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V. TISSUE THERMAL TRANSPORT PROPERTIES

A.INTRODUCTION

The transport of thermal energy in living tissue is a complex process involving multiple
phenomenological mechanisms including conduction, convection, radiation, metabolism,
evaporation, and phase change. The equilibrium thermal properties presented in this chapter
were measured after temperature stability had been achieved.

Thermal probe techniques are used frequently to determine the thermal conductivity and
the thermal diffusivity of biomaterials [3-6]. Common to these techniques is the use of a
thermistor bead either as a heat source or atemperature sensor. Various thermal diffusion probe
techniques [7] have been developed from Chato's first practical use of the thermal probe [3].
Physically, for all of these techniques, heat is introduced to the tissue at a specific location and is
dissipated by conduction through the tissue and by convection with the blood perfusion.

Thermal probes are constructed by placing a miniature thermistor at the tip of a plastic
catheter. The volume of tissue over which the measurement occurs depends on the surface area
of the thermistor. Electrical power is delivered simultaneously to spherical thermistor positioned
invasively within the tissue of interest. The tissue is assumed to be homogeneous within 1 mL

around the probe. The electrical power and the resulting temperature rise are measured by a
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microcomputer-based instrument. When the initial tissue temperature is just below the freezing
point, the thermistor heat is removed both by conduction and by latent heat. In this situation, the
instrument measures effective thermal properties that are the combination of conduction and
latent heat. By taking measurements over a range of temperatures, the processes of conduction
and latent heat can be separated. When the tissue is perfused by blood, the thermistor heat is
removed both by conduction and by heat transfer due to blood flow near the probe. In vivo, the
instrument measures effective thermal properties that are the combination of conductive and
convective heat transfer. Thermal properties are derived from temperature and power
measurements using equations that describe heat transfer in the integrated probe/tissue system.
The following five complexities make the determination of thermal properties a
technically challenging task. First, tissue heat transfer includes conduction, convection, radiation,
metabolism, evaporation, and phase change. It is difficult but necessary to decouple these
different heat transfer mechanisms. Second, the mechanical and thermal interactions between the
probe and tissue are complex, and must be properly modeled to achieve accurate measurements.
When the probe is inserted into living tissue a blood pool may form around the probe because of
the mechanical trauma. Because the probe is most sensitive to the tissue closest to it, the
presence of a pool of blood will significantly ater the results. Tissue damage due to probe
insertion may also occur in vitro. Third, the tissue structure is quite heterogeneous within each
sample. Thus, the probe (which returns a single measurement value) measures a spatial average
of the tissue properties surrounding the active elements. Unfortunately, the spatial average is
very nonuniform [8]. The probe is most sensitive to the tissue immediately adjacent to it. It is
important to control this effective measurement volume. If the effective volume is too small, then
the measurement is highly sensitive to the mechanical/thermal contact between the probe and
tissue. If the effective volume is too large, then the measurement is sensitive to the boundary
conditions at the surface of the tissue sample. Fourth, there are significant sample to sample and
species to species variabilities. One must be careful when extrapolating results obtained in one

situation to different situations. Fifth, tissue handling is critical. Thermal properties are
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dependent on temperature and water content [9-12]. Blood flow, extracellular water, and local
metabolism are factors that strongly affect heat transfer in living tissue, but are difficult to
experimentally determine or control. Once a tissue dies, if handled improperly there will be
significant water fluxes which will affect tissue thermal properties. Tissues should be stored in a
dlightly hypertonic saline buffer to minimize tissue mass transfer.

Currently, there is no method to simultaneously quantify the major three parameters. the
intrinsic tissue thermal conductivity km, the tissue thermal diffusivity am, and perfusion w.

Either the knowledge of kn, is required prior to the perfusion measurement, or even when kp is

measured in the presence of perfusion, the thermal diffusivity can not be measured [6, 13].

B. BACKGROUND
There are many good reviews of techniques to measure thermal properties [10, 14-16].

Thermophysical Properties of Matter is a ten-volume set that catalogs thermal properties.

Volumes 1 and 3 contain thermal conductivity data, and volume 10 contains thermal diffusivity
data. Extensive reviews of measurement techniques exist as prefaces to each volume of the set.
Additional thermal property data can be found in Eckert and Drake [17]. John Chato has written
an excellent chapter in Heat Transfer in Medicine and Biology, edited by Shitzer and Eberhart,

which reviews techniques to measure thermal properties of biologic materials [10]. Valvano has
documented the temperature dependence of tissue thermal properties [11, 12]. Duck has written
an excellent review chapter on this subject [18].

The thermal diffusion probe was conceived by Chato [3, 10]. Significant devel opments
were obtained by Balasubramaniam, Bowman, Chen, Holmes, and Vavano [19-27]. Patel and
Walsh have applied the self-heated thermistor technique to non-destructive surface
measurements [8, 24-26]. Unfortunately, surface probes are unreliable due to poor probe/tissue
contact and uncertain boundary conditions at the tissue surface [8, 24].

Self-heated thermistors have been used to measure perfusion [4, 9, 19, 20, 22-24].
Effective thermal conductivity, Kesf, is the total ability of perfused tissue to transfer heat in the
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steady state. Keff iS the combination of conduction (due to intrinsic thermal conductivity, km) and
convection (due to perfusion.) Measurements of keff are very sensitive to perfusion. The
limitation of most techniques is that the intrinsic tissue thermal conductivity must be known in
order to accurately measure perfusion. Holmes and Chen use a combination of steady state and

transient heating modes to determine perfusion without requiring a no flow calibration

measurement [13, 19, 20]. The uncertainty of k,, significantly limits the perfusion accuracy [9].

C. MEASUREMENT OF THERMAL CONDUCTIVITY AND DIFFUSIVITY

1. Methods

In the constant temperature heating technigue, the instrument first measures the baseline
tissue temperature, To. Then, an electronic feedback circuit applies a variable voltage, V(t), in

order to maintain the average thermistor temperature at a predefined constant, Tr. The applied

thermistor power includes a steady state and a transient term:

P(t) = A + Bt-1/2 (1)

In order to measure thermal conductivity, thermal diffusivity, and tissue perfusion the
relationship between applied thermistor power, P, and resulting thermistor temperature rise,
DT(t)=Th-To, must be known. In the constant temperature method, the DT is constant. The
thermistor bead is treated as a sphere of radius ‘a embedded in a homogeneous medium. Since
all media are considered to have constant parameters with respect to time and space, the initial

temperature will be uniform when no power is supplied to the probe.

Qmet
Tb:Tm:TO:Ta"'Wu a t=0 2
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Let V be the temperature rise above baseline, V=T-Tg. Both the thermistor bead temperature rise

(Vp) and the tissue temperature rise (Vi) areinitially zero.

Vp=Vm=0 a t=0 3

Assuming the venous blood temperature equilibrates with the tissue temperature and that the

metabolic heat is uniform in time and space, the Pennes’ bioheat transfer equation in spherical

coordinatesis given by [28].

