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Abstract

Experimental and Theoretical Studies on Vasculature and Heat Transfer

in the Rat Spinotrapezius Muscle
by
Ji Song
Advisers:  Professor Lisa X. Xu
Professor Sheldon Weinbaum
Professor Daniel E. Lemons
In this dissertation both experimental and theoretical studies were
conducted to investigate microvascular heat exchange of thermally significant
countercurrent artery-vein pairs in an exteriorized rat spinotrapezius tissue
preparation. The vascular architecture of the spinotrapezius was first quantified.
The blood flow in the artery of the countercurrent vessel pairs was then measured
in normal and pharmacologically vasoconstricted and vasodilated states. The
results were then used to evaluate the enhancement in the effective thermal
conductivity (k) due to blood perfusion according to the Weinbaum-Jiji theory.
The scaling relations for the vascular architecture and blood flow were also

explored. These relations were later used to extrapolate the blood flow in vessels

greater than 130 um diameter, where it was difficult to make direct optical
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v
measurements of blood flow velocity. Furthermore, the axial thermal
equilibration between the countercurrent vessel pair and its surrounding tissue
was studied in the spinotrapezius. The thermal disturbance caused by the
vasodilated first-order vessel pair and its background tissue temperature field were
measured and compared with theoretical predictions. Finally, the Weinbaum-Jiji
kg theory for heat exchange between the paired vessels and their surrounding
tissue was also examined. kqf was estimated by the Weinbaum-Jiji theorv and
compared with the experimentally derived tissue thermal conductivity by
approximating the tissue as a fin. The results of the current study indicate that
countercurrent blood flow can produce a dramatic increase in tissue thermal
conduction in the vasodilated state, and the Weinbaum-Jiji k5 theory can be used
to describe heat exchange of the countercurrent vessel pairs of the rat
spinotrapezius muscle that are less than 200 um in diameter.

Chapter 1 gives a brief background of blood-tissue heat exchange in the
microcirculation and the basic concepts for scaling relations in biological svstems.
The effect of perfusion rate on blood-tissue heat exchange due is presented in
Chapter 2. Chapter 3 describes the vascular scaling relations in the
spinotrapezius muscle. The thermal equilibration between countercurrent vessel
pairs and their surrounding tissue in spinotrapezius is investigated in Chapter 4.

Finally, in Chapter 5 the conclusions have been drawn from the present study.

R
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Directions for future research are suggested.
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Chapter 1. Introduction

For more than a century, researchers have studied heat transfer phenomena
in living tissues. The convective effect of blood flow has long been recognized.
However, we still have an incomplete understanding of this effect. The complex
nature of vasculature and the vasoregulation that occurs in biological systems
have made it difficult to describe the convective effect of blood flow in
mathematical terms. Prior to 1948, research in bioheat transfer was largely
performed to describe heat transfer between the body and its surroundings, and
the associated quantitative analysis mostly used an overall effective conductivity
to account for the blood flow effect.

The Pennes Bioheat Equation. The first quantitative relationship that
described heat transfer in human tissue was proposed by Pennes (1948). His
pioneering study included both experimental and theoretical approaches. In his
experiments, skin temperature distributions along the axis of the upper limb, as
well as around the circumference of the forearm and in a transverse line through
the forearm were examined. In addition, the effect on proximal forearm and hand
skin temperature of circulatory occlusion for 30 to 40 minutes either the distal
forearm or the upper arm was quantified. Using these experimental results,

Pennes presented his quantitative analysis of heat transfer in the human forearm
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2
to describe the effect of blood flow on tissue heat transfer. In deriving his
equation, Pennes assumed that the heat transferred from blood to tissue is
equivalent to a heat source or sink term given as wp,,(7T,-T,), where o is the
volumetric rate of blood perfusion per unit volume of tissue, and T,-T, is the
arterial-venous temperature difference. Since T, is unknown, it is approximated
by the local tissue temperature, T,. Also, T, is approximated by the body core
temperature, T,,, by assuming that heat exchange between blood and tissue
primarily takes place in capillary beds. Therefore, the Pennes equation has the

following general form:

aT, )
Pe,—— =kV°T, +wp,c (T ,-T) +q (1.1)

ot ¢

m

The perfusion term expression, wp,c,(T,o-T,), assumes that when blood
enters the capillary beds, it undergoes complete thermal equilibration with the
surrounding tissue and enters the venous circulation at the tissue temperature.
All pre- and post-capillary heat exchange betweer blood and tissue has been
neglected.

Although the fundamental approximations underlying the perfusion term
have been the focus of attention since its inception, the Pennes equation has been
broadly accepted as the well-known bioheat transfer equation. For many vears

it was widely believed that the primary thermal equilibration between blood and
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3
tissue, occurred in capillaries, as described by the Pennes equation, because of
their large total area for heat exchange. Reasonable agreement between the
theory and experimental results have been obtained over the vears (Pennes 1948,
Roemer ¢t al. 1989), although the initial approximations were never confirmed.

Alternatives to the Pennes Equation.  Beginning in the 1970, a
number of researchers began to question the underlying assumptions of the
Pennes’ equation and developed more rigorous analyses of the blood-tissue
thermal equilibration.

Wulff (1974) proposed one of the earliest alternatives to the Pennes
bioheat equation. He argued that three different aspects of the Pennes theory
were in error. Considering the thermal equilibration of blood in the
microcirculation, Wulff derived the Pennes equation in its original form before
any assumptions were made. He found that the local and global control volumes
were both used in the Pennes derivation, which was physically inconsistent. Also,
the equation actually contained three different unknown temperatures: T,, T, and
T, in the microcirculation, which meant two more equations should be added.
One of the major criticisms by Wulff was the omission of the blood flow
direction, and he found the errors introduced by this omission were on the same
order as the effect of blood flow itself. Wulff therefore concluded that the effect

of blood flow could be properly modeled only if spacial variations in the local
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blood velocity were known.

Klinger (1974, 1976) presented an analytical model of heat diffusion with
convection. The primary motivation of this model was to explain the results of
some thermal clearance experiments in perfused biological tissues. Klinger argued
that the convection inside a tissue should be modeled based upon its in vivo
vascular anatomy. Using a conduction tensor kg, Klinger introduced the concept
of an enhancement of tissue thermal conductivity due to the presence of flowing
blood in a tissue. By applying the Green’s function solution, Klinger quantified
the importance of vessel number density, blood perfusion rate, and vessel
architecture on this enhancement. Klinger's work emphasized the importance of
the geometrv and flow direction of the microcirculation, which was not
considered in the Pennes equation.

Chen and Holmes (1980) introduced the concept of thermal equilibration
length of blood vessel in their analysis to examine the blood-tissue thermal
equilibration process. They demonstrated that the thermal equilibration between
blood and tissue mostly takes place from the small arteries to the small arterioles
between 500 and 50 um in diameter. It was concluded that due to the
precapillary thermal equilibration in the microcirculation the main assumption
of the Pennes’s bioheat equation was questionable. In the Chen and Holmes

model, an effective thermal conductivity was also defined to quantify the
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enhancement of tissue thermal conductivity by the convection transport
associated with blood flow. However, the effect of countercurrent heat transfer
between the closely spaced artery and vein was not considered.

Development of Countercurrent Heat Exchange. The thermal
significance of countercurrent flow in the closely spaced artery and vein was first
observed over a hundred years ago. This structure has been observed in many
parts of the circulatory system, including rete in the limbs of many animals. The
deep arteries and veins that supply blood to and drain blood from the extremities
of many animals are also countercurrently arranged. Such arrangement plavs an
important role in reducing heat loss from the limb to the environment. As warm
arterial blood flows towards distal parts, it exchanges heat with cooler venous
blood flowing in the opposite direction, which causes a reduction in the arterial
and mean tissue temperature in the limb and a reduction in heat loss. The
experimental study by Bazett ¢t al. (1948) was one of the first to explore the role
of countercurrent heat exchange in bioheat transfer. Their study showed that
temperatures in the major axial arteries and veins of the human limb are
influenced by the environmental temperature and it was suggested that heat
exchange between these vessels has a heat conservation function.

Scholander and Krog (1957) developed a theoretical heat transfer model

to study heat transfer between the paired artery and vein, where thev assumed

I
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that the axial temperature profiles in both the arterv and vein were linear with a
constant temperature difference along the vessel axes. This “perfect”
countercurrent heat exchange assumption implied that all heat leaving the arterial
blood entered the cool venous blood with no heat exchange with the surrounding.
Two thin-walled copper tubes were used to simulate an artery-vein pair and verifv
their heat transfer model. Their later experiment in the rete of the sloth
extremities showed that when arteries and veins were in close contact the efficient
heat exchange between these vessels reduced the heat loss. These experiments
demonstrated the importance of countercurrent heat exchange in bioheat transfer.

Mitchell and Myers (1968) questioned both the perfect countercurrent
heat exchange assumption in Scholander and Krog's theoretical model and the use
of copper tubes in their experimental simulation, since neither existed in vivo.
Mitchell and Myers mathematically modeled the countercurrent heat exchange
in a more general manner than that presented by Scholander and Krog. In their
whole limb model, the artery and vein were treated as a one-dimensional
countercurrent heat exchanger with constant vessel radius. This model
demonstrated that any finite amount of countercurrent heat exchange will reduce
heat loss from the extremity to its surroundings. The “heat transfer unit” was
introduced to characterize countercurrent exchangers. The numerical values of

this parameter was estimated for the human extremity, sloth rete, and porpoise
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fin. The theoretical predictions for the temperature were compared with the
experimental data collected from the human arm by Bazett et al. (1948). It was
concluded that there was little countercurrent heat exchange between the major
artery and vein that supply the human arm. Mitchell and Mvers’ research
represented a starting point for more sophisticated mathematical models of
countercurrent heat exchange in the circulation.

Keller and Seiler (1971) presented a one-dimensional model of peripheral
heat transfer that included the effect of countercurrent heat exchange as well as
conduction, bulk convection with perfusion bleed-off, and metabolic heat
production. By combining these various heat transfer modes, they presented one
of the earliest mathematical models of bioheat transfer in the microcirculation
that considered the coupled heat transfer between the tissue, arterv, and vein
which were treated as separate compartments. This approach became the
standard procedure in later formulations that used more geometrically complex
vascular related bioheat transfer models. Unlike the model proposed by Mitchell
and Myers (1968) in which the countercurrent heat exchange was considered in
an entire extremity, Keller and Seiler hypothesized that a countercurrent heat
exchange mechanism would be important in the peripheral circulation near the
body surface where the smaller arteries and veins were often positioned next to

each other. By considering this countercurrent heat exchange in the local
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peripherical regions coupled with conduction and bulk bleed-off convection, they
developed a model in the nonisothermal subcutaneous layer of tissue to assess the
relative importance of each effect under various conditions.  Several
dimmensionless parameters were used in their model to characterize heat transfer
in tissue accounting for the effect of large vessel interaction with the tissue.
Keller and Seiler also proposed an expression for an effective thermal conductivity
in tissue, and demonstrated that the effect of vasoconstriction on the effective
conductivity was small at low perfusion rates. At high perfusion rates, the effect
of added vasodilation on the effective conductivity was also limited.

Chato (1980) examined heat transfer between tissue and blood vessels in
three different arrangements: a single vessel surrounded by tissue cvlinder, a
countercurrent pair of vessels surrounded by infinite tissue medium, and a single
vessel close to an isothermal surface such as the skin. Chato introduced the
concept of the heat transfer effectiveness and evaluated its value for the three
vascular configurations. He concluded that between the large vessels and the
microcirculation there exists a vascular region where the blood contained in the
vessels has a different temperature from its surrounding tissue, and it becomes
increasingly thermal equilibrated with the tissue as the microcirculation is
approached. Chato also investigated the thermal equilibration between

countercurrent vessels in an infinite medium with a linear decrease in blood flow
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due to capillary bleed-off. It was demonstrated that the effect of perfusion bleed-
off is to increase the heat transfer between the blood vessels.

Development of the Weinbaum-Jiji Bioheat Transfer Equation.
Weinbaum and Jiji (1979) studied heat transfer in the peripheral circulation. By
accounting for the complex geometry of the countercurrent artery-vein network,
a two-phase theory was developed to model the effect of the circulation on tissue
heat transfer associated with the vascular architecture. In 1984, Weinbaum et al.
(1984) presented a more thorough investigation of the peripheral tissue. In their
study, vascular casts of the rabbit thigh were examined to determine the detailed
vascular geometry as a function of the tissue depth. Three different vascular
structures were identified: deep tissue layer, intermediate tissue laver, and
cutaneous layer. Based on the vasculature, a quantitative three laver
microvascular model for the peripheral tissue heat exchange was proposed. In
addition, the detailed temperature fluctuations in the microvasculature were
measured using high spatial resolution thermocouple probes to confirm thc
conceptual assumptions made in the model. The three-layer model predicted that
all thermally significant vessels in skeletal muscle were larger than 50 um in
diameter. Nearly all vessels of these dimensions were observed as closely spaced
countercurrent pairs in the skeletal muscle. It was, therefore, concluded that the

heat transfer due to capillary blood perfusion could be negligible, and the primary
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mechanism for the blood-tissue heat exchange was the incomplete countercurrent
exchange in the thermally significant vessels. Based on these results, a three-
dimensional bioheat transfer equation was subsequently developed (Weinbaum
and Jiji 1985) from their initial three coupled heat transfer equations for the
artery, vein and tissue, respectively. Bv approximating for nearly equilibrium
conditions that T,=(T,+T,)/2, (q,-q,)«q, or q,, they derived a more compact

equation for the tissue temperature:

%k, dl dT, 4 dT

2 2 i t t
na<Pe¢l ———=—{((k.. __)+ ( 1.2)
4k o 'dr. dx,. dx. ( " )‘5 dx,. Tn

t

where (k,_,,) qﬁ=kt ( 5ii + E na 2k112 Pe 2l,.ll.) . The second term in the parenthesis is

I 4ok

the enhancement in (k;) 4 ctiue to the incomplete countercurrent heat exchange.
In this newly derived equation, Weinbaum and Jiji combined the convective effect
of countercurrent vessel pairs and capillary bleed-off from these vessels with the
traditional conduction term and showed that the overall effect could be
represented by an effective thermal conductivity, (k;)4 Thus, the tissue thermal
conductivity was for the first time related to the local microvascular geometrv and
blood flow in this expression.

