cheap perfusion measuring device, which will have
significant application in clinical practices.
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7 Appendix: Temperature response of living tissue
subjected to constant surface flux heating

To analyze the transient temperature response of living
tissues subjected to the constant surface flux heating,
the theoretical model was established as follows,

10%(rT) On(t) 10T
roor K  aot

At the distant site far from the bead, the constant
heating almost has no influence on the temperature
there. In order to solve the question, at r = R’ =
0.02 m is assumed as the distant site far from the bead.
The equilibrium temperature under a constant voltage
is the initial temperature at the following heating
process. Then boundary and initial conditions to
Eq. (A1) can then be expressed as:

+ WyCp(T, — T)/K + (A1)

oT

K- Sy IR =0, T = Ro (A2a)

oT

— = =R A2

P 0, r (A2b)

T(r,0)=Ty, t=0 (A2¢c)

Assuming

T(r,t) =Ty + y(r,t)exp (— u’/obgb t) (A3)

Then Egs. (A1-A2a, b, c) are transformed into

oMy 20y 10y

T Taor (Ad)
N _ Wi, Cp B

—K-E ,_Ro_qoexp( °C t), r =Ry (ASa)

N _ o

Fr 0, r=R (AS5D)

Y(r,0)=0, t=0 (A5c)

If the Green’s function for the above Eq. (A4) is
obtained, the transient tissue temperature can easily be
constructed [20]. Through introducing an auxiliary
problem corresponding to Eq. (A4), the Green’s
function can finally be obtained as (detailed
derivation is omitted here)

@ Springer

G(rt|r,t)=3/(b>—a’) + !

r-r

S e {08 [f,,(r — Ro)] + 5in [, — Ro)l/Ro}
m=1
" 2

(B2, +1/R2)[(R' — Ro) — 1/[R (% +1/R?)]] +1/Ry
X {Bncos[B,,(r' = Ro)] +sin [B,,( —Ro)]/Ro}  (A6)
where f5,,,’s are the positive roots of
an b (R — Ry — Pul1/Ro +1/R) A7)

B2 —1/R'Ry

Then the tissue temperature field could be constructed
with Eq. (A3)

3aR3qo (1 — e~ Go/rCr)
K(R? = R})(W,Cy/pC)
L

Kr ~=W,Cy,/pC +af?,
X { B,y €08 [B,,,(r — Ro)] +sin [B,,(r— Ro)]/Ro }

2

(B R [(R —Ro)— 1/ [R(§, + 1/RZ)]] +1/Ro
(A8)

T(r,l):To+

(1 _ e—(Wbe/pC+mﬁ§,)t>

The final solution for bead-tissue interface temperature
T(Ry, t ) is therefore in the form of

3aR3qo (1 — e~ WrCoi/rC)

T(Ro,1)=To KR~ R3)(WoCy/pC)
o 2B _ o~ (WoCo/pCrap )t
+K,;wbcb/pC+aﬂi,(l ‘ )
1
B+ 1/R) (R —Ro)— 1/ [R(BL+ 1/RD)] | +1/R,
(A9)
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