\Y 19 §2Wb9 A+Bt 12
FbCh g kb2 qr&“ro + 4 r<a (4)
3pad
Vm 19& TVmo
rmem g = km 29 82 qr @ - WeblVm r>a (5)

Perfect thermal contact is assumed between the finite-sized spherical thermistor and the infinite
homogeneous perfused tissue. At the interface between the bead and the tissue, continuity of

thermal flux and temperature leads to the following boundary conditions:

Vb=Vm ar=a (6)
Vo TVm
Ko™~ = km ™ ar=a (7)

The other boundary conditions are necessary at positionsr ® Oandr ® ¥. Since no heat

isgained or lost at the center of the thermistor:

. Vb
Vp =finite (or ka =0) asr® 0 (8
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Because the thermistor power is finite and the tissue is infinite, the tissue temperature rise at

infinity goes to zero:

Vm® 0 asr® ¥ 9)

It is this last initial condition that allows the Laplace transform to be used to solve the
coupled partial differential equations. The Laplace transform converts the partial differential
equations into ordinary differential equations that are independent of time t. The steady state

solution allows for the determination of thermal conductivity and perfusion [20].

....

tg (10)

A 1 kp 16 &
V) = TP akp fininp) T 28" Ea

g
&
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V()= Zprkm € 147 o (11

where z is a dimensionless Pennes’ model perfusion term (wcpja2/km). The measured thermistor

response, DT, is assumed be the simple volume average of the thermistor temperature:

a
6 V() 4p r2dr
0
DT = i3 (12)

3pa
Inserting Eq. (10) into Eg. (12) yields the relationship used to measure thermal conductivity

assuming no perfusion [4].
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[~

Km = ZpaDT 02 (13)

)

A similar equation allows the measurement of thermal diffusivity from the transient response,

again assuming no perfusion [22].

a

u
o J 2 (14)
Np B/A (1+0.271. kb

CD4> ™ D

Rather than using the actual probe radius (a) and probe thermal conductivity (kp), the following

empirical equations are used to calculate thermal properties.

km = c1DT (15)
A T@

D) D~

c3 0

am - d 2 (16)
e
&/p BIA (1+02¢,

The coefficients c1, ¢2, 3, and ¢4 are determined by operating the probe in two materials of
known thermal properties. Typically agar-gelled water and glycerol are used as thermal
standards. This empirical calibration is performed at the same temperatures at which the thermal
property measurements will be performed.

It is assumed that the baseline tissue temperature, To, is constant during the 30-second
transient. Patel has shown that if the temperature drift, dTo/dt, is larger than 0.1 "C/min, then
significant errors will occur [8]. The electronic feedback circuit forces Th to a constant. Thus, if

To is constant then DT does not vary during the 30-second transient.
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The applied power, P(t), varies during the 30 second transient. Linear regression is used
to calculate the steady state and transient terms in EQ. (1). Figure 1 shows some typical
responses. The steady state response (time equals infinity) is a measure of the thermal

conductivity. The transient response (slope) indicated the thermal diffusivity.

-

Kidney Cortex

—

11

10
Agar-gelled Water

Ethylene Glycol

DT »4°C
6 Beef Fat
t = 100sec t = 25sec t = 16sec
5
0.0 0.1 0.2 0.3

Time "V2 (sec -1/2)

Figure 1. Typical P/DT versus time L2 data for the constant temperature heating technique.

The time of heating can vary from 10 to 60 seconds. Shorter heating times are better for
small tissue samples and for situations where there is baseline tissue temperature drift. Another
advantage of shorter heating times is the reduction in the total time required to make one
measurement. Longer heating times increase the measurement volume and reduce the effect of

imperfect thermistor/tissue coupling. Typically, shorter heating times are used in vivo because it
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allows more measurements to be taken over the same time period. On the other hand, longer

heating times are used in vitro because accuracy is more important than measurement speed.

2. Probe design

Thermal probes must be constructed in order to measure thermal properties. The two
important factors for the thermal probe are thermal contact and transducer sensitivity. The shape
of the probe should be chosen in order to minimize trauma during insertion. Any boundary layer
between the thermistor and the tissue of interest will cause a significant measurement error. The
second factor is transducer sensitivity that is the slope of the thermistor voltage versus tissue
thermal conductivity. Equation (13) shows for a fixed DT ky and kp the thermistor power (A)
increases linearly with probe size (a). Therefore larger probes are more sensitive to thermal
conductivity. Thermometrics P60DA102M and Fenwa 121-102EAJQO01 are glass probe
thermistors that make excellent transducers. The glass coated spherical probes provide a large
bead size and a rugged, stable transducer. The Thermometrics BR55KA102M and Fenwal 112-
102EAJ-B01 bead thermistors also provide excellent results. For large tissue samples multiple
thermistors can wired in parallel, so they act electrically and thermally as one large device. There
are two advantages to using multiple thermistors. The effective radius, a=c1/4p, is increased
from about 0.1 cm for atypical single P6GODA102M probe to about 0.5 cm for a configuration of
three P6ODA102M thermistors. The second advantage is that the three thermistors are close
enough to each other that the tissue between the probes will be heated by al three thermistors.
This cooperative heating tends to increase the effective measurement volume and reduce the
probe/tissue contact error. Good mechanical/thermal contact is critical. The probes are calibrated
after they are constructed, so that the thermistor geometry is incorporated into the coefficients ¢y,
C2, €3, and c4. The same water bath, and probe configuration should be used during the

calibration and during the tissue measurements.
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3. Cdlibration
Cdlibration is a critical factor when using an empirical technique. For temperatures below
0 °C, ice and ethylene glycol are used as thermal standards. For temperatures between 0 and 15
°C, agar-gelled water and ethylene glycol can be used as thermal standards. For temperatures

between 15 and 75 °C, agar-gelled water and glycerol were used. One gram of agar per 100 mL

of water should be added to prevent convection. The instrument has been used to measure km
and am of various concentrations of agar-gelled water at 37°C.
A mixture of water and glycerol can be used to estimate the accuracy of the technique.

The mass fraction, m, can be used to determine the true thermal properties of the mixture [29].

km=mkg + (1-mkw + L14m(m-1)(kw-Kg-2)-0.014m (m-1)(T - 20°C) (17)

am=mag + (1-m)aw (18)

D. ESTIMATION OF HEAT TRANSFER COEFFICIENT
1. Introduction

The topologies of the inner surfaces of the heart and blood vessels are very complex.
Consequently, it is very difficult to model the heat transfer at the wall analytically. Any attempt
to estimate the heat transfer coefficient analytically will be inaccurate because of the complex
contours of structures like the endocardium. The experimental method presented in this section
to estimate the heat transfer coefficient, hence, is very appropriate.

The following method can be used to estimate the convective coefficient due to the blood
flow inside the chambers of the heart. This method can be also applied to blood vessels as well.
The method to measure the convective coefficient due to blood flow inside the heart is derived

from basic heat transfer analysis. Two miniature thermistor (BR11, Thermometrics Inc.) probes
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are inserted at fixed locations near the inner surface of the model. T; is the measured temperature

nearest the endocardial wall, and T, is measured 2 mm inside the myocardial wall. The epicardial

surface of the heart is maintained at a steady temperature, T,. Blood at a different temperature

L IS pumped through the heart. The thermistor probes are used to continuously monitor the

spatial temperature gradient in the heart muscle. The basic principle used to estimate the heat

transfer coefficient, h, is as follows:

U{(wen - 11) =Ko Xq:L_ ' (19)

QU " meny

where ,, is the direction perpendicular to the surface. kg is the thermal conductivity of the heart

wall. The gradient at the wall of the surface is calculated from the data obtained from the array of

thermistors.