Like the Pennes equation, the Weinbaum-Jiji equation has its own

limitations. The fundamental assumptions that T,=(T,+T,)/2 and (q,-q,)«q, or g,

used in deriving the Weinbaum-Jiji equation are equivalent to the requirement

s
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11
that the gradient of the mean tissue temperature is approximated by the mean
blood temperature gradient in the countercurrent arterv-vein pair. This
relationship is valid only when ¢, the ratio of the vessel thermal equilibration
length to the characteristic length of the macroscopic temperature (L¢/L) is much
smaller than 1. Physically, it requires that the heat exchange between the paired
artery and vein should not significantly depart from perfect countercurrent
exchange. Based on the model proposed by Baish ¢t al.(1986), Charny et al.
(1990) have compared the solutions of a more rigorous three-equation model with
those of the one-dimensional Weinbaum-Jiji equation and the Pennes equation
in the peripheral tissue. They concluded that the later two formulations are
appropriate in different tissue regions. The Pennes equation is valid for vessels
> 500 um in diameter, where there is little countercurrent equilibration of the
arterial blood due to the high blood flow rate. However, for 50 to 200 um
diameter vessels countercurrent convective heat exchange becomes increasingly
important and the Weinbaum-Jiji equation provides more accurate predictions.
The recent study by Zhu ¢t al. (1996) in the feeding countercurrent arterv-vein
pair of the rat cremaster muscle preparation showed that the Weinbaum-Jiji
equation is valid when (d/2)-Pe<3 mm, where Pe¢ is the blood flow Peclet number
based on the vessel radius, 4.

Various theoretical and experimental studies have been recently performed
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to elucidate how and where vascular heat transfer occurs and to determine
whether the Pennes or the Weinbaum-Jiji bioheat transfer model is more
appropriate. This research has involved several aspects: (i) Essential confirmation
of the starting point for the use of the Weinbaum-Jiji equation. In 1987, Lemons
et al. (1987) measured the temperature disturbances in the vicinity of the paired
vessels from 50 to 500 um in diameter. It was found that the blood temperature
differences in the primary heat exchange vessels were onlv 0.1 to0 0.2 °C for vessels
of 100 um diameter or larger, whereas for vessels less than 100 um diameter there
was no measurable temperature difference. This suggested that the primary
vessels involved in thermal equilibration are equal to or larger than 100 um
diameter. (ii) Studies in the peripheral tissue. The Weinbaum-Jiji equation was
also applied in the peripheral tissue to study the thermal behavior of the tissue
(Songetal 1987). (iii) Studies in the whole limb. Previous experimental results
of whole limb heat transfer, such as the Pennes experiment, motivated a series of
theoretical studies to examine the heat exchange between two vessels embedded
in a tissue cylinder (Song ¢t al. 1988, Zhu ¢t al. 1992, Wu et al. 1993). These
theoretical models were compared with the Pennes’ experiment for the
temperature profiles in the human arm. (iv) Macroscopic clearance method.
Crezee and Lagendijk (1990) inserted a small plastic tube into the tissue of a

bovine kidney and measured the temperature field in a plane perpendicular to the
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tube when heated water was circulated through the tube and the kidney cortex
perfused at different rates. They also used thermocouples to map the temperature
distribution in the tissue of isolated perfused bovine tongues at various perfusion
rates (Crezee et al. 1991). The temperature measurements were found to agree
better with predictions of the Weinbaum-Jiji model than those of the Pennes
equation. Roemer ¢t al. (1989) measured the steady state temperature profiles in
the canine thighs heated by ultrasound. A comparison of the measurements was
made with both models, and the results were in a better agreement with the
Pennes equation. Several more recent studies have used the self-heated
thermistor technique to measure the heat exchange due to perfusion in the renal
cortex of isolated canine and pig kidneys perfused with saline (Anderson and
Valvano 1994, Valvano ¢t al. 1994, Xu et al. 1991). In these studies the
expression for the effective thermal conductivity derived in the Weinbaum-Jiji
bioheat equation was applied to the vascular anatomy of the cortex, and thus to
relate the value of k4 to the local blood flow. However, it was difficult to apply
the theory to these organs because of the complexity of the vascular architecture
and the fact that, unlike the skeletal muscle tissue, the arteries and veins in the
renal cortex do not occur primarily as countercurrent pairs. (v) Heat transfer in
microvascular circulation. While there have been many theoretical studies on the

microvascular countercurrent heat exchange, there were relativelv few
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experimental investigations of local blood-tissue heat transfer in the
microvasculature. Recently, efforts have been made to relate local microvascular
geometry and flow to tissue temperature measurements in two-dimensional tissue
preparations. Zhu ¢t al. (1995, 1996) performed experiments on the exteriorized
rat cremaster muscle to measure the blood flow velocity, the vessel diameter and
thermal equilibration length. They initially tried to quantify the two-dimensional
vasculature in the rat cremaster muscle, and to show the blood flow velocity and
vessel diameter responses of the 1A to 4A vessels (75 to 10 um diameter) to the
temperature of tissue bath. No significant enhancement in k, was observed in
this vessel range. In their later experiment, high resolution infrared thermography
was used to obtain the first measurements of the axial thermal equilibration in a
microvessel pair. Measurements were performed on a vasodilated 1A feeding
artery-vein pair in the rat cremaster muscle. In this experiment, the local blood
flow Peclet number was changed from 1 to 14 by the vasodilator (Na
nitroprusside). It was clearly indicated that increasing blood flow rate produced
a higher inlet temperature at the proximal boundary and thus an elevation of the
temperature of the entire preparation. The uncertainties associated with the rat
cremaster muscle experiment were that some vessels were unavoidably cut during
the microsurgery, and the in vivo temperature of the muscle is lower than the core

temperature which may result in a relatively low blood flow in the vessels. (vi)
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Modification of the blood perfusion term. In their most recent paper, a new
simplified perfusion source term has been derived by Weinbaum et al. (1997) to
describe the effect of blood perfusion on local tissue heat transfer. Using
Myrhage and Eriksson’s (1984) description of a muscle tissue cvlinder
surrounding secondary vessels (s vessels) as the basic heat transfer unit, the blood
perfusion term was developed to describe the countercurrent thermal
equilibration in this unit. The model started from analyzing countercurrent heat
exchange mechanism in an idealized anatomical structure. The analvsis resulted
in a blood perfusion term, which can be expressed as wp,£(T,,-T,), in the tissue
energy equation. This expression is similar to the Pennes perfusion term except
that there is a correction coefficient £ and T, is the local arterial blood supply
temperature in the s vessel tissue cylinder. § was found to be between 0.6 to 0.7
for most muscle tissues. The major break through of this study is that it
demonstrates the relationship between the Weinbaum-Jiji and the Pennes models.
Despite all these advances, a thorough understanding of blood-tissue heat
transfer requires some further development of an experimental approach which
permits measurement of the vascular structure, blood flow and temperature
profiles in a typical muscle tissue so that one can directly correlate the in viro
physiological parameters with the local tissue heat transfer. Moreover, a

comparison between the theoretical analysis and the experimental results needs
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to be performed to examine the validity of the Weinbaum-Jiji bioheat transfer
model in the muscle. These combined experimental and theoretical approaches
are the main goals of this dissertation, which have been accomplished in the
following three primary areas: (i) Development of a combined theoretical and
experimental approach to study the change of vascular blood flow and the
resultant enhancement in the effective tissue thermal conductivity due to
vasoregulation. This approach was used to reveal the importance of blood flow
in blood-tissue heat transfer and to show the feasibility of the experimental study
for analyzing the thermal equilibration in the microcirculation. (ii) Examination
of the vascular blood flow in the rat spinotrapezius muscle and the scaling
relations that can be applied to the same organ in animals of the same species but
of different weights. These allometric scaling relations provide an opportunitv to
predict blood flow in the microvessels where it is difficult to make direct
measurements.  (iii) Study on the thermal equilibration between the
countercurrently paired microvessels and their surrounding tissue in an
exteriorized rat spinotrapezius muscle using high resolution infrared
thermography. A theoretical model for heat transfer in two-dimensional tissue
preparations (Zhu et al. 1996) was modified and emploved to analyze the
experimental measurements. This approach was used to investigate heat transfer

in microvessels where the countercurrent blood flow was high enough to result in
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an observable enhancement in k4 and to experimentally verify the validity of the
Weinbaumd-Jiji theory.

The main body of this dissertation consists of three major chapters,
devoted to each of the three aforementioned areas, respectivelv. Briefly, in the
experiments described in Chapter 2, the rat spinotrapezius muscle has been used
to examine the vascular geometry, blood flow and tissue heat transfer. As a two-
dimensional tissue preparation, the spinotrapezius is an ideal preparation for the
experiments. Two-dimensional tissue preparations, such as rabbit ear, frog
mesentery, hamster cheek pouch, rat cremaster and spinotrapezius, offer the
advantages of near transparency and uniform thickness. The blood flow in several
successive generations of vessels can be measured in the preparations, and the
blood perfusion can be pharmacologically controlled to produce the corresponding
changes in kz In the rat spinotrapezius, the first-order major feeding blood
vessels (1A) are countercurrent artery-vein pairs. The second-order (2A) and
third-order vessels (3A) are also countercurrent pairs and the separation of the
paired vessels occurs only after the 3A vessels. Depending on the rat age and size,
the 1A feeding vessels vary from 50 to 200 um in diameter, where it is believed
that the primary blood-tissue heat exchange occurs. The preparation is flat
enough to allow accurate vascular and thermal images to be taken. Moreover,

vasoconstrictors and vasodilators can be added in the tissue bath to change blood
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flow through the entire preparation. Therefore, the muscle is quite suitable for
the study of vascular dynamics and the tissue thermal response to vasoactive
agents.

In the research presented in Chapter 3, the optical Doppler velocimetry
was used to measure the vascular blood flow in the rat spinotrapezius. The
allometric scaling relation between the blood flow rate and vessel size has been
investigated in rats of greatly different weight, as well as that of blood flow rate
and the muscle weight. These observed relationships were later used to predict
the vascular blood flow where it was difficult to make direct measurements using
optical methods due to the high blood flow rate and the thickness of the tissue
and vessel wall. Previous investigators have shown that qualitative morphological
and functional characteristics of biological organs can be described by the power
law equations relating a particular variable to body size. Allometric scaling
relations have been used for analyzing the form, structure, composition, and
function in animals of different sizes. Power functions have either been
theoretically derived from dimensional analysis and similarity principles (Giinther
1972, Heusner 1984, Koops and Grossman 1993, West ¢t al. 1997) or empirically
obtained from the observed data (Adolph 1949, Pilbeam and Gould 1974,
Schmidt-Nielsen 1975, Calder III 1981). A practical application of the allometric

scaling is the extrapolation of animal toxicity data to man (Vocci and Farber
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1988, Ings 1990, Travis 1991). Based on the assumption that extrapolation of
biological data from animals to humans is valid, laboratory animals have been
used as models for human toxicitv studies. This is a typical interspecies
application of the allometric scaling relations. However, if species-specific
differences are considered, the intraspecies scaling is expected to be more reliable.
Based on this consideration, the scaling relations for blood flow rate in
spinotrapezius were studied in Chapter 3 for later applications.

Chapter 4 presents a high-resolution infrared technique to studyv heat
exchange at the microvascular level. High-resolution, two-dimensional thermal
measurements can not be achieved at the microvascular level with either
thermocouples or self-heated thermistor probes. In contrast, high-resolution
infrared thermography has been proven to be effective in measuring the detailed
tissue surface temperature above the microvessels in two-dimensional tissue
preparations. To study the thermal disturbances of the microvessels in the
exteriorized rat spinotrapezius muscle, a theoretical model for two-dimensional
tissue preparations (Zhu ¢t al. 1996) has been modified and emploved to analyze
the tissue temperature measurements. The Weinbaum-Jiji theory was also used
to estimate the value of kg, which was compared to the measured tissue thermal
conductivity value calculated by using a fin approximation for the muscle tissue.

A close agreement was found between the average values, though a paired ¢-test
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showed that the Weinbaum-Jiji predicted kg value is significantly higher than the

measured one.

—
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Chapter 2. Enhancement in the Effective Thermal Conductivity in

Rat Spinotrapezius Due to Blood Perfusion

The study described in this chapter was undertaken to gain a better
understanding of the countercurrent heat exchange of thermally significant blood
vessels in skeletal muscles by measuring the vascular structure and flow in an
exteriorized rat spinotrapezius muscle and by estimating the enhancement in the
effective thermal conductivity of the muscle. Detailed anatomic measurements
of the number density and length of countercurrent vessel pairs between 45 and
165 um diameter were obtained. Moreover, diameter and blood flow in the 1A
to 3A vessels were measured for the muscle in which pharmacological vasoactive
agents were introduced allowing one to vary the local blood flow Peclet number
(Pe=pyc, d u/k,) from I to 18 in the major feeding arterv. These combined
measurements have been used to estimate the range of possible enhancement in
the effective thermal conductivity of the tissue. The newly derived conduction
shape factor in Zhu and Weinbaum (1995) for countercurrent vessels in two-
dimensional tissue preparations was used in this analysis. Our experimental data
indicated that the value of this conduction shape factor is about one-third to two-
thirds of the value for the paired countercurrent vessels of the same size and

spacing in an infinite medium. The experiment also revealed that the Weinbaum-
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Jiji expression for k; was valid for the spinotrapezius muscle when the largest
vessels were less than 195 um diameter. A 5-fold increase in k5 was predicted for
195 um diameter vessels. Blood perfusion due to vasoregulation was- also shown
to have a dramatic effect on k4. A tissue which exhibits only small increases in
kg due to countercurrent convection in its vasoconstricted state can exhibit a

more than 5-fold increase in kqf in its vasodilated state.

2.1 Introduction

In the recent studies by Zhu et al. (1995,1996), a two-dimensional tissue
preparation, the rat cremaster muscle, was used for the first time to examine the
countercurrent thermal equilibration in the microvasculature and to estimate the
possible enhancement in thermal conductivity that arises from the incomplete
countercurrent thermal equilibration occurring in the 1A to 4A vessels of this
tissue. Because of the tissue and measurement limitations, the paired blood flow
velocity and diameter measurements were performed onlv for vessels up to 75 um
diameter (Zhu et al. 1995). However, the theoretical predictions of the
Weinbaum-Jiji equation revealed that a significant enhancement in k4 should
occur for vessels >70 um diameter and that the Weinbaum-Jiji expression for k
should be valid for vessels up to approximately 200 um diameter. In this study,

a new two-dimensional tissue preparation which is much more suitable for
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exploring these concepts, the rat spinotrapezius muscle is used. This tissue is also
probably more representative of the skeletal muscle than the rat cremaster.
Doppler velocity measurements have been obtained for vessels up to 130 um
diameter and the vascular geometry of 1 A vessel pairs were examined. These data
were used to estimate the enhancement in the effective thermal conductivity, the
ratio of thermal equilibration to vessel length, €, and the magnitude of the
important convective parameter (d/2)-Pe in the 1A, 2A, and 3A vessel generations.