2 Calibration

Ideally the temperature measured in any experiment should be the temperature of the
zero-volume point of interest. But when a measurement is made the temperature sensor has a
finite volume and the actual measurement is the volume-averaged measurement of some region
around the sensor. Similarly the gradient measured using two sensors is an estimate of the
gradient between the two sensors. These two errors are responsible for the estimate of the heat
transfer coefficient measured using the Eq. (19) to be vastly different from the correct value.
Hence the probe assemble is first calibrated by operating the probe in situations where the true

convective heat transfer coefficient is known. Two calibration factors, ¢y, c,, are added to Eq.
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(19) to adjust for the finite size of the temperature sensors, and for the fact the that the measured

temperature gradient is not at the wall surface.

& - 0
h=c expge, <12 (T- 70
e (Tr-T) o

(20)

where T; and T, are measured temperatures in the wall. A cylindrical tube made with a material
(e.g., silicone) that has thermal properties close to tissue can be used to calibrate the sensor-
combination. The key to accurate measurements lies in how close the calibration configuration
matches the actual experimental conditions.

3 Verification

The effect of the measurement errors on the estimate of the heat transfer coefficient was

studied for a tube of inner radius R;j (0.73 cm) and outer radius of Ry (1.33 cm). The temperature

distribution inside the tube wall was analytically determined for water following inside and with
the outer wall temperature held at a constant temperature of 23 °C. The heat transfer coefficient
was then calculated from the temperature distribution using the relation in Eg. (19). The effect of
the measurement errors on the heat transfer coefficient estimate was analyzed by using values for
the temperature and the gradient away from the wall of the tube.

The temperature at any point at distance of R from the axis of the tube is given by

1=1o- BI(L - In) |U(J:)’ (21)

where, the In isthe inner wall tem;gerature given by

B
Lo- BHU(, )L
=7 (22)

B
T- BHM(
I BO)

In =
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where, I isthe Outer wall temperature, ., isthe Biot number calculated as (hR/k), and histhe

0

heat transfer coefficient and k is the thermal conductivity of the material of the tube.

4. In Vitro Studies

The first in vitro study used two cylindrical tubes. The first tube was used to calibrate the
probe and the second to evaluate measurement accuracy. The exact position of placement of the
thermistor array for sensing the temperature must be in a similar location relative to the inner
wall for both the calibration and measurement. The water at 37 °C was made to flow through the
tube at a rate of L (L/min). The flow was measured using a rotometer type flowmeter (accuracy
2%, Omega Engineering Inc.). The temperature gradients were recorded continuously.

The tube was initially maintained at the room temperature. The water at 37 °C was made
to flow through the tube. For a smooth tube of cylindrical cross section the relation between Nu,

Re and Pr, for turbulent flow conditions, is given by,

= -I\S S\3 ' (23)
T+TS0(1\8) (b - 7)

where the friction factor, L is

NNp

L = (0\BIUBEL- TeY) (24)

This correlation is valid for 0.5 < ,, < 2000 and 2300 < K6 <5x 10°. The setup was calibrated
D

with a tube of 1.46 cm diameter and then tested with a tube of 1.27 cm. The flow rates were

selected to give arange of h values from 800 to 4000 watts/m*-K. The average accuracy is about

10%.

E. TEMPERATURE DEPENDENT THERMAL PROPERTIES
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1. Temperature Dependence of Organ Tissue

When modeling heat transfer in situations where the temperature range exceeds 10 °C it
IS important to consider the temperature dependence of the tissue thermal properties. Valvano
measured tissue thermal properties as a function of temperature using the constant DT thermistor

heating technique [11, 12]. The results shown in Table 1 were derived from in vitro

measurements taken at 3, 10 17, 23, 30, 37, and 45 °C.

Tissue Species Ko k1 aop ai
mW/cm’C  mwW/cm°C2 cm2/sec cm?/sec’C
Adenocarinomaof  Human 4,194 0.03911 0.001617 -0.000049
the Breast
Cerebra Cortex Human 5.043 0.00296 0.001283 0.000050
Colon Cancer Human 5.450 (at 19°C) 0.001349 (at 19°C)
Fat of Spleen Human 3.431 -0.00254 0.001321 -0.000002
Liver Human 4.692 0.01161 0.001279 0.000036
Liver Pig 4,981 0.00800 0.001240 0.000053
Liver Rabbit 4.668 0.02601 0.001370 0.000178
Lung Human 3.080 0.02395 0.001071 0.000082
Lung Human 4.071 0.01176 0.001192 0.000031
Lung Pig 2.339 0.02216 0.000695 0.000080
Myocardium Dog 4.869 0.01332 0.001296 0.000058
Myocardium Human 4.925 0.01195 0.001289 0.000050
Myocardium Pig 4.841 0.01333 0.001270 0.000051
Pancreas Dog 4.790 0.00849 0.001287 0.000062
Pancreas Human 4.365 0.02844 0.001391 0.000084
Pancreas Pig 4.700 0.00194 0.001530 0.000130
Renal Cortex Dog 4.905 0.01280 0.001333 0.000039
Rena Cortex Human 4,989 0.01288 0.001266 0.000055
Rena Cortex Pig 4.967 0.01176 0.001284 0.000039
Renal Cortex Rabbit 4,945 0.01345 0.001311 0.000027
Rena Medulla Dog 5.065 0.01298 0.001305 0.000063
Rena Medulla Human 4.994 0.01102 0.001278 0.000055
Renal Pelvis Dog 4.930 0.01055 0.001334 0.000052
Renal Pelvis Human 4.795 0.01923 0.001329 0.000011
Spleen Human 4913 0.01300 0.001270 0.000047
Spleen Rabbit 4.863 0.01267 0.001257 0.000042

Table 1. Thermal properties as afunction of temperature [9].
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The animal tissues were measured from freshly sacrificed dogs, rabbits, and pigs. The normal

human tissues were obtained from autopsy. The human cancers were freshly excised. The ko, k1,
ap, and a; values are the linear fit of the thermal properties as a function of temperature.

k= ko+ky T (25)

a=ap+taiT (26)
The average thermal properties of this dataare

k= 4574+ 001403 T (27)

a =0.001284 + 0.000053 T (28)

where conductivity isin mwW/cm’C, diffusivity isin cm2/sec and temperatureisin °C.

2. Temperature Dependence of Human Arterial Tissue

Aortic tissue was obtained from alocal pathology lab. The thermal probes were placed on
the endothelial surface of the aortic wall, and the tissue/probe combination was wrapped in
plastic. The tissue surface was kept wet to improve the thermal contact and to prevent drying.
The samples were placed in a breaker of saline and the breaker was put into a temperature
controlled water bath. Thermal conductivity and thermal diffusivity were measured ten times at
each temperature 35, 55, 75, and 90°C. The measurement order was varied between 35,55,75,90
95,75,55,35 75,90,55,35 and 55,35,90,75. Measurements were obtained from both normal and
diseased tissue. The plagues were categorized by gross visual observation. The calcified plaques
were hard and bony. The fibrous plagues were firm but pliable. The fatty plagues were loose and
buttery. The results from 54 tissues are presented in Tables 2 and 3. The column n refers to the

number of tissue samples. The standard deviation is given in the parentheses.