A number of different bioheat transfer models have been developed (Chen
and Holmes 1980, Pennes 1948, Weinbaum et al. 1984) to describe the
mechanism of blood-tissue energy exchange. In 1984, it was shown bv
Weinbaum ¢t al. that nearly all thermally significant vessels in the skeletal muscle
appeared as closely spaced countercurrent pairs, and the primary mechanism bv
which the microvascular blood flow altered the blood tissue heat transfer was the
incomplete countercurrent exchange in the thermally significant microvessels
(Weinbaum et al. 1984). Based on this model, a new bioheat transfer equation
was derived (Weinbaum and Jiji 1985). In the Weinbaum-Jiji bioheat equation
the convective effect of countercurrent pairs and capillary bleed-off from these
vessels were combined with the traditional conduction term and represented by
an effective thermal conductivity k, to account for the enhancement of heat

transfer due to the thermally significant vessels. The expression for k4 was related
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to the local vascular geometry and blood flow. This approach differed from the
traditional Pennes bioheat equation (Pennes 1948) in which the effect of blood
perfusion was modeled as an isotropic heat source. The Pennes equation
neglected all pre-arteriole and post-venule heat transfer between blood and tissue.
Subsequent asymptotic analysis (Weinbaum and Jiji 1989) and numerical
calculations (Chamny et al. 1990, Wissler 1987a, Wissler 1987b) showed that the
Weinbaum-Jiji equation also has its limitations. In particular, it requires that e,
the ratio of the vessel thermal equilibration length to either the vessel’s actual
length or the characteristic length of the macroscopic tissue temperature gradient,
be less than 0.2. If this requirement was satisfied, the axial gradient of the
average artery and vein temperatures would closely follow the local gradient of the
local tissue temperature. The Weinbaum-Jiji equation has been applied to the
peripheral tissue (Songet al. 1987) as well as the deeper muscle tissue laver in the
limb where the criterion for its validity was clearly violated (Charny ¢t al. 1990,
Zhu et al. 1992).

Many investigators have performed in vivo and in vitro experiments to
examine the validity of the physical and physiological assumptions upon which
various bioheat transfer models have been developed (Anderson and Valvano
1994, Charny et al. 1990, Crezee and Lagendijk 1990, Lemons et al. 1987,

Weinbaum et al. 1984, Xu ¢t al. 1991, Zhu ¢t al. 1995, Zhu et al. 1996). The
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original experiment by Weinbaum et al. (1984) presented the vascular structure
and the first temperature measurements in the vicinity of thermally significant
vessels of the rabbit thigh to show the existence and importance of countercurrent
heat exchange. Subsequently, experiments by Lemons et al. (1987) showed that
the microvascular artery-vein temperature differences in the primary heat
exchange vessels were only 0.1 to 0.2 °C for vessels 100 pm diameter or larger,
whereas for vessels less than 100 um diameter there was no measurable
temperature difference. It was concluded that thermal equilibration in the
branching countercurrent vascular network of the rabbit limb occurred in the
vessels of at least one order of magnitude larger than capillaries as first predicted
by Chen and Holmes (1980).

To test the foregoing ideas, Zhu ¢t al. (1995, 1996) have made velocity,
diameter and thermal equilibration measurements on an exteriorized rat cremaster
muscle, the muscle surrounding the testes. This organ has a normal in viv
temperature of approximately 34 °C, which is 4 or 5 °C lower than the rat’s
normal rectal temperature of 38 to 39 °C. Due to its special function, this muscle
can be strongly affected by age. Another difficulty in using the rat cremaster is
that some of the vessels have to be cut during the microsurgery and this affects
the blood pressure distribution. Data were obtained for the 1A to 4A vessels

which ranged from 10 to 75 um in diameter. Unfortunately, as noted earlier, no
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significant enhancement in kg occurred in the range of vessels studied in Zhu's
experiment (1995). It was also not realized at the time that the full range
of perfusion values had not been elicited since the baseline values were close to
those of the maximally vasodilated state. However, a significant enhancement in
kg was predicted to occur for vessels larger than 70 um diameter and a 2.5-fold
increase in k; was predicted for 200 um diameter vessels using extrapolated
velocity and diameter measurements obtained for the rat cremaster muscle in
(House and Lipowsky 1987).

In this study, an experimental approach was designed to evaluate the
enhancement in k4 that is associated with the vasoregulatory in situ response of
a two-dimensional tissue preparation that is much more characteristic of the
skeletal muscle in general, the exteriorized rat spinotrapezius muscle. This
preparation also has the advantage that the main feeding vessels and nerves can
be kept intact during the microsurgery and all major generations of the feeding
vessels are paired. Another important advantage of using this muscle is that its
largest 1A vessels in the 150 gm mature rats approach 200 um diameter, the
predicted upper limit of validity of the Weinbaum-Jiji theory.

In our experiment, anatomic measurements were obtained for the number
density and length of countercurrent vessel pairs between 45 and 165 um in

diameter. The response of the vessels was explored over the full vasoregulatory
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range from maximum vasoconstriction to maximum vasodilation. The blood flow
velocity in vessels that were in the 25 to 130 um diameter range was measured
using an optical Doppler velocimeter. The upper limit in the vessel diameter for
velocity measurements was due to the limitations of the optical Doppler
velocimeter to accurately measure the red cell velocity in larger vessels. These
measurements of the vascular anatomy and blood flow were then used to evaluate
the enhancement in the effective thermal conductivity using the theory developed
by Weinbaum and Jiji (1985). This study, to the best of my knowledge, provides
the first experimental evidence of a significant increase in the enhancement in the
effective thermal conductivity due to blood flow in the larger countercurrent
vessels of the microvasculature and the potential of vasoregulatory adjustments
to change this conductivity.

An important factor in evaluating the enhancement in k4 is the conduction
shape factor, 0. The original form of the shape factor used in Weinbaum and Jiji
(1985) is for paired vessels in an infinite medium. In (Zhu and Weinbaum
1995), a new expression for conduction shape factor was derived for a
countercurrent vessel pair in a two-dimensional tissue preparation. In the
present study, this expression for conduction shape factor has been evaluated
using detailed measurements of the vessel-tissue geometry and flow rates obtained

in the 1A to 3A vessels of the rat spinotrapezius muscle.
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One of the requirements necessary to apply Weinbaum:-Jiji theorv is that
the axial thermal equilibration length be much smaller compared to the actual
length of the vessel or the characteristic length of the tissue temperature gradient.
As noted earlier this is usually expressed by the criterion €<0.2. In (Zhu et al.
1996) a more rigorous theoretical criterion was established for two-dimensional
tissue preparations. It was shown that the value of (d/2)-Pe could be used to
predict when either conduction or countercurrent convection would be the
dominant mode of axial thermal equilibration. The theoretical prediction
indicated that when (d/2)-Pe<]1 mm tissue conduction would be the dominant
mode of heat transfer whereas if (4/2)-Pe>3 mm countercurrent convection would
dominate. These accurate predictions were compared with a simpler one-
dimensional model of the Weinbaum-Jiji equation and the latter was shown to
provide a reasonable agreement with the more accurate model provided
(d/2)-Pe<3 mm. Both criteria, £<0.2 and (d/2)-P¢e<3 mm, were used in the
present study to predict the limits of validity of the Weinbaum-Jiji theorv in the

rat spinotrapezius muscle.

2.2 Methods
2.2.1 Spinotrapezius Muscle

The spinotrapezius is a paired muscle, which extends longitudinally along
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the backbone in the thoracic and upper lumbar region. Its major first- to third-
order arteries are normally paired with countercurrent veins, but the fourth
branching generation of arteries supplies an extensive meshwork of
interconnecting or arcading arterioles. Connections from these arcade arteries to
the capillaries are provided by transverse arteries, which branch off the arcades at
regular intervals yielding uniform tissue perfusion. Figure 1 shows a
photomontage of a typical rat spinotrapezius muscle obtained in our experiments.
The main artery feeding the spinotrapezius muscle is defined as the first-order
arterv (1A). Successive branches from the 1A are denoted as the second-order
arteries (2A), and so forth up to 3A. Although the general vascular structure in
the spinotrapezius has been described by previous researchers (Englson et al.
1985, Gray 1973), the number density, diameter, and the length of the
countercurrent paired feeding vessels, which are the essential vascular parameters
for evaluating k4, have not been quantitatively analyzed. In this research, a more
detailed morphological study of these parameters is performed for the first time.
2.2.2 Experimental Conditions and Setup

Male Sprague-Dawley rats were used in this experimental study. Rats were
anesthetized with an intraperitoneal injection of sodium pentobarbital solution
(45 mg/kg). During the experiment supplemental doses were administered as

needed. A tracheal tube was inserted to maintain a patent airway. Rats were
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wrapped by a water-jacketed pad to maintain the core body temperature which
was measured by a thermocouple inserted into the rectum during the experiment.
After making a longitudinal slit in the skin along the spine, the spinotrapezius
muscle on the right side was partially dissected free from the back of the rat.
Neither the nerves nor the feeding vessels were cut. The muscle, which was still
attached to and perfused by the rat, was immersed in a tissue bath. The entire
surgical procedure required about 30 minutes.

The tissue bath was filled and continuously recirculated from a stock
reservoir containing the Krebs solution, which consisted of (in g/1) 6.6 NaCl, 0.35
KCl, 0.28 MgSO,, 0.16 KH,PO,, 2.09 dextrose, 2.14 NaHCO, and 0.28
CaCl,. The osmolality of the solution was also measured at the beginning of each
experiment by a vapor pressure osmometer. It was about 280 mOsm/kg-water,
near the osmolality of tissue. The solution was maintained at 38 °C, which is
close to the muscle in vivo temperature. Since the muscle is sensitive to PO.,,
PCO,, pH and the temperature of the bath solution, these values were
continuously monitored and adjusted during the experiment to maintain the
normal in vivo conditions. An Anafaze 8LS controller was used to adjust the
bubbling rate of CO, and N, in the stock reservoir and to keep the PO, at 15-30
torr, the PCO, at 35-45 torr and the pH at 7.4. Muscle preparations were

examined before the measurement protocol. If there was any bleeding or low
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blood flow, the experiment would be stopped.

To obtain the vascular architecture of the spinotrapezius muscle, nine male
Sprague-Dawley rats (215+19.7 g) were used. A series of 40 to 60 photographs
were taken for each muscle using a high magnification stereo microscope (Nikon,
40X), from which a complete montage of the entire muscle was constructed, as
shown in Fig. 1.

To measure the blood flow velocity and vessel diameter, eighteen rats
(145+8.0 g) were used. The exteriorized spinotrapezius muscle was extended into
a flattened sheet with silk sutures over an optical window in the tissue bath. One
artery (1A, 2A or 3A) was chosen for study from each rat. Since the in situ
spinotrapezius muscle is thin and relatively transparent, it can be transilluminated
and viewed through a 10X or 20X Nikon water immersion objective. The
schematic diagram for the experimental setup is shown in Fig. 2. During the
experiment the images were captured with a closed-circuit camera, displaved by
the attached monitor and recorded on a video tape for further analvses. The
vessel diameter (d; um) was analyzed using an electronic video caliper
(Microcirculation Research). The centerline red cell velocity (V; mm/s) was
measured by an optical Doppler velocimeter (Microcirculation Research). Since
V'is 1.6 times the average blood flow velocity (u) in the vessel (Davis 1987), the

volumetric blood flow rate (Q; nl/s) in the individual artery is estimated based on
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the centerline red cell velocity and the vessel diameter (d; um), given as,

i n(d/2)>V
1.6-1000

Q (2.1)

The experimental data were acquired and retrieved with LabVIEW® software
running on a Macintosh computer.
2.2.3 Measurement Protocols

Two protocols were used in the experimental studies. In the first protocol,
nine rats (215+19.7 g) were used to construct photomontages of the muscle.
These rats were a little heavier than those (145+8.0 g) used in the second
protocol. This is because the vasculature of larger rats was easier to observe. The
anatomical data of these vessels were later used to extrapolate vascular
information required for evaluating the enhancement in k in vessels up to 195
um diameter.

In the second protocol, after 20 to 40 minutes stabilization following the
surgery, an individual artery was chosen from the muscle for three trials. The first
one was to take measurements under the normal condition (baseline). The
centerline red cell velocity, the vessel image, and the tissue bath and rectal
temperatures were recorded continuously for a two-minute measurement period.
In the second trial, norepinephrine (107 M) was added to achieve the maximum

constriction of the microvascular bed. After stabilization, measurements were
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made for another two-minute period. The solution was then drained and the drug
was washed out by the Krebs solution. The last trial was to make measurements
under vasodilation. A maximally dilating dose of sodium nitroprusside (10’ M)
was used to induce the maximum vasodilation of the microcirculation under
study. These three trials covered the full range of vasoregulation induced bv the
pharmacological vasoactive agents. The resulting potential change of volumetric
blood flow rate were used to establish the lower and upper bounds of the blood
flow Peclet number and diameter, and thus to predict the enhancement in k,

accordingly.

2.3 Results
2.3.1 Vascular Architecture of Spinotrapezius

The number of vessel pairs per unit cross-sectional tissue area in generation
i, n, (No/mm?), and the countercurrent vessel pair length, L, (mm), were
measured from the photomontages. To obtain relationships between these two
vascular parameters and the vessel diameter, d (um), all data, which covered the
vessel size from 45 to 165 um diameter for the 1A to 3A vessel pairs, were plotted
in Fig. 3. The regression formulas for n, and L, are given by:

n,(No./mm?) =5910(d (um)) 23 (2.2A)

L,(mm)=0.0314(d (um))"'° (2.2B)
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In Fig. 3, the short dashed lines are the regression results given by Egs. (2.2A,B)
for the rat spinotrapezius, whereas the long dashed lines are the regression
formulas for n; and L, for the rat cremaster muscle obtained previously in (Zhu et
al. 1995). The trends of the curves for these two types of muscle are similar,
except that the results for n; for the spinotrapezius lie above those for the
cremaster for vessels of diameter d<100 pm.

The center-to-center spacing between the countercurrent paired vessels, /,
and its dimensionless value, //a, where a is the vessel radius, have an important
effect on the efficiency of countercurrent heat exchange. In (Zhu ¢t al. 1995)
rough estimates were given for the center-to-center spacing between vessels and
the same value of //a, 2.5, was chosen in calculating o for all vessel generations.
In the present study the change in //a with vessel generation is carefullv measured
for the first time in the experiment. The results showed that //a lies within the
range of 2.2-3.3 for 1A vessels, 2.3-3.5 for 2A vessels and 2.8-5.0 for 3A vessels.
2.3.2 Centerline Red Cell Velocity, Vessel Diameter and Volumetric Blood
Flow Rate

The average vessel diameter (d) and related centerline red cell velocity (V)
are given in Fig. 4 for each vessel generation under different vasoregulatory
conditions. The detailed values of V and d are presented in Table 1. As discussed

earlier in the methods, only one artery was examined in each experiment. Six
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arteries for each vessel generation, chosen from a total of eighteen rats, were used
in this part of the experimental study. Based on the V and d measurements, the
volumetric blood flow rate (Q) can be calculated from Eq. (2.1). Figure 5 shows
the average value of Q for the 1A, 2A and 3A vessels under different
vasoregulatory conditions. The volumetric blood flow rate of the 1A, 2A and 3A
vessels increased 7, 8 and 11 fold, respectively, when conditions were changed
from vasoconstriction to vasodilation. As we shall see in the following these
changes in Q produced a dramatic increase in k; mainly due to the 1A vessels.
2.3.3. Enhancement in the Effective Thermal Conductivity

The general expression for the tensor conductivity (k;) derived in the

Weinbaum and Jiji theory (1985) is given by:

kyn 5 2Pe>
(k) =k, (8,43 —— 1) (2.3)
i 16k o
where /; and /; are the direction cosines of the vessel axis relative to the local tissue
temperature gradient, Pe is the blood flow Peclet number, and o is the conduction
shape factor which will be discussed later.
To simplify the expression for k in one-dimensional expression, k,=k, and

i=j, and /;"l; =1 were used in Eq. (2.3), which resulted in k4 as a function of Pe or

Le,
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n ntd 2Pe?

k =k (1+) ———), (2:4A)
& o ; l6c )
9

or kfk,“*lZ"f"L"f) (2.4B)

where Le;=ndPe¢/40 is defined as the characteristic thermal equilibration length for
vessel generation i. These equations give the total contribution to k; from all
generations of countercurrent pairs.

The blood flow Peclet number is expressed as:

Pe=p,c du/k, (2.5)
where u, the average velocity of the blood flow, is estimated by u=V/1.6 (Davis,
1987). In this study, Pe varied from 0.8 to 17.9 as shown in Fig. 6. One observes
that the results for all vessels, including the data for vasoconstriction and
vasodilation, fall along a single curve which is given by the regression formula

Pe =0.00438(d (um))" " (2.6)

This result is close to the prediction Pe=constant-(d)? obtained from Murray’s law
(Murray 1926a).

As previously noted, the asymptotic analysis in (Weinbaum and Jiji 1989)

reveals that Eqgs. (2.4A,B) can be expected to provide reasonable accuracy

provided £<0.2, since this condition guarantees that the average arterv-vein

temperature gradient will be close to that of the local tissue. In addition, a
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second criterion, (d/2)-Pe<3 mm, was established for the two-dimensional tissue
preparations in (Zhu ¢t al. 1996) as described earlier in the introduction. Figure
7 shows the variations of ¢ and (d/2)-Pe with respect to the vessel diameterd. ¢
changes from 0.003 to 0.129 and (d/2)-Pe is less than 1.3 mm, indicating that the
theory for k; should be valid for all the vessels used in this experiment.
The original form of the conduction shape factor used in the Weinbaum-Jiji
equation was determined for paired vessels embedded in an infinite medium:
o, =m/cosh™ (I/d) (2.7)
Since the rat spinotrapezius muscle is a two-dimensional tissue preparation with
tapered thickness, a new shape factor needs to be calculated for this particular
configuration. In (Zhu and Weinbaum 1995) a mathematical model was
developed for evaluating o for two-dimensional tissue preparations with uniform
thickness and width. The geometry is shown in Fig. 8. This basic model was
modified in (Zhu et al. 1996) to take account of axial conduction in the tissue and
the supporting glass slide. The boundary conditions are the continuity of
temperature and heat flow at the vessel-tissue boundary, and a free convection
boundary condition at both the tissue and glass surfaces. A Green's function was
first developed for a line source arbitrarily positioned within the tissue region to
simulate the thermal effect of the vessel. The temperature solution for the paired

vessels undergoing countercurrent heat exchange was then constructed by
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superposing the Green'’s functions for both vessels. The desired expression for the
shape factor was derived from the solution of temperature distributions in the
cross-sectional plane. This expression has the following form if the supporting

glass slide is neglected and the ratio of blood to tissue conductivity is unity:

1
0, =——— X
¥ 2G,-2G,, + 11/(24m) (284
where

— 1 T
Gnn ——Q;IG(X,_}I. 5a’na)]P‘mdd)a (288)
— 1 -
Gvn ‘_2—;:[(;('!-’]' Ev’nv)ipﬂldd)u (28C)

and G(x, y: &, n,) and G(x, y: €., n,) are Green's functions which were derived and
given by Eq. (A.11) in Appendix 1 of (Zhu and Weinbaum 1995). These Green's
functions, which satisfy Laplace’s equation in the tissue region, are functions of
the tissue conductivity, k,, free convection coefficient at the tissue surface, /i, and
the vessel-tissue configuration.

Representative solutions for g, in the rat spinotrapezius muscle (H=6)
and a thin mesenteric tissue (H=2) are shown in Fig. 9. 0,, was calculated based
on the values of H, D, l/a and Biot number Bi, where Bi=h-H,'/k,, H=H, /a and

D=D"/a are dimensionless parameters, where a, H,” and D" are the dimensional
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vessel radius, half tissue thickness and half width, respectivelv. To apply Eq.
(2.8A) for a,, to the spinotrapezius muscle preparation, in which the tissue
thickness and width vary, several approximations were made. According to the
experimental data, the average vessel radius, muscle thickness and width were
assumed to be 50 um, 600 um and 8 mm, respectively. Therefore, H=6 (H,'=300
pm) and D=80 for the spinotrapezius muscle. For other two-dimensional tissue
preparations such as a thin mesenteric tissue, H=2 and D=80. For free
convection in air, &, varies between 5 and 25 W/m °C (Incropera and Dewitt
1981) and if k,=0.5 W/m?°C, Bi,, lies between 0.003 and 0.015. For water, A,
is approximately 250 W/m °C (Incropera and Dewitt 1981), Bi,,,. is therefore
0.15. Fig. 9 illustrates how vessel spacing and Biot number influence ¢,,. One
observes for free convection in air (0.003<Bi<0.015), the relationship between
0,p and //a is insensitive to Bi for both H=6 and H=2. Therefore, an average
value of 0.009 is chosen for Bi,, in our calculations. When H=6, D=80, and
values of I/a=2.2, 2.5 and 3.0 representative of the 1A to 3A vessels in the rat
spinotrapezius, the expression (2.8A) for o,, vields 2.42, 2.18 and 1.99,
respectively. For the same vessel spacings, g, from Eq. (2.7) for an infinite
medium is 7.08, 4.53, and 3.26, which is approximately 1.5 to 3 times as large as
O3p. O, describes perfect countercurrent heat exchange in an infinite medium

whereas 0,5, describes heat exchange between paired vessels in a tissue laver with
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free convection at its surfaces. The smaller values of o, are due to the fact that
the heat loss to the environment reduces the heat exchange between the
countercurrent vessel pairs.

From Eq. (2.4B), the enhancement in kis determined by the summation }~ nioLe,.z.
The variation of n,6L¢? with vessel diameter is plotted in Fig. 10. Thcl: value of
noLe? is insignificant for vessels <100 um diameter and then increases rapidly
achieving a value of 0.68 for vessels of 130 um diameter. The total increase in k
is the sum of the contributions from 1A, 2A and 3A vessel generations. To
determine the relative contribution of each vessel generation to kg, the average
vessel diameters were first obtained for the 1A to 3A vessels for vasoconstriction
or vasodilation from Table 1 or Fig. 4. For vasoconstriction the 1A, 2A and 3A
vessel diameters are 54, 43 and 27 um, respectivelv. The magnitude of n,oLe? is
negligible for all three vessel generations and there is no enhancement in k4. In
contrast, for vasodilation the 1A, 2A and 3A vessel diameters are 119, 90 and 58
pm. The corresponding magnitudes of n,0Le;* from the regression curve given in
Fig. 10 are 0.46, 0.14 and 0.02. The total enhancement in kg, E nl.crLe,.2 =0.62,
is due primarily to the 1A vessels as noted previously in (Zhu et al. 1995).

Detailed data of enhancement in kq,r are summarized in Table 2.

2.4 Discussion
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In the present study simultaneous measurements of flow and diameter were
obtained for countercurrent microvessels from 25 to 130 um diameter in the in
situ rat spinotrapezius muscle. In the previous study on the rat cremaster muscle
these measurements were limited to vessels <75 um in diameter where there was
little enhancement in k. In contrast, a 1.7-fold increase in kz has been found
from the present experimental measurements for microvessels maximally dilated
to 130 um using pharmacological vasoactive agents.

The Weinbaum-Jiji expression for & is valid provided €<0.2. Under this
condition, the axial gradient of the mean arterv-vein temperature will closelv
follow that of the mean tissue temperature. This guarantees in a nearly infinite
medium a small heat loss between the countercurrent vessel pair and the
surrounding tissue. In thin two-dimensional tissue preparations heat exchange
occurs not only between the artery and vein, but also between the paired vessels
and the external environment. A more rigorous criterion for applving the
Weinbaum-fiji theory in the two-dimensional tissue preparations shown in (Zhu
et al. 1996) is: (d/2)-Pe<3 mm. This condition again insures that the vessel bulk
temperature gradients closely follow the tissue temperature gradient. Table 3
presents values for € and (d/2)-Pe which have been extrapolated using the
regression curves in Fig. 7, which shows that when the vessel diameter is less than

195 pum, both the criteria for ¢ and (d/2)-Pe¢ are satisfied. Therefore, the

R
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Weinbaum-Jiji theory for kg is valid for vessels as large as 195 um and Egs.
(2.4A,B) can be used to this limit. The extrapolation of the present experimental
measurements for n,oLe? is presented in Fig. 11. An approximate 5-fold increase
in k4 is predicted for 195 um diameter 1A vessels.

Another important factor in evaluating the enhancement in kg is the
conduction shape factor. The original form of the shape factor, g,,, used in the
Weinbaum-Jiji theory was for paired vessels in an infinite medium. In the
present study, a newly derived shape factor for two-dimensional tissue
preparations, 0,p, which is a function of D, H, l/a, and Bi has been used. Fig. 9
illustrates the dependence of o,; on these parameters. As shown in Fig. 9, g,
decreases when //a increases or H decreases. The reason is that increasing the
vessel spacing or decreasing the tissue thickness results in a less efficient heat
exchange between the paired vessels and thus leads to a decrease in o,,. In
addition, 0,5 increases with increasing Bi. At first glance this increase in a,, may
seem surprising since larger Bi allows more heat to leave the arterv as well as the
countercurrent vein. However, the degree of the Bi effect can be different on the
artery and the vein. When Bi is increased, the lower blood flow velocity in the
vein may allow more heat flow into the surrounding which results in a relatively
larger artery-vein temperature difference. Therefore, a modest increase in heat

exchange between the paired vessels can be produced. It is also found that g,
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decreases significantly as //a increases when //a<5.0 but this decrease is much
more gradual for [/a>>1 with the result that o,, depends primarily on Bi and A
when //a>>1. In general, 0,5 is 1/3 to 2/3 of g, for the range of //a measured in
the experiment. This decrease in conduction shape factor is due to the heat loss
to the environment from the tissue laver.

In proceeding from vasoconstriction to vasodilation the volumetric blood
flow rate increased 7, 8 and 11 fold for the 1A, 2A and 3A vessels, respectively.
In contrast, the increase in the flow rate for the 1A to 3A vessels from baseline to
maximum vasodilation in (Zhu et al. 1995) was only 2 to 3-fold. One observes
similar results in Fig. 5 where a typically 1.5 to 2-fold increase from baseline
values is obtained for maximum dilation. This suggests that the trauma of the
experiment may cause the vessels to be far from their normal resting state which
is probably much closer to the vasoconstricted condition.

The large change in Q from vasoconstriction to vasodilation suggests that
a significant enhancement in k4 can be achieved through vasoregulation. For the
1A, 2A and 3A vessels in Fig. 4 there is no significant increase in k; of the rat
spinotrapezius in the vasoconstricted state, but a total 62 percent increase in £
is predicted for 145 g rats in the vasodilated state. One can estimate the effect
of vasoregulation of the spinotrapezius in larger rats where the enhancement in

conductivity is much more dramatic. Figure 4 shows that for maximum
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vasodilation, the diameter of the 1A, 2A and 3A vessels is approximately twice as
that of their vasoconstricted state. Consider a large rat whose vasoconstricted 1A,
2A and 3A vessels were 100, 75 and 50 um diameter, respectively (These
diameters are scaled roughly in the same proportion as the 1A, 2A and 3A vessels
of the 145 g rat whose diameters are shown in Fig. 4.). The contribution of
noLe? 1o k4 for this larger rat would be from Fig. 11 about 0.2 for the 1A vessels,
0.06 for the 2A vessels and negligible for the 3A vessels vielding a k; that is
approximately 1.26k,. Assume now that these vessels doubled in size for
conditions of maximum vasodilation as shown for the 145 g rats in Fig. 4 and the
1A, 2A and 3A vessel diameters increased to 200, 150 and 100 um, respectively.
From Fig. 11 the contribution of n,0L¢? to the dilated 1A, 2A and 3A vessels
would be 4.36, 1.26 and 0.22, respectively, vielding a k of 6.84k,.. This simple
example shows that vasoregulation can cause a remarkable increase in tissue
conductivity, even in a region where there was little or no enhancement in k
under vasoconstricted conditions. The evaluation of the enhancement in &, due
to vasoregulations in large rats has been summarized in Table 4 and 5. For
comparison, Table 5 presents a similar example where the vessel precisely follows
Murray’s law (Murray 1926a) at bifurcating sites, and the dilated diameter for
the 1A vessel reaches to the limit of the validation of the Weinbaum-Jiji theory

in the rat spinotrapezius muscle. Similar results have been obtained.
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Chapter 3. Scaling Vasculature in Rat Spinotrapezius Muscle

The current chapter studies the scaling of the vascular architecture and
blood flow in the rat spinotrapezius muscle. Detailed allometric biological scaling
relations were established based on experimental measurements of the tissue
weight, vessel diameter, and blood flow rate in the rat spinotrapezius muscle
under the normal, vasoconstricted, and vasodilated conditions. Using these
relationships, blood flow rates within microvessels of different generations in the
spinotrapezius muscle can be extrapolated over a wide range of muscle weights
and vessel sizes. This method provides an opportunity to predict blood flow in
large microvessels where it is difficult to make direct measurements using optical
methods due to the high blood flow rate and the thickness of the tissue and vessel
wall. Furthermore, the allometric relationship between the blood flow rate and
vessel diameter indicates that the shear stress at the vessel wall is approximately
constant which follows the previously proposed minimum work principle

(Murray 1926a,b).