Tissue n a35cC as55C a75cC at90°C

Normal aorta 12 4.76 (0.41) 5.03 (0.60) 5.59 (0.37) 6.12 (0.12)
Fatty plague 13 4.84 (0.44) 4.97 (0.49) 5.46 (0.54) 5.88 (0.81)
Fibrousplague 12 4.85 (0.22) 5.07 (0.30) 5.38 (0.38) 5.77 (0.56)
Calcified plaque 17 5.02 (0.59) 5.26 (0.73) 5.81(0.82) 6.19 (0.85)

Table 2. Thermal conductivity (mW/cm-"C) of human aorta and atherosclerotic plaque [12].
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Tissue n a35cC as5C a75cC at90°C

Normal aorta 12 1.27 (0.07) 1.33(0.11) 1.44 (0.10) 1.56 (0.05)
Fatty plague 13 1.28 (0.05) 1.32 (0.06) 1.41(0.11) 1.46 (0.15)
Fibrous plague 12 1.29 (0.03) 1.36 (0.07) 1.41 (0.10) 1.52 (0.20)
Cdcified plague 17 1.32(0.07) 1.37 (0.12) 1.53(0.17) 1.66 (0.20)

Table 3. Thermal diffusivity (* 1000 cm2/sec) of human aorta and atherosclerotic plaque [12].

The two sample t-test with p=0.05 was used to determine significant differences. The
tissue thermal properties increased with temperature and were significantly less than water. The
measurement order did not affect the measured thermal properties. There was no difference
between the thermal conductivity of normal aorta, fatty plague and fibrous plaque. The thermal
conductivity and thermal diffusivity of calcified plaque were slightly higher than normal aorta,

fatty plague and fibrous plague.

3. Temperature Dependence of Canine Arterial Tissue
Carotid and femoral arteries were harvested immediately post mortem. The thermal
probes were placed on the endothelial surface of the arterial wall. Therma conductivity and
thermal diffusivity were measured ten times at each temperature 25, 35, 45, 55, 65, 75, 85, and
95°C. Measurements were obtained only from normal tissue. The results from 18 tissues are

summarized in Egs. (29)-(33).

Canine femoral artery

k (mW/cm-°C) = 3.688 +0.0062014 T (°C) (29)

a (cm?/sec) =0.001003 +0.000001381 T (°C) (30)
Canine carotid artery

k (mW/cm-°C) = 4.480 +0.0000164 T (°C) (31)

a (cm?/sec) =0.001159 -+ 0.000003896 T (°C) (32)
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The two sample t-test with p=0.01 shows that both thermal conductivity and thermal
diffusivity are larger in carotid versus femoral artery. These results could be explained from the
fact that the carotid artery contains more collagen than femoral artery. A tissue with a higher
percentage of collagen would have lower thermal properties because collagen is a thermal

insulator.

4. Temperature Dependence of Swine Left Ventricle

Swine myocardial samples were harvested immediately post mortem. The thermal probes
were placed on the left ventricular muscle. Thermal conductivity and thermal diffusivity were
measured ten times at each temperature 25, 37. 50, 62 and 76°C. Measurements were obtained

only from normal tissue. The results are summarized in Tables 4 and 5.

Temperature 25°C 37°C 50°C 62 °C 76 °C

5.23 5.14 517 4.39 5.24
5.07 5.12 4.75 3.30 4.29
5.30 521 5.61 5.67 4.83
5.43 5.54 4.22 4.16 5.89
4.68 5.35 4.93 5.33 5.23
5.25 5.08 4.84 5.70 5.39
5.27 5.48 4.42 511 4.75
5.28 4.57 4.93 4.99 3.25
5.86 5.76 5.52 5.03 2.69
4.78 5.10 5.88 5.30 5.28
4.75 5.35 5.35 4.67 5.60
4.92 6.02 5.60 5.49 4.68

Mean 5.15 531 51 4.93 4.76
Std. Dev. 0.33 0.37 0.51 0.70 0.95

Table 4. Thermal Conductivity (mW-cm™.K™) of Myocardial Tissue

Temperature 25°C 37°C 50°C 62°C 76 °C

0.00151 0.00170 0.00165 0.00159 0.00167
0.00154 0.00147 0.00203 0.00235 0.00249
0.00143 0.00165 0.00151 0.00169 0.00166
0.00146 0.00143 0.00116 0.00191 0.00229
0.00159 0.00160 0.00176 0.00167 0.00173
0.00141 0.00178 0.00179 0.00163 0.00185
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Mean
Std. Dev.

0.00165
0.00132
0.00141
0.00168
0.00154
0.00164

0.00152
0.00012

0.00149 0.00235
0.00206 0.00179
0.00144 0.00147
0.00179 0.00160
0.00156 0.00173
0.00138 0.00171
0.00161 0.00171
0.00020 0.00031

0.00143
0.00170
0.00143
0.00180
0.00161
0.00169

0.00171
0.00025

0.00185
0.00199
0.00062
0.00167
0.00173
0.00192

0.00179
0.00047

Table 5. Thermal Diffusivity (cm?s™) of Myocardial Tissue

5. Thermal Properties of Frozen Tissue
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The thermal properties of frozen tissue are significantly different from normal tissue.

Vavano measured frozen tissue thermal properties using the constant DT thermistor heating

technique [30]. The results shown in Table 6 were derived from in vitro measurements taken at -

18, -5, and +0.1°C.

TCC) N M Species Tissue km(mW/cm’C)  am(1000* cm2/sec)
+0.1 45 6 Bovine Kidney Cortex 4.54 (+0.16) 1.18 (£0.09)
-5 15 4 Bovine Kidney Cortex 15.35 (x1.09) 4.71 (x0.99)
-18 18 3 Bovine Kidney Cortex 13.72 (x0.73) 6.84 (x0.83)
+0.1 66 9 Bovine Liver 4.17 (£0.13) 1.05 (x0.09)
-5 66 9 Bovine Liver 13.96 (£2.49) 4.77 (£0.58)
-18 56 8 Bovine Liver 9.89 (£0.44) 5.71 (x0.74)
+0.1 48 6 Bovine Muscle 4.25 (£0.37) 1.05 (£0.11)
-5 42 7 Bovine Muscle 13.93 (x1.23) 5.37 (x0.97)
-18 60 8 Bovine Muscle 10.76 (£1.14) 6.84 (+1.10)
+0.1 21 3 Bovine Fat 1.93 (x0.12) 0.59 (£0.13)
-5 32 4 Bovine Fat 2.66 (+£0.38) 0.98 (+0.19)
-18 24 4 Bovine Fat 2.80 (+0.53) 1.54 (+0.57)

Table 6. Average thermal properties. N is the number of measurements and M is the number of
tissues. (£0.xx) is the standard deviation of the average [30].