3.1 Introduction
Blood flow rate plays an important role in the local transport of oxvgen,

nutrients, hormones, as well as the exchange of heat and mass in the vascular
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system. Theoretical models and experimental measurements of thermal
equilibration in blood perfused tissue have shown that the primary countercurrent
heat exchange occurs in microvessels up to 200 um diameter (Lemons ¢t al. 1987,
Zhuet al. 1995). Significant enhancement in the tissue thermal conductivity due
to blood perfusion were found in vessels ranging from 100 to 200 um diameter,
as described in last chapter. To study the role of blood flow in thermally
significant vessels, it is desired to measure blood flow in vessels within this range.

Different techniques have been used for measuring blood flow in large and
small vessels, respectively. For large vessels, flow transducers can be directly
placed around or on the vessels to make the measurement. Ultrasonic Doppler
(Doucette et al. 1992, Haaland 1994, Upton ¢t al. 1994), electromagnetic
flowmeter (Haaland et al. 1994), indicator dilution (Hansell 1992), and thermal
clearance methods (Cameron 1970, Nitzan et al. 1993) are widely used. In the
microcirculatory studies, image tracking (Schmid-Schénbein 1975), dual-slit and
dual window methods (Intaglietta ¢t al. 1975, Lipowsky and Zweifach 1978,
Wayland and Johnson 1967), spatial correlation (Tyml and Sherebrin 1980),
prism gratings and arrays (Kiesewetter et al. 1982), and laser and optical Doppler
techniques (Zhu et al. 1995) are commonly used for the measurement of flow in
vessels up to about 100 um diameter. These techniques are based on detection

of the signals produced by the individual red cell motions. As vessel size increases
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the hematocrit also increases and it becomes more difficult to detect individual
red cell movement. For vessels ranging from 100 to 300 um diameter, neither the
methodology for large vessels nor that for small vessels is accurate enough for in
situ blood flow measurement. However, vessels in this range are believed to play
an important role in the blood-tissue thermal equilibration (Lemons ¢t al. 1987,
Zhuetal. 1993). Therefore, extrapolations of the experimental measurements are
needed to obtain blood flow rates within these vessels.

Biological scaling analyses are widely used for extrapolations of
physiological or anatomical variables as functions of body mass (Adolph 1949,
Calder III 1981, 1987, Jungers 1985, McMahon 1973, Schmidt-Nielsen 1984).
Scaling analysis aids in the efficient handling, interpretation, and correlation of
experimental data by reducing the number of experiments. In comparative
physiology, this is the most useful and powerful tool to analvze the anatomical
structures and physiological functions in relation to an animal’s body size. In
cancer risk assessment and clinical medicine, the allometric equations are used to
extrapolate the observed experimental results between animal species and human
beings. Allometric equations are useful for estimating the magnitude of some
variable as a function of an organ or a given body size. A general allometric form
of y-= e M 2 or log(Y) =log(c,) +c,*log(M) is a common empirical expression for

such relation, where Y is the variable as a function of body mass M raised to a
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power c,; ¢, is a proportionality constant for the phylogenetic categorv in a
defined set of environmental and physiological conditions. The allometric scaling
has become a basic mathematical tool for analyzing the form, structure
composition, and function associated with change in size in animals. Many
variables have been subject to scaling: organ size (Armstrong 1990, Holt and
Rhode 1976, Jungers 1985, Schmidt-Nielsen 1984, Van Der Meulen and Carter
1995), energy metabolism (Feldman and McMahon 1983, Heusner 1982, Kleiber
1947), toxicity study (Ings 1990, Travis 1991, Vocci and Farber 1988), and
growth (Siddiqui et al. 1992). Although such a power function is an empirical
statistical relationship rather than a biologically meaningful interpretation of
interspecific differences (Heusner 1987), it can be used as an extrapolation
formula for physiological variables in the same tissue of the same animals but of
different sizes.

In addition to the scaling relations, the vascular architecture is another
interesting topic. It has been widely believed that in the process of evolution the
competitive effect of natural selection has left most biological systems in an
optimally designed system. The vascular architecture, especially the branching
characteristics, is the most important factor to make the vascular network more
efficient. The complex branching hierarchy of vessels resembles a globally optimal

system that minimizes the cost of the construction and maintenance of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49
hemodynamic flow. In 1926, Murray first suggested that branch diameters and
branch angles at a bifurcation are governed by certain optimal principles which
optimize the bifurcation in its blood conducting function (Murray 1926a,b).
Murray’s original derivation minimized the energy cost of overcoming the
viscosity of blood in the vessels and the metabolic cost of maintaining the volume
of blood and vessel tissue involved in the flow. A Newtonian laminar flow was
intrinsically assumed. Murray’s law was also extended to turbulent flow (Rov and
Woldenberg 1982, Uylings 1977) as well as to non-Newtonian rheological
behavior (Mayrovitz 1987). The more direct derivation of Murrav's law bv
Sherman (1981) suggested that a functional relationship exists between the vessel
diameter and the volumetric flow, vessel-wall shear stress, Revnolds number, etc..
In an optimum system, the volumetric flow (Q) and the vessel diameter (d) has
the following relationship: Q=c-d®, where ¢ is a constant which results in a
constant vessel-wall shear stress and the Reynolds number proportional to the
square of the vessel diameter. Research on the optimum principles have led to
two aspects which are dependent on each other. One is related to the diameters
of the parent and daughter vessels. This is equivalent to considering the relation
between volumetric flow and vessel diameter. The other aspect concerns the
bifurcation angles in tree structures such as the air paths in the lung and the

vasculature. The dependence of branching angle at a bifurcating site on the
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relative size of the parent and daughter vessels has been the subject of attention
of many authors (Liu and Ritman 1986, Uylings 1977, Zamir 1982, Zamir ¢t al.
1984). Experiments have been performed in the microvasculature by Zamir et
al.(1976, 1984), Mayrovitz and Roy (1983) and others to examine the branching
characteristics as well as the validity of Murray’s law.

In this study, allometric relationships describing the muscle weight, vessel
diameter and blood flow rate in the rat spinotrapezius muscle were derived based
on experimental data obtained within measurable range via an optical Doppler
velocimeter. Measurements were made in vessels under baseline, vasoconstriction
and vasodilation. The volumetric blood flow rate, vessel diameter and bifurcation
angle were analyzed in a various levels of perfusion. Also, the experimental results
were used to examine the validity of the optimal principles in the muscle. The
obtained allometric relationships will allow one to obtain blood flow in large
microvessels in the tissue where it is difficult to make direct measurements using
optical methods due to the high flow rate and the thickness of the tissue and

vessel wall by extrapolating results from small vessels.

3.2 Methods
3.2.1 Experimental Methods

Male Sprague-Dawley rats were used in this study. The rat was weighed
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by a digital scale (Sunbeam) at the beginning of each experiment, and then
anesthetized with an intraperitoneal injection of sodium pentobarbital solution
(40 - 45 mg/kg). Supplemental doses would be administered as needed during the
experiment.  Microsurgery was subsequently performed to expose the
spinotrapezius muscle. This surgery as well as the experimental conditions were
similar to those described in Chapter 2.

To obtain the blood flow rate, both the centerline red cell velocity (V;
mm/s) and vessel diameter (d; um) were measured in the experiment. The
volumetric blood flow rate (Q; nl/s) in the individual arterv was estimated based
on the centerline red cell velocitv and the vessel diameter according to the
formula Q=m(d/2)*V/1600 proposed in (Davis 1987).

The 1A, 2A and 3A microvessels were chosen for study in each experiment.
The stabilization took 20 to 40 minutes following the surgerv. The centerline red
blood velocity, the vascular image of each vessel generation, and the bath and
rectal temperatures were recorded continuously for a two-minute measurement
period in baseline. Then, sodium nitroprusside (10*’ M) was added to achieve
the maximum vasodilation. A two-minute measurement period followed after the
stabilization. The drug was washed out before norepinephrine (10* M) was
added to achieve the maximum vasoconstriction under which a similar measuring

procedure was repeated. The drug-induced maximum vasoconstriction and
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dilation were used to obtain the potential range of volumetric blood flow rate
under vasoregulatory conditions. After the blood flow velocity was measured, the
spinotrapezius muscle was dissected from the rat. The solution on the muscle was
dried by a paper tissue and the muscle was immediately weighed by an analytical
balance (Mettler). Statistical analysis was performed by SlideWrite™ software
to obtain the best curve fit with the R value, the square root of the coefficient of
determination, to the experimental data.

3.2.2 Measurement Protocols

In the first experiment, sixteen rats from 70 to 160 g were used for
obtaining the relationship between the rat weight and the spinotrapezius muscle
weight.

In the second experiment, twelve rats from 69 to 162 g were used for
measuring the allometric relations of the blood flow rate. After the microsurgervy
and the stabilization period, measurements for the blood flow rate were taken for
the 1A, 2A and 3A vessels in baseline. Afterwards, measurements in the
vasodilation were acquired in ten of these twelve rats. Finally, only six of them
were used to continue the measurements in vasoconstriction due to the animal

condition in the experiment.

3.3 Results
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3.3.1 Allometric Scaling Relations

The weight of spinotrapezius muscle (w) increases with the rat bodv weight
(W). Figure 12 shows the spinotrapezius weight measurements from sixteen rats
from which an allometric relationship, w(mg)=0.0273-(W(g))"*’, was obtained.
Although the exponent of the equation is 1.65, larger than most exponents (~1)
in equations relating quantitative properties (heart weight, brain weight, tidal
volume, etc. ) to the body mass among mammals (Adoph 1949), a good correlation
exists between w and W with the R value of 0.97.

Using the muscle weight (w) as an index, Fig. 13 presents the experimental
results of the volumetric blood flow rate (Q) for the 1A, 2A and 3A vessels under
the vasoconstricted condition (n=6). Results for the three vessel generations in
baseline (n=12) and vasodilation (n=10) are given in Fig. 14 and 15,
respectively. The regression curves for individual vessel generations at each
vasoregulatory condition are drawn through the experimental data. Mathematical
expressions for these curves and the corresponding R values are summarized in
Table 6.

3.3.2 Optimal Principles in Vascular Circulation

Volumetric Blood Flow Rate. A relationship between blood vessel diameter

(d) and its related volumetric blood flow rate (Q) found in this study is shown in

Fig. 16. This figure includes all of the measured data for the three vessel
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generations in various vasoregulated conditions. Using an optimal power curve
(solid line) to fit the experimental data, the empirical relation is given by

Q(nlfs) = 0.00141-(d (um))**® (3.1)
with the R value of 0.96. The dash line, Q(nl/s)=0.00140-(d(um))?, has also been
plotted in Fig. 16 to give a comparison. This line is the optimal cubic fit to the
experimental data which results from the lease-square regression. The “cubic
law”, which has the expression of Q=c-d’ (¢ is a constant), implies that the
complex branching hierarchy of vessel is approximated to a globally optimal
system that minimizes the cost of the construction and maintenance of
hemodynamic flow. It is found from the figure that the empirical fitting is close
to the cubic fitting, especially in vessels less than 100 um diameter. Figure 17 is
the logarithm plot of volumetric blood flow rate as a function of vessel diameter
with the 95% confidence limits for the experimental data.

Including the blood flow measurements obtained in Chapter 2, Table 7
presents the measured allometric relations of the two groups of rat weight range
(69-162 g, 145£8.0 g) in baseline and in all three vasoregulatory states. Since
there exist no significant differences among vasoconstriction, baseline and
vasodilation in each group, one regression curve of flow versus diameter was used
to fit data in all three states. The experimental data from the rats weighed of

145+8.0 g in all three states are shown in Fig. 18. A better correlation can be
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found in this figure than that shown in Fig. 16 for a larger weight range.

Shear Stress. Based upon the above mentioned relationship between
volumetric blood flow rate (Q) and vessel diameter (d) for the rats weighed
145+8.0 g (Q=0.00128-d>"%), we can calculate the vessel wall shear stress in the
rat spinotrapezius muscle. The apparent blood viscosity (1) used by Hvness

(1959) is y,=—0—'0—3—— (u; poise, d; um). In this experiment, u ranges trom

(1+12/dy?

0.0178 to 0.0248 poise. The wall shear stress (t) can be estimated from
1=32uQ/nd’ for laminar flow (Kamiya et al. 1984). This application is justified
by the Reynolds number (Re=4p,Q/nud) ranging from 0.293 to 0.307, which is
far below the critical value of 2300. Therefore, when vessel diameter changes
from 40 to 120 um, the related wall shear stress changes from 27.07 to 24.83
dyn/em?®, indicating a much smaller change in shear stress as compared to the
change in diameter.

Branching Pattern.  Understanding the vascular branching pattern is
necessary in developing a vascular optimal system as well as interpreting certain
vascular diseases. The study of the arterial branching pattern in the
spinotrapezius muscle is conventional since the principal branching from the 1A
to 2A, and 2A to 3A is bifurcation (Fig. 1), where the parent vessel divides into

two daughter vessels. In every photomontage obtained from the rat muscle as

described in Chapter 2, bifurcation sites from the 1A to 2A and the 2A to 3A

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56
were chosen for analyses. The parent artery diameter d,, the two branch
diameters d, and d, were measured. By definition, d, denotes the larger diameter
of the two daughters. Also measured were the angles 6 and ¢ which are the
respective angles of the daughter vessels (4, and d,) relative to the parent vessel’s
central axis. The geometric parameters about diameters and angles have been
specified in Fig. 19. The relationship between d,/d, and d./d, has been measured,
plotted and compared with the optimal predictions -Z—: = E%US— andj—? =a in
Fig. 20. The data are reasonably well packed around the theoretical curve

indicating a good qualitative agreement. Different optimal criteria combined with

Murray’s cube law predict the branching angles. For minimum power and lumen,

. . . _(1+a))*+1-o
the following relations can be derived: cos6 = s+ and
(I+a3)"/3+a4-l 2(1+e”)~
cosy = 2 Loy For minimum drag and lumen surface, there exist:
o (l+a
3,273 2 3\23, 2
(1+a")™ +1-a , (Lra”)™ +a”-1 These two optimal criteria

cosf =

2(1+a%)"3 20(1+a?)"?
provide two different predictions for 6 and ¢. Figure 21 shows the comparison

between the measured 6 and the corresponding predictions from the optimal
criteria. Also, Fig. 22 presents the results for ¢. One notices that the criterion for
minimum power and lumen gives a better prediction for both 6 and o, and the

measured angles of 0 fit better to the predicted values than those of ¢.

3.4 Discussion
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3.4.1 Allometric Scaling

In this study, the intraspecific allometric blood flow scalings were obtained
as functions of muscle weight and vessel diameter, respectively. Measurements
were taken in the same species at various stages of maturation. These allometric
relationships may reflect the influence of growth. An allometric relationship
between the rat and muscle weight (w(mg)=0.0273-(W(g))"*’) was gained in this
study. In this relationship, the exponent, 1.65, is much larger than I. It may be
due to the spinotrapezius being nearly two-dimensional rather than a three-
dimensional variable (i.e. heart, brain, tidal volume, etc.) vs. the body mass in
many allometric scalings (Adolph 1949, Schmidt-Nielsen 1984). On the other
hand, the spinotrapezius is a typical skeletal muscle. The previous interspecific
investigation in skeleton has shown that the skeleton of a large animal is relativelv
heavier than that of a small animal. With increasing size, the skeleton increases
out of proportion to the body mass i.e. the exponent is larger than 1 in the
allometric scaling (Schmidt-Nielsen 1984). This argument is, if not fully
confirmed, similar to what has been found in the rat spinotrapezius.

The allometric scaling for blood flow in the rat spinotrapezius has been
studied for the first time, which provides an opportunity to observe its
relationships with the body weight, muscle weight, and vessel diameter. These

relationships can then be used to predict blood flow where it is difficult to
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measure. Allometric equations are, however, descriptive rather than biological
laws. It is possible that values predicted by allometric equations may differ from
real measurements because of the individual variation. Since the vessels of
interest in this study, ranging from 100 to 200 um diameter, are not far beyond
the scope of the experimental range (30-130 um diameter), a reasonable accuracy
can be expected in extrapolation using the obtained allometric equation with 95%
confidence as shown by Fig. 17.

Table 6 shows that the exponents in the allometric equations increase from
the 1A to 3A vessels in all three vasoregulatory states. The blood flow rate in the
3A vessels is almost proportional to its related tissue weight given the exponent
is0.96, 1.06 and 0.95 in vasoconstriction, baseline, and vasodilation, respectively.
This phenomenon is expected since the 3A vessels supply the small arterioles prior
to the capillary beds which perfuse the local tissue. Considering the energy
expenditure in a typical skeletal muscle, blood perfusion can be directly related
to its mass and thus the exponent in the allometric scaling between Q and w is
very close to 1. The relationship between the blood flow rate and muscle weight
is more nonlinear in the 1A and 2A vessels. These vessels are major supplving
vessels and less uniformly distributed in the muscle. Examining the vascular
geometry of spinotrapezius, it is found that in a large percentage of rats, besides

the main blood vessel, there is a small secondary blood vessel along the lateral
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border of the muscle, i.e. more than one 1A vessel can supply the rat
spinotrapezius. On the other hand, if one compares the exponent values among
various vasoregulatory conditions, these values vary little from vasoconstriction
to vasodilation for the same vessel generation, but they are quite different from
those under baseline. This suggests that the physiological situations might be
very similar under maximum vasoconstriction and vasodilation. Here, the so-
called baseline state in the experiment really reflects the physiological status of
the rat right after the microsurgery but before administering any drug except the
anesthetic, in which the degree of surgical trauma can vary in each experiment.

Throughout each experiment the rat was maintained in deep anesthesia
and the vasoconstriction and vasodilation were locally induced by pharmaceutical
agents. These vascular changes were caused by the direct effect of drugs on the
vascular smooth muscle, which is different from that caused by the increased
muscle metabolism in exercise or neural or hormonal regulation which involve
both central and local factors can result in large changes in Q.

3.4.2 Murray’s Law

Murray’s law and its derivation provide a model of vascular organization
and regulation. The relationships of Q/d*=constant for vascular flow was
developed by minimizing the cost of forcing the fluid (blood) through the pipes

(blood vessels) against the fluid viscosity, and the cost of building and
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maintaining the system (blood and blood vessels) (Murray 1926a). The exponent
3 which matches with the flow rate in pipe in an ordinary dimensional analysis,
is an ideal value derived from the laminar, Newtonian flow. Further, Q=cd> also
holds for non-Newtonian power-law fluid according to Mayrovitz (1987). The
theoretical model derived by Pollanen (1992) showed that the exponent value is
2.33 and 3 for the laminar and turbulent flow, respectivelv. Also, the latest
experiments by Zamir ¢t al. (1992) showed that the relation between diameter
and flow is governed by a ‘square law’ rather than the classical cube law in major
branches of the aorta. They suggested that the square law may apply to the first
few levels of the arterial tree, while the cube law is perhaps suitable for the
subsequent to the precapillary levels. However, previous research found that the
statistical value of the exponent is approximately 2.6 for the systemic arterial tree
(Groat 1948) and 2.7 for the renal, mesenteric and other arterial svstems in man
(Suwa and Takahashi 1971), while it is 2.48 (W: 69-162 g, vasoconstriction,
baseline and vasodilation) from this study. For the rat cremaster and cat
mesentery Q and 4 satisfy the following relationships, respectively:
Q(nl/s)=0.00022:(d(um))*”®* and Q(nl/s)=0.00016-(d(um))**' (House and
Lipowsky 1987, Zweifach and Lipowsky 1977). Comparing the variations of the
blood flow rate with respect to vessel diameter for vessels ranging from 30 to 200

pm in the rat spinotrapezius, cremaster, and cat mesentery, similar trends exist
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in the rat spinotrapezius and the cat mesentery. However, a relatively low blood
flow rate is obtained in the rat cremaster, especially when the vessel diameter is
large. This lower flow could be in part due to the fact that the cremaster is the
muscle covering of the testes whose the normal in vive temperature is 34°C. This
temperature is significantly lower than the rat’s normal in vivo rectal temperature
which is approximately 38 °C. The relatively low blood flow rate may be
associated with a lower metabolic rate in the muscle.

If Murray’s law holds in a vascular circulatory system, then it requires that
shear stress to be kept as a constant in this system. Results from this experiment
show that Murray’s law is a good approximation in the rat spinotrapezius.
3.4.3 Short- and Long-Term Effects

One specific regression formula (Q(nl/s)=0.000510-(d(um))>"°) with a
good correlation could be used to summarize the relationship between vessel
diameter and blood flow in vasoconstriction, baseline and vasodilation for the rat
weight range of 145%+8.0 g (Fig. 18). So did the relationship for a wider rat
weight range as shown in Fig. 16, where all data were summarized in one
formulation  (Q(nl/s)=0.00141-(d(um))***) without distinguishing their
vasoregulatory conditions. This suggests that no matter under what kind of
vasoregulatory condition, the relationship between Q and 4 does not change

much, and it probably follows certain criterion of growth and downstream blood
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distribution in muscle vascular system.

Since the data were obtained shortly after the vasoactive drugs were
administered when the stable situations were reached, the results from the
experiments reflect short-term responses. The time required for some of the
endothelial responses to hemodynamically related forces, such as cell shape
change, cell cycle entry and cell mechanical stiffness, is normally much longer
than the time of our observations being on the order of hours to davs. Whether
these long-term changes are due to local autoregulatory mechanism to maintain
a constant shear stress (Kamiya et al. 1984) or a structural reorganization of the
vessel wall (Langille and O'Donnell 1986) is still unclear.

Short-term and long-term effects of flow in vessels are both mainly due to
the responses of the vascular endothelial cells to the flow. The endothelium is
continuously subject to hemodynamic forces, particularlyv the shear stress.
Furchgott and Zawadzki discovered the first endothelium dependent response
(Furchgott and Zawadzki 1980). It was found by Holtz ¢t al. (1984) that the
dilation of epicardial coronary arteries was endothelium-mediated. Similarly,
Langille et al. (1986) observed that the arterial response to reduced blood flow
was abolished when endothelium was removed from the vessel, and endothelium
appeared to be essential to the compensatory arterial response to long-term

changes in blood flow. Studies revealed that there exist different interactions
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between the short-term and long-term effect of blood flow on endothelium. To
understand its mechanism, a more comprehensive experiment should be designed
to collect the information of flow, shear stress and endothelium simultaneously
at each time stage. Also, the experiment should last long enough to allow an
observation of the entire process of the flow-induced, endothelium-dependent and
time-related vascular regulation. This will help us to interpret the resultant
macroscopic changes at the microscopic level and thus to have a better
understanding of the physiological mechanism in the microcirculation.

In conclusion, some allometric relationships for the vascular architecture
and blood flow in the rat spinotrapezius muscle have been obtained in this part
of the study. These empirical relationships are useful for extrapolating blood flow
rates over vessel sizes beyond the measurable range. Also, the optimal principles
in vascular circulation have been examined. Q=c¢'d" has been obtained for various
rat weight ranges. n has been found to be 2.48 and 2.70, respectivelv, and

Murray’s law is approximately followed.
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Chapter 4. Microvascular Thermal Equilibration

in Rat Spinotrapezius Muscle

This chapter investigates heat exchange in the thermallv significant
countercurrent paired vessels of the rat spinotrapezius muscle. Detailed tissue
surface temperatures under normal (after the microvascular surgerv) and
pharmacologically vasodilated states were measured using high resolution infrared
thermography. During vasodilation, a measurable temperature difference between
the first-order feeding vessel pair and its surrounding tissue was found. The
measured tissue temperatures were compared with those predicted by modifving
the theoretical model for two-dimensional tissue preparations given bv Zhu ¢t al.
(1996). A close agreement between the theory and experiment was obtained for
the surface temperature profiles.

The Weinbaum-Jiji 5 theory for heat exchange between the paired vessels
and their surrounding tissue was also examined in this muscle. A close agreement
was obtained between the theoretically predicted k; and the measured value
calculated using a fin approximation for the tissue layer. This experimental studv
examined for the first time the thermal nonequilibration between blood vessels
and the surrounding tissue, where the enhancement in k; due to the incomplete

countercurrent heat exchange becomes comparable to the tissue axial conduction.
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4.1 Introduction

In Chapter 2, the vascular structure and blood flow rate in an exteriorized
rat spinotrapezius muscle have been experimentally measured. The largest first-
order feeding artery where blood velocity and vessel diameter measurements were
taken was 140 um diameter. Based on these measurements, the effective thermal
conductivity of the muscle, k4 which accounts for the enhancement of heat
transfer due to the thermally significant countercurrent vessels, was estimated
using the Weinbaum-Jiji theory. Also, the maximum enhancement in &, which
would be achieved through vasoregulation, was predicted. This analysisindicated
that vasoregulation could have a dramatic effect on k; Vessels which were
approximately 100 um diameter in their vasoconstricted state could undergo a 2-
fold increase in diameter and a 5-fold enhancement in k; under conditions of
maximum vasodilation (Table 4).

To measure tissue thermal conductivity or temperature profiles, self-heated
thermistors and thermocouples have been extensively used in the past (Chen et
al. 1981, Lemons ¢t al. 1987, Patel ¢t al. 1987, Valvano et al. 1984). However,
neither method can be used to provide accurate local measurements of
microvascular blood-tissue energy exchange due to their size limitations. Zhu et
al. (1996) introduced an infrared thermography technique, which was successfully

used to obtain the first measurement of axial thermal equilibration of a
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countercurrent vessel pair in microcirculation. Measurements were performed in
the rat cremaster vessels of 80 to 150 um diameter, which were pharmacologically
dilated. A significant transitional change was observed in thermal images when
the Peclet number (Pe¢) increased from 1 to 14. However, the thermal
nonequilibration between the blood vessels and the tissue was not obvious even
when Pe reached 14. This was mainly due to the fact that the blood flow in the
paired vessels was still not high enough to show a significant countercurrent
convective effect. Their experiments suggested that onlv when countercurrent
heat exchange is comparable to the tissue axial conduction will the thermal
nonequilibration between the tissue and blood vessels be easily observable and
the enhancement in k4 be significant. The present study was designed to achieve
these objectives by measuring the temperature distribution in a two-dimensional
tissue preparation, the rat spinotrapezius muscle, where the major feeding vessels
(IA) have a Peclet number that exceeds 20.

The rat spinotrapezius muscle is a paired muscle extending along the back
of a rat. For the vascular heat transfer study, its thermal state is more
characteristic of most skeletal muscle tissue than the rat cremaster whose normal
temperature is only 34 °C. The microsurgery performed to exteriorize the
spinotrapezius muscle is less traumatic than the cremaster isolation procedure

since both the major feeding vessels and nerves can be kept intact during the
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surgery. This flat tissue allows one to take infrared images of the muscle surface
from which tissue temperature distributions can be measured like the cremaster
but over a wider range of blood flow Peclet number. The resolution of the
infrared system resolution is 0.025 °C in temperature and 30 to 40 um in space.

The present experiment was performed on the first-order feeding vessels of
the muscle, whose vasodilated diameters were larger than 140 um but less than
200 um. Blood flow in these vessels is high enough so that the convection effect
of the blood is easily observable. These vessels also lie in the range of vessel
diameter less than 200 um where the Weinbaum-Jiji theorv for countercurrent
blood-tissue heat exchange is valid as described in Chapter 2. The detailed in vivo
surface temperature field above individual microvessels as well as the
microvascular geometry were measured. With these measurements, the local
microvascular geometry and flow were related to the tissue temperature
measurements. The enhancement of tissue thermal conductivity predicted bv the
Weinbaum-Jiji theory was compared with that experimentally measured. A good

agreement has provided a direct experimental verification of the theoryv.