5. Thermal Properties As A Function Of Water And Fat Content
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In a global sense, the thermal properties of tissue are determined by the relative
concentrations of its constituate parts. Spells found a linear relationship between tissue thermal

conductivity and water content [31]:
k (mW/cm-"C) = 0.54 + 5.73 Myater fOr myyarer>0.2 (33)

where myaer iS the mass fraction of water in the tissue. Cooper and Trezek found an empirical

relationship between thermal conductivity and mass fractions of water, protein and fat [32].

s Q Kn mp
k (mwiem-C)=r @~ =1 (628 Muaer + 117 Mprotein + 231 Moy (34)
n

Cooper and Trezek [32] found similar relationships for specific heat and density.

° [*]
c(Jg-C)=a cnmy =42myge + 1.09 Mprotein + 2.3 Mg (35)
n
~ B 1
r (g/em) = = Muater + 0.649 Mprotein + 1.227 mez  (30)
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V. EFFECT OF BLOOD FLOW ON TEMPERATURE

A. INTRODUCTION

Bioheat transfer processes in living tissues are often influenced by the influence of blood
perfusion through the vascular network on the local temperature distribution. When there is a

significant difference between the temperature of blood and the tissue through which it flows,
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convective heat transport will occur, altering the temperatures of both the blood and the tissue.
Perfusion based heat transfer interaction is critical to a number of physiological processes such

as thermoregulation and inflammation.

The blood/tissue thermal interaction is a function of severa parameters including the rate of
perfusion and the vascular anatomy, which vary widely among the different tissues, organs of the
body, and pathology. Appendix B contains an extensive compilation of perfusion rate data for
many tissues and organs and for many species. The literature on mathematical modeling of the
influence of blood perfusion on bioheat transfer phenomena has been reviewed recently by
Charney [33], and this reference is highly recommended for readers desiring an in-depth

presentation of the topic.

The rate of perfusion of blood through different tissues and organs varies over the time
course of anormal day’s activities, depending on factors such as physical activity, physiological
stimulus and environmental conditions. Further, many disease processes are characterized by
aterations in blood perfusion, and some therapeutic interventions result in either an increase or
decrease in blood flow in atarget tissue. For these reasons, it is very useful in aclinical context
to know what the absolute level of blood perfusion is within a given tissue. There are numerous
techniques that have been developed for this purpose over the past several decades. In some of
these techniques, the coupling between vascular perfusion and local tissue temperature is applied
to advantage to assess the flow through local vessels via inverse solution of equations which

model the thermal interaction between perfused blood and the surrounding tissue.

Pennes [28] published the semina work on developing a quantitative basis for describing
the thermal interaction between tissue and perfused blood. His work consisted of a series of

experiments to measure temperature distribution as a function of radial position in the forearms
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of nine human subjects. A butt-junction thermocouple was passed completely through the arm
viaaneedle inserted as atemporary guideway, with the two leads exiting on opposite sides of the
arm. The subjects were unanesthetized so as to avoid the effects of anesthesia on blood
perfusion. Following a period of normalization, the thermocouple was scanned transversely
across the mediolateral axis to measure the temperature as a function of radial position within the
interior of the arm. The environment in the experimental suite was kept thermally neutral during
experiments. Pennes’ data showed a temperature differential of three to four degrees between
the skin and the interior of the arm, which he attributed to the effects of metabolic heat

generation and heat transfer with arterial blood perfused through the microvasculature.

Pennes proposed a model to describe the effects of metabolism and blood perfusion on the
energy balance within tissue. These two effects were incorporated into the standard thermal

diffusion equation, which iswritten in its simplified form as:

rc% =N kNT+ (r C)bWb(Ta—T)+ Amet (37)

Metabolic heat generation, g, IS assumed to be homogeneously distributed throughout the

tissue of interest as rate of energy deposition per unit volume. It is assumed that the blood
perfusion effect is homogeneous and isotropic and that thermal equilibration occurs in the
microcirculatory capillary bed. In this scenario, blood enters capillaries at the temperature of
arterial blood, T,, where heat exchange occurs to bring the temperature to that of the surrounding
tissue, T. There is assumed to be no energy transfer either before or after the blood passes
through the capillaries, so that the temperature at which it enters the venous circulation is that of
the local tissue. The total energy exchange between blood and tissue is directly proportional to

the density, r,, specific heat, ¢,, and perfusion rate, wp, of blood through the tissue, and is
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described in terms of the change in sensible energy of the blood. Thisthermal transport model is
analogous to the process of mass transport between blood and tissue, which is confined primarily

to the capillary bed.

A major advantage of the Pennes model is that the added term to account for perfusion heat
transfer is linear in temperature, which facilitates the solution of Eq. (37). Since the publication
of this work, the Pennes model has been adapted by many researchers for the analysis of a
variety of bioheat transfer phenomena. These applications vary in physiological complexity
from a ssmple homogeneous volume of tissue to thermal regulation of the entire human body
(Wisdler [34, 35] ). As more scientists have evaluated the Pennes model for application in
specific physiological systems, it has become increasingly clear that many of the assumptions
foundational to the model are not valid. For example, Chato [36], Chen and Holmes [37], and
Weinbaum, et al. [38-50] all demonstrated very convincingly that thermal equilibration between
perfused blood and local tissue occurs in the precapillary arterioles and that by the time blood
flows into vessels 60um in diameter and smaller, the equilibration process is complete.
Therefore, no significant heat transfer occurs in the capillary bed; the exchange of heat occursin
the larger components of the vascular tree. The vascular morphology varies considerably among
the various organs of the body, which contributes to the need for specific models for the thermal
effects of blood flow (as compared to the Pennes model that incorporates no information
concerning vascular geometry). It would appear as a consequence of these physiological redlities

that the validity of the Pennes model is questionable.

Many investigators have developed alternative models for the exchange of heat between
blood and tissue. These models have accounted for the effects of vessel size (Chato [36]: Chen

and Holmes [37]; Mooibroek and Lagendijk [51]), countercurrent heat exchange (Baish [52];
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Huang , et al.[53]; Keller and Seiler [54]; Mitchell and Meyers [55]; Mooibroek and Lagendijk
[51]), as well as a combination of partia countercurrent exchange and bleed-off perfusion
(Weinbaum and Jiji 38-50]). All of these models provided a larger degree of rigor in the
analysis, but at the compromise of greater complexity and reduced generality. Some of these
models have been the subject of considerable debate concerning their validity and range of
appropriate application (Baish, et al. [56]; Weinbaum and Jiji [57]; Wisder [58, 59]). These
studies also led to an increased appreciation of the necessity for a more explicit understanding of
the local vascular morphology as it governs bioheat transfer, which has given rise to
experimental studies to measure and characterize the three dimensiona architecture of the

vasculature in tissues and organs of interest.

It is quite interesting that, in the context of the above studies to improve on the widely
applied but questioned Pennes model, the 50" anniversary of the publication of Pennes paper
was recognized recently [60]. For this occasion Wissler [59] returned to Pennes original data
and analysis and reevaluated his work. Given the hindsight of five decades of advances in
bioheat transfer plus greatly improved computational tools and better constitutive property data,
Wisdler's analysis pointed out further flaws in Pennes’ work which had not been appreciated
previously. However, he also showed that much of the criticism that has been directed toward
the Pennes model is not justified, in that his improved computations with the model
demonstrated a good standard of agreement with the experimental data. Thus, Wisder's
conclusion is that “those who base their theoretical calculations on the Pennes model can be
somewhat more confident that their starting equations are valid.” The quantitative analysis of
the effects of blood perfusion on the internal temperature distribution in living tissue remains a

topic of active research after a half century of study.
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B. LIMITATIONS OF PENNES MODEL

Pennes model was the first mgjor effort in quantifying the heat transfer contribution of
perfusion. It was developed for describing the transverse temperature profile in the human
forearm. The model is unique in that the perfusion term is very simple. The "bioheat equation”
was previously shown as Eq. (37).