4.2 Methods
4.2.1 Experimental Methods

Ten male Sprague-Dawley rats (266.4+25.9 g) were used in this study.
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The rats were anesthetized with an intraperitoneal injection of sodium
pentobarbital solution (45 mg/kg) and supplemental doses were administered as
needed. The rat was wrapped by a water-jacketed pad to maintain its core body
temperature. After the microsurgery was done as described in Chapter 2, the
right spinotrapezius muscle was exteriorized and rested on a supporting glass slide
covering an optical window in the tissue bath. The muscle, still attached to and
perfused by the rat, was immersed in the continuouslv circulated bathing
solution. The schematic diagram for the experimental setup is shown in Fig. 23.
The solution, which was similarly controlled as described in Chapter 2, was drawn
from a stock reservoir and recirculated through the system.

The tissue preparation was transilluminated on the microscope stage
(Zeiss) and viewed through a 10X Nikon water immersion objective. Due to the
high blood flow rate and the thick tissue surrounding the major feeding vessels,
not all the blood flow velocities could be directly measured using the optical
Doppler velocimetry in this experiment. In those cases the previously measured
relationship between the vessel diameter and average blood flow velocity, u(mmnys)
=0.650(d(um))*"®* from the study in Chapter 2, was used to estimate the blood
flow. During each experiment, the field of view was displayed on a video monitor
and videotaped. The vessel diameter was measured with an electronic video

caliper (Microcirculation Research Institute, TX) from the videotape.
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The muscle surface temperature distributions were obtained via a high
resolution infrared imaging system, the IRRIS-160ST with the CE Image+
software (Cincinnati Electronics Corporation, OH). The svstem allows an on-
screen temperature readout with high resolution of 0.025 °C (@30 °C). Image
signals were sent to a VGA connector for viewing as well as to a digital data port
of a personal computer for recording. Before the experiment the infrared imaging
system was calibrated by a thermocouple. The emmisivity was set at 0.95 for the
muscle tissue (Cheesier and Eberhart, 1985).

To obtain the information on tissue vascular geometry, photographs of the
isolated muscle were taken by a camera (Nikon PAX) with a Polaroid 545 film
holder connected to a stereo microscope (Nikon SMZ-10, Japan) while the tissue
was still in the bath. At the end of each experiment, the spinotrapezius was
separated from the rat. The solution on the muscle was dried by paper tissue and
the muscle was extended over a pre-cleaned slide for measurement of the muscle
thickness and the depth of the feeding vessels from muscle surface. These
measurements were made under the microscope by calibrating the focal length of
the lens against a reference glass slide with known thickness. The precision was
4 to 7 um.

4.2.1 Experimental Protocols

1) Microsurgery & stabilization

—_—
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The microsurgery to exteriorize the spinotrapezius muscle tvpically
required half an hour. After the muscle was immersed in the tissue bath, a
stabilization period of approximately twenty minutes allowed the preparation to
achieve its new steady state.

2) Measurement in the first trial (baseline)

After the stabilization period, video of the first-order feeding arterv-vein
pair was recorded continuously for a one-minute measurement period. The
preparation was then moved under the infrared camera and the solution was
drained. The thermal image of the preparation was immediately taken and
recorded. The vessel diameter and the tissue surface temperature distribution
were later analyzed from the videotape and the infrared image, respectively.

3) Measurement in the second trial (vasodilation)

The preparation was moved back to the tissue bath under the optical
microscope. To increase blood flow rate in the feeding paired vessels, a
vasodilator (Na nitroprusside 10*> M) was introduced in the bath. After the drug
was added, a ten-minute period was given for the preparation to reach its
maximum vasodilated state. Then, the video and the thermal images were
recorded as described in 2).

4) Vascular geometry

Upon completion of 1) to 3), the preparation was rinsed with a Krebs
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solution for five minutes. Then, it was moved under the stereo microscope where
photos of the vascular geometry were taken. Finally, the spinotrapezius was
excised and the muscle thickness and the depth of the feeding vessels from the

tissue surface were measured.

4.3 Results
4.3.1 Experimental Measurements

Figure 24 presents a typical first-order feeding vessel pair of the
spinotrapezius. The artery is closely paired with the vein to form a
countercurrent pair. The pair branches into the second order vessels, and so
forth. In this case the diameter of the vasodilated artervis 141.7 um, and of the
vein is 184.3 um.

Infrared thermal images of the first-order vessel pair were taken under
normal conditions (baseline) as well as pharmacologically vasodilated conditions
(vasodilation) as shown in Fig. 25 and Fig. 26. These images demonstrate a
substantial change in thermal profile above the vessel pair from baseline to
vasodilation. In each image a rectangular grid was drawn in the same location
around the artery-vein pair to analyzed. The vessel pair was located in the center
and oriented along the long axis of the rectangular area. The local x and z axes

were defined with respect to this box, where z axis was set in the center of the
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rectangular area along the vessel pair direction while the x axis was perpendicular
to the vessels. The thermal disturbance produced by the first-order vessel pair is
clearly evident in Fig. 26 for vasodilation, but is not distinguishable from the
background temperature gradient for baseline. This effect was reproduced in all
other nine experiments.

Figure 27 shows the surface temperature profiles normal to the axial
direction of the first-order feeding vessel pair at three different axial locations
under the baseline condition. The x, z locations correspond to the x-z coordinates
given in Fig. 24. Locations of the paired vessels are represented by the two circles.
Figure 28 shows the corresponding temperature profiles for vasodilation. One
observes that the tissue surface temperature decays in the axial direction for both
baseline and vasodilation. However, there is a distinct difference between the
two flow states. In baseline, the vessel influence is small and the temperature
profiles show only a moderate departure from linearity along the x direction at
any given z location. In contrast, for vasodilation, the thermal disturbance caused
by the blood vessels results in an elevated plateau in the temperature profile in
the x direction, which is positioned over the vessel pair.

4.3.2 Theoretical Approximation
A three-dimensional heat transfer model was developed based on the

schematic drawing given in Fig. 29. by Zhu et al. (1996). In this model,
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countercurrent paired vessels were embedded in a two-dimensional tissue laver
with free convection at both the tissue surface and the bottom of the glass slide.
In (Zhu et al. 1996) an adiabatic condition was applied at x=+D", the tissue edge
of a periodic array of blood vessels in the symmetric cremaster tissue preparation.
For rat spinotrapezius, one side is connected to the bodv and the other is
exteriorized in the tissue bath and the tissue temperature decreased in the x
direction as shown in Fig. 27. Therefore, the existing mathematical model needed
to be modified for its application in the present study.

To simplify the problem, we assume the temperature profile in vasodilation
at each z location can be approximated by the superposition of two effects: a
linear background tissue temperature in the x direction caused by the fact that
one side of the muscle was connected to the body, and the thermal disturbance
due to the incomplete countercurrent heat exchange of the paired vessels. The
linear background in the x direction was obtained from the regression of the
temperature profile at different z locations in baseline, since the vessel effect is
not significant as shown in Fig. 27. The vessel effect is very similar to that
addressed in (Zhu et al. 1996) expect for the inclusion of the arterv-vein size
difference and their asymmetric positioning relative to the tissue midplane in the
present study. The theoretical temperature prediction has therefore been

constructed by adding the perturbation due to the blood vessels to the linear
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background temperature gradient.

Several geometrical and physical parameters are needed to apply the
theoretical model. These include the convection coefficient /, the tissue-glass
conductivity ratio, the vessel-tissue geometry and the thickness of the supporting
glass slide. The measured major feeding artery diameter, d, was 141.7 um and the
tissue thickness, H, , was 1030 um. The center of the vessel was asvmmetrically
located 210 um beneath the upper free surface and this thickness was assigned as
H,". Thus, the dimensionless tissue thickness above the centers of the paired
vessels was H,=H,/a=3.0, where a is the major feeding artery radius. The
dimensionless artery-vein spacing was //a=3.1. The half width of the box was
selected as D’=1420 um, since at this distance the thermal disturbance produced
by the vessel pair had become negligibly small, and its dimensionless value is
D=D"/a=20. The thickness of the supporting glass plate beneath the tissue, H,
was 1000 um. To account for the additional thermal resistance in the vertical,
the y direction, the glass was converted into an equivalent tissue layer of thickness
Hg'-k,/kg, which was 360 um. Thus, the countercurrent vessels were embedded in
an equivalent tissue layer of thickness 1390 um, which had a total dimensionless
thickness, H=H,/a+(H, "k, /k,)/a, of 19.6.

The free convective coefficient of the experimental environment, /, is an

important parameter in theoretically modeling and evaluating the tissue thermal
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conductivity. The value of & was measured by a microfilm for different
experimental room temperatures, 7.. A correlation between & and T, can be
found in Fig. 30. A regression curve, H(W/m?°C)=1.59-10"(T_(°C))™**® , which
was represented by a dash line in the figure, provided a best fitting for these data
(R=0.84, R: square root of the coefficient of determination). Using this
relationship, & can be estimated for different experimental room temperatures.
For the specific experiment presented in Fig. 24 to Fig. 28, h=3.9 W/m”°C was
obtained at the room temperature 7,=26.3 °C.

Figure 31 compares the theoretical predictions and the experimental data
for the surface tissue temperature at three different axial locations under
vasodilation. One observes a close agreement between the two at all three z
locations.

4.3.3 The Effective Thermal Conductivity

Blood flow plays an important role in countercurrent heat exchange. In
Fig. 24, the diameter of the first-order artery was increased from 115.0 um under
the baseline condition to 141.7 um under the vasodilated condition, and it
resulted in a significant increase in vessel blood flow. This dramaticallv affected
the pattern of the thermal images.

Weinbaum and Jiji (1985) predicted that the primary mechanism for

blood-tissue energy exchange in microcirculation is the incomplete countercurrent
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exchange in thermally significant microvessels. The current study clearly reveals
the thermal nonequilibration between these microvessels and the surrounding
tissue. The one-dimensional Weinbaum-Jiji expression which accounts for the
enhancement in the tissue effective thermal conductivity, kz; due to

countercurrent heat exchange is:

b k(1 nin:2(2:z)2Pe2 (4.1)
" Z 60 '

where n; is the number of vessel pairs per unit cross-sectional tissue area for
generation i, Pe is the blood flow Peclet number (Pe=pydu/k,) and o is a
conduction shape factor. The summation over i accounts for the contribution to
the enhancement in the thermal conductivity due to all vessel generations. In the
current experiment, only the first-order vessels had a measurable contribution to
kg 1his is because only vessels larger than 100 um diameter can produce a
significant enhancement in k as suggested by the analysis in Chapter 2. Thus,

the estimation for k4 can be simplified to

k-1 nlnzdzPeg) (4.2)
= —_— t.
o 160

Based on the measured vessel size both 1, and Pe were calculated according
to the following formulas obtained from the measurements in the rat

spinotrapezius in Chapter 2:
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1, (NoJmm?®) =5910 (d(um)) > (4.3)
Pe =0.00438 (d(um))""° (4.4)

The expression for the two-dimensional tissue conduction shape factor, o,
has the following form if the supporting glass slide is converted into an equivalent

effective tissue thickness and the ratio of blood to tissue conductivity is unitv:

o’ = — — -
9G -2G +11/(24m) (4.34)
2G, -2G, +11/(24n)
where
—_ l T _
G““_E f Glry: Em)l, dd, (4.5B)
—_— 1 B _
G”"—Z fn Glry: ), Ao, (4.5C)

and G(x, y: £, n1,) and G(x, y: &, n,) are Green's functions which were derived in
Appendix 1 of (Zhu and Weinbaum, 1995). These Green’s functions, which
satisfy Laplace’s equation in the tissue region, are functions of the tissue
conductivity, k,, free convection coefficient at the tissue surface, &, and the vessel-
tissue configuration. Evaluating all the parameters in Eq. (4.2), one can calculate
the k4 values for the ten rats used in our experiment, which were summarized in

Table 8.
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To derive the tissue thermal conductivity in vasodilation, the muscle tissue
was approximated by a fin. From the infrared image strips above the major
feeding vessels in vasodilation and baseline, one obtains the temperature
difference between these two states, AT(x, z), which is the temperature
perturbation caused by the paired vessels. The fact that AT (x, z) was nearly a
constant at any given z location allowed one to eliminate the temperature
variation along the x direction. According to the Weinbaum-Jiji theorv, the
perturbation in the z direction is due to the increase in the effective tissue
thermal conductivity along the vessel direction. In all ten cases studied, the Biot
number Bi=h-(H /2)/k,, is less than 0.015 for £,=0.5 W/m °C when there is no
blood flow in tissue. This indicates the temperature variation across the muscle
thickness is negligible. Thus, the exteriorized muscle laver can be well
approximated by a one-dimensional fin with a constant base temperature T,,(0),
and tip temperature Tap(L'). The temperature distribution along the fin T,,.(z)

can then be calculated from the following equation (Incropera and Dewitt 1981):

T (L)-T
————;‘p((o)) T’-sinh[ 2—}2_-21 +sinh[ 2—11_'(1. "-2)]
T, () =T «(T, (0)-T.)—2 " J"” J"H (4.6)
sinh[ | 2L ]

T...(z) was compared with the experimental measurements and the least-squares

residual method was used to find the value of k which minimized the difference
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between them. Using one experimental case as an example, T, T,,(0) and T,JI,(L')
were 26.30,35.47 and 34.28 °C, respectively. In order to avoid the thermal effect
of branching from the first-order vessels to the second-order vessels, the fin
length, L'=1.40 mm, was chosen which was 40% of the length of the box in Fig.
24. As mentioned earlier, the equivalent tissue thickness, H, was 1.39 mm and
the convective coefficient, /1, was 3.9 W/m?°C. Fig. 32 presents Taz,(z) and its best

fit T

ave

(z) from Eq. (4.6) when k is equal to 0.66 W/m°C. This value of k agrees
reasonably well with the predicted value of k4, 0.65 W/m °C obtained from the
Weinbaum-Jiji theory (Case 3 in Table 8). Following the same procedure, k has
been estimated for all ten cases and the results are presented in Table 8. A paired
t-test reveals k4 to be significantly greater than k (p<0.004) though the average

difference between Ic,ﬁr and £ is less than 10%.

4.4 Discussion

The thermal disturbance caused by the major feeding vessels has been
clearly shown in the exteriorized rat spinotrapezius muscle using high resolution
infrared thermography. Although the individual thermal effect caused by the
artery and vein could not be distinguished, the combined effect produced by the
vasodilated artery-vein pair is clearly visible. The dramatic change in thermal

image from baseline to vasodilated conditions demonstrates that vasomotor
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adjustments significantly affect the blood-tissue thermal equilibration, and that
blood flow has a profound effect on the heat transfer in microcirculation.