The limitations of this model arises from the erroneous view of the heat transfer process
and its anatomical location. Chen and Holmes analysis of blood vessel thermal equilibration
lengths showed that Pennes concept is incorrect [37]. The thermal equilibration length is
defined as the length at which the difference between the blood and tissue temperature decreases
to Ve of theinitial value. They indicated that thermal equilibration occurs predominantly within
the terminal arterioles and venules, and that blood is essentially equilibrated prior to the
capillaries. In considering the contribution of perfusion as a non-directional term, the directional
convective mechanism is neglected. Nor does the model account for specific vascular
architecture such as counter-current arteries and veins. The limitations of Pennes model have
motivated subsequent investigators to devel op their own models.

Despite its erroneous concept, the perfusion term of Pennes' model has been widely used,
and found to be valid for situations other than the forearm. Its wide usage has been mainly due
to its simplicity of implementation, especialy in analyses where a closed form analytical solution
is sought [22, 61]. Investigators have obtained good temperature predictions for the following
circumstances. 1) the porcine kidney cortex in the absence of large vessels (diameter > 300 pum)
[62], 2) the rat liver [5, 22], and 3) the capillary bleed-off from large vessels [42]. In the last
case, Charny compared Weinbaum-Jiji's counter-current model and Pennes' model against the

experimental results of Pennes. The simulations found that Pennes model is valid in the initia
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branchings of the largest microvessels from the counter-current vessels (diameter > 500 pum) in
deep tissue. In this case, the microvessel blood temperature is close to arterial temperature.
Arkin et al. [63] provides an explanation of the inconsistencies between the two anatomical sites.
They suggest that since blood typically travels down successive generations of the vascular
branches before equilibrating with the tissue temperature, Charny's claim actually refers to the
collective contribution of numerous smaller thermally significant vessels in a region dominated
by the large microvessels. The distinction of being thermally significant is based upon the ratio
of thermal equilibration length to actual vessel length (e):

L

e=—2
L

(38)

Along with Xu's observations in porcine kidney [62], Pennes model appears to be applicable to

regions where the vasculature comprises of numerous small thermally significant vessels (e » 1).

C. CONTINUUM MODELS

Among the continuum formulations of bioheat transfer, the Chen-Holmes model is the
most developed. Prior to Chen-Holmes, continuum formulations by Wulff [64] and Klinger [65]
addressed the isotropicity of Pennes perfusion term. However, they did not challenge the
Pennes' concept of the site of heat exchange. Chen and Holmes [37] formulated their model after
analyzing the significance of blood vessel thermal equilibration length. Through this analysis,
they quantitatively showed that the major heat transfer processes occur in the 50 to 500 pm
diameter vessels and refuted Pennes paradigm. In their model, they proposed that larger vessels
be modeled separately from smaller vessels and tissue. Larger vessels were distinguished using

the ratio of equilibration length to actual vessel length of about one (e » 1) as the criteria. The
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smaller vessels and tissue were then modeled as a continuum. In adifferential control volume of
this continuum, they further separated solid tissue from the blood within the vascular space (Fig.

2).

total

Vs Vb

T Ly
I//: =

Solid Tissue  Fluid Blood

Figure 2. Schematic Representation of Tissue Control Volume as Used by Chen-Holmes [8]

Subsequently, the heat transfer mechanisms can be divided into the contributions from 1)
non-equilibrated blood in the thermally significant vessels, 2) blood that has equilibrated with the
surrounding tissue, and 3) nearly equilibrated blood. The perfusion term of Pennes is then

replaced with three terms.

rc— =N kNT + (r c)bw* (T;—T) —(rc), iT + N kpNT +0p, (39)
The second through the fourth term on the right hand side arise from each of the three categories
described above. The second term, (r c) bw* (T:._:1 - T) , Issimilar to Pennes except the perfusion

and the arterial temperature is specific to the volume being considered. The (r c) bUXNT termis
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a directional convective term due to the net flux of equilibrated blood. Finaly, the N >kpNT

term is to account for the contribution of the nearly equilibrated blood in a tissue temperature
gradient. The nearly equilibrated blood contributes to small temperature fluctuations within the
tissue and the effect is modeled as a tensor "perfusion conductivity"
kp=n(rc),p r%Y/ooszgi%lrerll;ie:l (40)

which is a function of local average blood flow velocity vector within the vessel (V), relative
angle (g) between blood vessel direction and the tissue temperature gradient, the number of
vessels (n), and vessel radius (rp). The Fourier integral spectral wave number (b) can be
approximated as the inverse of vessel length. The contribution of this conductivity is minimal
except when vessels with large equilibration lengths are considered. However, for this situation,
Chen and Holmes recommend that these vessels be treated separately. The assumptions which
were made for their model include: 1) neglecting the mass transfer between vessel and tissue
space, and 2) treating the thermal conductivity and temperature within the tissue-blood
continuum as that of the solid tissue since the vascular volume is much smaller than that of the
solid tissue.

The limitation of this model is that given the detail required, the model is not easy to
implement. Also, the perfusion conductivity term is difficult to evaluate, and distinction within
the continuum model is not well defined. Furthermore, the model does not explicitly address the
effect of closely spaced counter-current artery-vein pairs. This model has been applied to the
porcine kidney and was found to predict temperatures similar to Pennes model, and thus, given

the simplicity of the latter, Xu et al. [62] recommended that Pennes be used. Arkin et al. [63]
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claim that the Chen-Holmes model can be essentially applied to the same tissue region as that for

Pennes.

D. VASCULATURE-BASED MODELS
1. Weinbaum-Jiji-Lemons [38-50]

The modeling of counter current vasculature, which was not explicitly addressed by the
Chen-Holmes model, devel oped separately from that of the continuum models. Bazett et al. [66]
initially presented the counter-current structure from observations of large arteries and veinsin
human limbs. The first major quantitative analysis was presented by Mitchell and Myers[55]. It
was then followed by the work of Keller and Seiler [54], which became the predecessor to the
Weinbaum-Jiji models. In 1979, Weinbaum and Jiji [43] proposed theinitial model of the
artery-vein pair astwo parallel cylinders of equal diameterswith collateral bleedoff in the plane
normal to the cylinders. The anatomical configuration is a schematic of an artery and vein pair

with branches to the peripheral skin layer (Fig. 3).
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Figure 3. Schematic of Artery and Vein Pair in Peripheral Skin Layer [43]

The contribution of perfusion to heat transfer in tissue was treated as heat transfer in a porous
medium. It was considered as a unidirectional convective term normal to the artery-vein pair.
Knowledge of vessel density, diameter, and blood velocity was required at the different blood
vessel generations.

In 1984, they presented a more thorough model based upon anatomical observations with
Lemons [38, 39]. This model analyzed three tissue layers of alimb: 1) deep, 2) intermediate,
and 3) superficial or cutaneous. For the counter current structure of the deep tissue layer, they
proposed a system of three coupled equations:

= dT
(re)pproVor 2 =- (41)
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— dT
(re)pproVt=-aq, (42)
s
LGP 20y 7, Ta=Ty)
e N kNT+ngrc), {Ta—Ty)—npri(rc), V= + O (43)

The first two equations describe the heat transfer of the thermally significant artery and vein,
respectively. The third equation refers to the tissue surrounding the artery-vein pair. For this
equation, the middle two right-hand side terms represent the capillary bleed-off energy exchange,
and the net heat exchange between the tissue and artery-vein pair, respectively. The capillary
bleed-off term is similar to Pennes' perfusion term except the bleed-off mass flow (g) is used.
Their analysis showed that the major heat transfer is due to the imperfect counter-current heat
exchange between artery-vein pairs. They quantified the effect of perfusion bleed-off associated
with this vascular structure, and showed that Pennes' perfusion formulation is negligible due to
the temperature differential.

Assumptions include the following: 1) neglecting the lymphatic fluid loss so that the
mass flow rate in the artery is equal to that of the vein, 2) spatially uniform bleed-off perfusion,
3) heat transfer in the plane normal to the artery-vein pair is greater than that along the vessels
(in order to apply the approximation of superposition of a line sink and source in a pure
conduction field), 4) a linear relationship for the temperature along the radial direction in the
plane normal to the artery and vein, 5) the artery-vein border temperature equals the mean of the
artery and vein temperature, and 6) the blood exiting the bleed-off capillaries and entering the
veins is at the venous blood temperature. The last assumption has drawn criticism based on
studies that indicate the temperature to be closer to tissue [58, 63]. Limitations of this model
include the difficulty of implementation, and that the artery and vein diameters are identical.

Both these issues have lead to the development of the models described in subsequent sections.
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Studies using this model have been applied to the peripheral muscle tissue of alimb [44-46], and
the model is accepted as valid for vascul ature with diameters < 300 um and e < 0.3 [63].
2. Simplified Weinbaum-Jiji (W-J) [40]
In response to the criticism that their previous model is difficult and complex to apply,

Weinbaum and Jiji simplified the three equation model to a single equation.

m _ 1 o

s —ﬁgﬁeﬁ xo " dmet (44)

In their ssimplification, they derived an equation based on the temperature of tissue only. The

imperfect counter-current heat exchange is embodied in an effective conductivity tensor term.

N _ 2..
} n[(rc)bpr%Voosg] f

Kest =kil+ , Y+ Omet (45)
¥ Sp Xk b

The keff term has similar parameters to the tissue and artery-vein pair heat exchange term in Eq.
(45), and a shape factor term (sp). In order to eliminate the blood temperature from their
previous formulation, two major assumptions (the closure conditions) were used:

1) the mean tissue temperature = (Ta + Ty)/2, and

2) heat from paired artery is mostly conducted to the corresponding vein:

Ga» Qv» SDK (Ta—Ty). (46)
Both these assumptions were based upon studies in rabbit thigh muscle from their previous
formulation. However, to respond to criticism of these assumptions, they performed further
mathematical analysis on € and provided insights into the limits for applying these assumptions
[47]. An obvious limitation of this model is that the local temperatures along the counter-current

artery and vein cannot be calculated. Another limitation is that the model is applicable only in
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Situations where LL—e <<1. In the example of analyzing the peripheral tissue in the arm, L is

equal to the characteristic radius of the arm [48]. Weinbaum and Lemons [48] admit that this
assumption breaks down under the following conditions: 1) if blood flow rates significantly
increased in the larger vessel pairs of the peripheral tissue layer, and 2) if degper muscle tissue,
where the diameter of the counter-current pair vessels are less than 300 um, are included. This
model has been tested in the porcine [62] and canine kidney [67], and continues to be verified by
the Weinbaum group [41, 50] and other investigators [68].
3. Small Artery Model [69, 70]

The Small Artery was developed by Anderson in studies of the canine kidney cortex.
The model considers the energy balance in a control volume (i, j, k) which contains either an
arterial (Qg) or venous (Qy) vessel. For a volume with an artery paralel to the 'z’ coordinate
axis, the equation is

Qa = N(VA),(rc), (1+! - 2l x)geTZ'ITZ'Dg (47).

For avolume with avein:

a z4pz- T70

Qu =M(VA), (rc),(1+1 - 21 x)g S—

(48).

Where N and M are the density of the interlobular arteries and veins in the kidney cortex,
respectively. x refers to the fraction of the total interlobular artery flow within the control
volume; in the kidney cortex, x = 1 at the cortico-medullary junction and decreasesto x =0 at
the outer capsule. The total flow within this region accounts for bleed-off from the interlobular

arteries through the | term, where | = 1 represents complete bleed-off. The discrete
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representation provides for straightforward numerical implementation when the vessel density
within the tissue region of interest is known. Mode assumptions include: 1) thermal
equilibration length within the volume is much less than vessel length, 2) a linear relation
between the effect of bleed-off on arterial flow and location along the length of the vessel, 3)
bleed-off is modeled as change in the arterial flow, 4) bleed-off heat transfer is negligible, and 5)
no major thermally significant vessels (i.e., e << 1) in the region of interest. In its initia
formulation, arbitrarily oriented vessels which would cause more than one vessel to occupy a
control volume were not considered. Branching vessels are also not addressed. Even though this
is not an inherent limitation of the model, implementation would be more difficult. Due to its
discrete representation, the model cannot solve the inverse problem. The model has been shown
to be valid in the canine kidney cortex where there is uniformly oriented counter-current artery

vein architecture of 70 um diameters.

E. HYBRID MODELS

The lack of an encompassing model which can account for the various tissue structures
have lead researchers to propose and apply hybrid models. The substantial amount of efforts
related to the application and investigation of the major models discussed have shown that no
one model appliesto al the different vascular structuresin tissue [58, 63]. Wisdler [58, 59]
points to the unlikelihood of a single equation being able to provide a complete description of the
heat transfer process in tissue, and thus suggests the use of a combination of equations. The
realization of this suggestion is found in Charny's work [42] in which W-J's and Pennes' model
are used to describe peripheral and deep muscle tissue, respectively. When the applicability of

each of the major models have been conclusively defined, an agorithm which would enable
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usersto arrive at the appropriate choice of equations given the tissue vasculature of interest
would be beneficial.

The applicability of the models discussed requires an understanding of the validity and
development of each model. A comparison of the models discussed has been summarized by

Charney [33].

F. THERMAL MEASUREMENTS OF PERFUSION

1. Introduction

Perfusion, the transmission of blood in the microcirculation, is an important factor in
surgery, tissue transplants, heart disease and cancer therapy. Despite its importance, no clinical
method of measuring perfusion is currently available for a maority of applications. One
technique that shows considerable promise involves the use of self-heated thermistors [6-13]. In
this method, a miniature thermistor (0.5 to 2.5 mm diameter) is placed invasively in the tissue of
interest and heated with a predetermined applied power. Since both tissue conduction and
perfusion act to carry heat away from the thermistor, the resulting volumetric-average
temperature rise in the thermistor bead, DT, is related to both the tissue thermal conductivity and
perfusion. By knowing the intrinsic tissue conductivity and the apparent conductivity of the
tissue (due to both blood flow and conduction), the perfusion rate can be cal culated.

At least two difficulties exist with this technique. The first is that the intrinsic tissue
conductivity of perfused tissue must be known in order to calculate the perfusion rate. Although
one could stop the blood flow to a tissue and measure its conductivity, this is clearly not
desirable, nor is it always practical. In order to overcome this problem, Holmes and Chen have

proposed technigues that measure perfusion without interrupting blood flow [13, 20].

2. Perfusion Resolution
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The perfusion resolution, dw, is defined as the smallest change in perfusion that can be

detected by the instrument. It can be determined theoretically:
w

dW:dk-W:dk-clg, (49)

For the constant temperature heating technique using a P60 thermistor, dk is about 0.02

mW/cm-°C, and the sensitivity is about 100 (mL/100g-min)/(mW/cm-°C). Using Eqg. (49) gives

a perfusion resolution of about 2 mL/100g-min. Due to fluctuations in the baseline tissue

temperature, the practical resolution is about 10 mL/100g-min. There are so many experimental

and tissue variables that it is extremely important to test these techniques in preparations where

the perfusion is known.
3. Measurement Volume

The measurement volume of a thermistor is a complex function of many factors,
including the perfusion rate and vascular anatomy of the tissue of interest. One problem with
small thermistors is their small measurement volume. A boundary layer (decoupler) between the
thermistor and the tissue causes a significant measurement error. This unwanted boundary layer
is often caused by the probe itself during insertion. The larger probes exhibit a smaller error, but

are likely to cause alarger decoupler because of the increased trauma during insertion.
4. Temperature Dependence of Perfusion

Perfusion depends on awide variety of factors, some local to the tissue (pH, temperature,
0O»), some which are external but directly control local flow (parasympathetic, hormones), and
some which indirectly affect local flow (heart rate, blood pressure, skin temperature, needs of
other organs. A simple experiment studied the effect of local tissue temperature on muscle

perfusion. The constant DT method was used to measure perfusion in an anesthetized rat. The



Bioheat Transfer Valvano, page 36

muscle temperature was manipulated by placing the hindlimb into a water bath. Insulation was
carefully placed so as to minimize changes to the body temperature. The rectal and neck
temperatures were constant while the muscle in the hindlimb was heated. Figure 4 shows the
perfusion as a function of tissue temperature for a typical experiment. The dip in perfusion as a
function of temperature as shown in Figure 4 consistently occurred, but did not always occur at
the same temperature. This dip may be due to an anastomotic shunt attempting to regulate the

core body temperature.

Constant Temperature Heating Technique
12, DT= 50°C _ _
4 30 second transient heating
101 Thermometrics P6GODA 102 thermistor
3 1 5 measurements at each temperature

61 )

TN

0 —T1T T T T T T 1T T T T T T
28 30 32 34 36 38 40 42
Muscle Temperature ( °C)

Figure 4. Perfusion versus muscle temperature during a typical experiment.

Figure 5 presents the averaged results for 10 rats. Because the dip occurred at different
temperatures for the various rats, it does not appear in the average. The large standard deviations
are due to perfusion differences from one rat to the next. A linear fit to this averaged data gives

the following approximation.

w =1.9720(1+0.059T) (50)

where w has units of mL/100g-min and T has units of °C.
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Figure 5. Perfusion versus muscle temperature averaged over 10 experiments.

Yuan et al. [71] measured perfusion and temperatures at various locations within each of
the four canine prostates subjected to a transurethral microwave thermal source. The total
number of the perfusion sampling points coupled with temperature is 15. Colored microspheres
were used to measure perfusion due to its simplicity compared with radioactively-labeled
microspheres and because the microsphere trapping method is regarded as a standard.
Temperatures were measured using miniature thermistors. The prostate temperatures were raised
to 40 ~ 45 °C by 5W step increments of the microwave power at hourly intervals to 15W.
Temperatures and perfusion were measured at baseline, and at the beginning and end of each

heating interval. Thus, the periods between perfusion samples were approximately either 5 or 60
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minutes. Under baseline conditions, the temperature fluctuations within the prostate were
approximately + 0.3 °C. A relative dispersion estimate of 15% was derived from one dog for the
fluctuations in baseline perfusion. Thus, changes in absolute perfusion and temperature greater
than 15% and 0.3 °C, respectively, were considered to be substantial changes.

As heating progressed, a variety of substantial changes were observed, but no uniform
pattern emerged. However, the measurements included changes typically expected for
hyperthermia: 1.) an initial perfusion increase associated with elevating the baseline temperature,
2.) a perfusion return towards baseline after this initial increase, and 3.) a dramatic increase in
perfusion at elevated temperatures. The initial perfusion increases were observed in three dogs
when the temperatures exceeded 38 + 3 °C (mean + 1 s.d., N = 8). The perfusion increased 34%
from a baseline value of 0.59 + 0.26 ml/g-min over a temperature rise of 1.7 + 1.3 °C. Half of
the measurements in the three dogs subsequently showed a decrease in perfusion ranging from
16% to 25%. In two dogs, dramatic perfusion increases as high as 364% were observed with a
corresponding decrease in tissue temperature.

The mean perfusion and temperature measured from all dogs at similar instances during
the experimental protocol were calculated. The following figure shows the changes as the

experiment progressed from baseline conditions:



Bioheat Transfer Valvano, page 39

Prostate Perfusion and Temperature
(Mean = 1 s.d., N =15) from 4 Dogs
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Figure 6. Perfusion versus prostate temperature [71].

The mean behavior indicates no substantial change in perfusion until the tissue temperature
exceeded 39.6 °C, after which the perfusion increased 17%. This occurred over a 5 minute
period as the nominal microwave power was stepped from 10W to 15W. The perfusion
increased another 35% when the tissue temperature exceeded 41.7 °C, and appeared to affect a
slight lowering of tissue temperature.

Xu et al. [72] measured perfusion using the pulse-decay self-heated thermistor technique
[13, 20] in these dog prostates during the same transurethral microwave hyperthermia treatments.
Interestingly in the exact same dogs at roughly the same locations, the perfusion response to
temperature measured with the thermal technique was roughly linear with temperature as shown

in Figure 7.
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Figure 7. Perfusion versus prostate temperature [72].

The interdependence between perfusion and temperature was observed in these studies.
Most notably, a decrease in tissue temperature associated with a dramatic increase of perfusion.
Such changes have been modeled previously with Pennes' bioheat equation using assumed
perfusion values and changes for the prostate. The data from this study will provide more
realistic estimates of perfusion values and thermoregulation models in hyperthermic canine
prostates. Two hypotheses exist that explain the differences between the perfusion responses to
hyperthermia as measured by microspheres and the thermal decay probe. The first possibility is
that one or both methods have significant measurement errors. A second possibility is that
perfusion as measured by spheres trapped in the capillaries is a different parameter than

perfusion as measured by enhanced heat transfer within the 70 to 200 um diameter vessels.
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