In the current study, infrared images were also taken in pharmacologically
vasoconstricted states (107 M norepinephrine). No observable difference in
image was found between the vasoconstriction and baseline state. This implies
that the blood flow increase from vasoconstriction to baseline does not produce
a measurable effect on heat transfer, which is consistent with the results from our
previous research in Chapter 2 that the enhancement in kg is insignificant for
vessels less than 100 um diameter. In the present study, the average vessel
diameter increased approximately from 60.7 um to 94.8 um from vasoconstriction
to baseline. Thus, the enhancement in k; was insignificant. However, in
proceeding from baseline to vasodilation the vessel diameter increases from 94.8
pm to 121.4 um on average, and the corresponding increase of the enhancement
in kz became significant enough to be measured by the infrared imaging svstem.

When the muscle was approximated as a fin to estimate the tissue thermal
conductivity, several assumptions were made. First, it was assumed that the
muscle strip of interest had a zero-net heat exchange on two sides. This was due
to the fact that the experimentally measured temperatures at x=+D" could be
satisfactorily described as the superposition of the adiabatic condition and a linear

temperature gradient. It was also assumed that the muscle strip had the same
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convective condition at the top and bottom surfaces. Even though there was no
measurement of the temperature distribution at the bottom surface, the Biot
number of the muscle was found to be less than 0.015, indicating that the
temperature variation in the direction of the muscle thickness is be negligible.
In the present study, the measured k included the combined effect of the
tissue and the glass slide. In the calculation of kg, the glass slide effect was
considered. Asmentioned previously the equivalent tissue thickness including the
glass is significantly larger than the measured tissue thickness. To find the effect
of the equivalent tissue thickness on k, the predictions for the enhancement in
kg are presented in Fig. 33 both with and without the glass slide. The
enhancement in kg, n,%°d*Pe’/160 (or n,0Le?), is obtained from Eq. (4.2). The
solid line accounts for the equivalent glass thickness and the dashed line does not.
The calculation is based on the specific vascular geometry given by Fig. 24, where
the artery is 141.7 um diameter, the paired vein is 30% larger than the arterv and
dimensionless tissue thickness above the centers of the paired vessels is 3.0.
Figure 33 shows that the enhancement in k is significantly decreased due to the
presence of the glass slide. When the effect of the supporting glass slide is
considered in all ten cases, one finds that the equivalent tissue laver is 36%
thicker than the measured tissue thickness on average. This results in a

substantial increase in the conduction shape factor, and thus the enhancement in
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ks is decreased according to Eq. (4.2). Physically, one can see that under
otherwise similar conditions, the increase of the tissue thickness will cause a
greater heat exchange between the paired vessels. Thus, the enhancement in k4
can be expected to decrease because the vessels will behave more like a perfect
countercurrent heat exchanger.

To separate the tissue thermal effect from that of the glass, an expression
for pure enhancement in tissue conductivity can be derived from a global energy
balance of a composite fin composed of the tissue and glass (see Appendix).
Because the temperature is nearly uniform in both tissue and glass at a given z

due to the small value of Bi, one finds that

_ 2hL (T-T) H,

4T, 4T e (4.7)
S R Y S A ¢
& e o

where T is the average surface tissue temperature, and and

J:=0

<

are tissue temperature gradients at the entrance and the exit of the
tissue strip. These temperature gradients are measured in the experiment. In case
3, the above calculated k™ in vasodilation tums out to be 0.92 W/m °C. The
enhancement in tissue thermal conductivity, therefore, is 84% (k'/k,-1=0.92/0.5-
1). In contrast, the effective tissue thermal conductivity predicted from Eq. (4.2),

kgo is 0.87 W/m °C, when the glass slide is neglected. Its corresponding
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enhancement is 74% (k/k,-1=0.87/0.5-1). For the major feeding vessel pair in
our experiment, the Weinbaum-Jiji theory for the effective thermal conductivity
has been shown to reasonably describe the enhancement in thermal conductivity
due to countercurrent blood flow.

Though the size of the countercurrent vessel pair used in the present study
is similar to thatin (Zhu et al. 1996) (~150 um in diameter), the blood flow rate
is significantly higher and thus the blood flow Peclet number, 20.3 in the current
study, exceeds the maximum value of 14 in (Zhu et al. 1996). Two possible
causes for the lower blood flow in their research are: (i) the rat cremaster has a
lower normal temperature (~34 °C) than most skeletal muscles (~37 °C); (ii)
some vessels were traumatized when the rat cremaster was dissected from the
testicle. As a result of the relatively higher blood flow in the rat spinotrapezius,
the thermal nonequilibration between the tissue and blood vessel is significantly
greater in the current study. The temperature difference between the vessels and
their surrounding tissue was in the range of 0.06°C to 0.12 °C.

One surprising finding shown in Fig. 33 is that the predicted enhancement
in k4 is significantly smaller than that predicted in our previous study in Chapter
2, where a nearly 5-fold enhancement was predicted for a 200 um vessel pair.
This reduction in k is due to (i) a smaller vessel spacing l/a=2.7 (compared to

l/a=3.1 in the present case) was used to predict the enhancement in kgin Chapter
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2; and (ii) neither the supporting glass slide nor the diameter difference between
the artery and vein were considered in Chapter 2.

Finally, predictions of the surface temperature profile from our three
dimensional model were found to be in a good agreement with the experimental
results in the muscle tissue. Further improvements can be made in theoretical
modeling by developing Green'’s function solutions for the muscle using actual
boundary conditions at x=+D" for T(-D)=T,, T,(D)=T,, instead of the
superposition approximation used in the present study. Vessel branchingcan also
affect the temperature distribution. This should be incorporated in future

theoretical modeling studies.
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Chapter 5. Conclusions

The present research has led to a better understanding of the importance
of countercurrent blood flow in blood-tissue heat exchange at the microvascular
level. It has been experimentally demonstrated that vasoregulation and vascular
structure can significantly affect blood-tissue heat transfer. The thermal
disturbance due to the blood vessels in the surrounding tissue has been observed
for the first time in the microcirculation for conditions in which there is a
significant increase in k. Furthermore, the important role that countercurrent
heat exchange plays in microvascular heat transfer has been quantitativelv
studied. The Weinbaum-Jiji k4 theory has been shown to reasonably predict the
average enhancement of tissue thermal conductivity due to blood flow in
countercurrent vessels up to approximately 200 um in diameter, which is the
upper limit of validity of the Weinbaum-Jiji theory in microvasculature.

The detailed microvascular structure of the rat spinotrapezius, especially
its countercurrent vessel structure, was investigated in Chapter 2. The paired
vessel center-to-center spacing, which is important in estimating the efficiencv of
countercurrent heat exchange, was accurately measured for the first time. The
dimensionless spacing, given by the ratio of the center-to-center spacing to the

vessel radius (/a), lies within the range of 2.2-3.3 for the first-order (1A)

A
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countercurrent vessels, 2.3-3.5 for the second-order (2A) vessels and 2.8-5.0 for
the third-order (3A) vessels. In Chapter 2, measurements were also made for the
changes in vascular diameter and blood flow in pharmacologically induced
vasoconstricted and vasodilated states. These measurements have been combined
with the Weinbaum-Jiji theory to predict the enhancement in k; due to local
blood perfusion, and to establish the limits of the validity of the Weinbaum-]Jiji
theory. Furthermore, the conduction shape factor for two-dimensional tissue
preparations has been applied for the first time to predict k. Using vasoactive
drugs, we have shown that the volumetric blood flow rate was increased 7, 8 and
11 fold from vasoconstriction to vasodilation for the 1A, 2A and 3A vessels,
respectively. According to the Weinbaum-Jiji theory, k4 is proportional to the
second power of the flow rate. Thus, the large change in blood flow from
vasoconstriction to vasodilation suggests that a significant enhancement in k ;can
be achieved through vasoregulation. A 5-fold increase in k4 was predicted for the
maximally dilated 195 um diameter vessels in the rat spinotrapezius. Results
have indicated that the Weinbaum-Jiji expression for kg is valid in the
spinotrapezius muscle tor various vasoregulated conditions as long as the largest
blood vessels are less than 200 um in diameter.

The empirical scaling relations for the rat spinotrapezius were described

in Chapter 3. These relations reveal the change in blood flow with respective to
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vessel size under various vasoregulated conditions. The primary objective of this
part of study was to provide a reliable method to predict blood flow in
countercurrent vessels where it is difficult to obtain accurate velocity
measurements. Experiments were performed on a number of rats of greatly
different weights, and the concept of intraspecies scaling was applied in processing
the measurements. Scaling relations (Table 6) have been established between the
vascular blood flow and the spinotrapezius muscle weight. It is evident that the
resulting exponents of these allometric scaling relations are mostly less than 1,
and that the measured volumetric blood flow rate does not increase in proportion
to the organ size. Also, it has been found that the exponents for the same vessel
generation are similar in vasoconstriction and vasodilaton, which differ only
slightly from that in baseline. It implies that the physiological flow mechanisms
might be very similar for conditions of maximum vasoconstriction and
vasodilation. These scaling relations are useful to estimate the magnitude of the
blood flow rate in the rat spinotrapezius if the body, tissue or vessel size, which
is not too far beyond our experiment range, is given.

In Chapter 4, an experimental approach was developed to obtain
noninvasive direct measurements of the thermal disturbance produced by the
countercurrent microvessels in the muscle tissue. A high-resolution infrared

thermographic technique was used to measure the detailed in vivo muscle surface
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temperature field. Vasoactive pharmacological agents were emploved to increase
the local blood flow Peclet number up to 20.3 in the major feeding arterv.
Measurable temperature disturbances due to the countercurrent blood flow were
found only above the first-order feeding vessel pair in its vasdodilated state. They
first occurred when the blood flow Peclet number was approximately 14 and the
feeding artery was 115 um diameter. Such disturbances became more observable
when the countercurrent pair was vasodilated and the local Peclet number
increased to 20.3 and the artery diameter to 141.7um. The increase in blood
flow, due to the increase of vessel diameter and decrease in flow resistance in the
downstream vessels, enables much warmer blood to be carried through the tissue
preparation. On the other hand, the flow rate increase also produces a higher
inlet temperature at the proximal boundary. The dependence of blood-tissue heat
exchange on the local blood flow rate has been clearly observed in this study. The
infrared thermographic technique has been demonstrated as a useful tool in
microcirculatory heat transfer analysis for its high spatial temperature resolution
on a length scale of the diameter of the thermally significant microvessels. Using
this technique, the blood-tissue heat transfer and the thermal equilibration
process in the microcirculation has been localized, and related to the local blood
perfusion rate.

The analytical study described in Chapter 4 predicted both the axial and
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the cross-sectional temperature distributions with respect to the vessel pair. The
close agreement between the analytical and experimental results in the vasodilated
state confirms that the analysis accurately accounts for the effect of
countercurrent convection. It also indicates the importance of including axial
conduction in the tissue, the supporting glass slide, as well as the linear tissue
temperature gradient in the direction perpendicular to the vessel axial direction.

The effective thermal conductivity of the tissue given in Chapter 4 was
measured experimentally using a fin approximation and predicted theoretically by
the Weinbaum-Jiji expression for ks The two average values were in a good
agreement indicating that the Weinbaum-Jiji theory is valid for the conditions of
this experiment. One can, therefore, conclude that in our experiments, where the
vessel diameter is smaller than 200 um, the Weinbaum-Jiji £ ztheory successfully
accounts for the thermal effect of blood flow in the countercurrentlv paired
vessels and provides a good estimation of the axial decay of the tissue temperature
field along the direction of the vessel pair.

As a major result achieved in this study the convective effect of blood flow
in microvessels up to 200 um diameter has been clearly demonstrated. Further
research needs to be directed to study the convective effect of blood flow in
thermally significant vessels ranging from 200 to 1000 um diameter where it is

lack of both theoretical and experimental studies. The theoretical study of the
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heat transfer in vessels ranging from 200 to 1000 um diameter needs to describe
heat transfer between the tissue and the supply artery and vein (SAV) vessels.
According to Myrhage and Eriksson (1984), SAV vessels of the skeletal muscle
lie between 300 and 1000 um in diameter and are, thus, just in the desired size
range. Due to their location and vascular characteristics, the SAV vessels can be
treated as a countercurrent vessel pair embedded in a tissue cylinder. However,
this model needs to consider the followings: First, axial conduction will occur in
the tissue region. Second, the cross-sectional area of the tissue cylinder, the vessel
radius and the blood flow velocity can change in the axial direction. Third, there
can be an axial temperature variation on the tissue cylinder surface due to
geometrical orientation. By solving the boundary value problem for the tissue
cylinder with the SAV vessel pair, one can quantitatively evaluate the heat
transfer between blood and tissue for vessels between 200 to 1000 um in
diameter. In addition, by knowing the temperature profiles for the SAV vessel
pair, T, in the newly derived blood perfusion term wp,c,AT(T,,,-T,) (Weinbaum
et al. 1997), will be identified.

Future experimental studies for the heat transfer in vessels ranging from
200 to 1000 pum are required to provide detailed information on vascular
structure, blood flow rate and local temperature profiles of these vessels. At first,

although comprehensive anatomical studies have been performed on the
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arrangement of the vascular beds in different types of skeletal muscles (Myrhage
and Eriksson, 1984), for many organs it remains unclear how thermally significant
vessels ranging from 200 to 1000 um diameter are oriented in the vessel tissue
cvlinders. Techniques and measurements need to be developed and emploved to
study the vascular structures. Secondly, blood flow rate measurements are
essential for predicting convective heat transfer. However, the optical Doppler
method for measuring velocity is no longer applicable for the vessels between 200
to 1000 um diameter due to the large flow rate. Alternative techniques including
magnetic resonance angiography and ultrasonic Doppler techniques are to be
explored. These techniques, thus far, have only been applied to verv large vessels.
Thirdly, the local in vivo tissue or blood temperature measurement is always a
challenge in bioheat transfer. In the present study the amplitude of the
temperature difference between blood and tissue has been measured in thermally
significant microvessels less than 200 um diameter using the infrared imaging
technique. Lagendijk and Mooibroek (1986) have used thermocouples to studv
the local heat transfer in very large blood vessels in an isolated organ. However,
no one has ever measured the local axial thermal equilibration in the vessels that
are between 200 and 1000 um diameter. Vessels in this range are usuallv too
large to be treated as a continuum thermal source and too small to be considered

as vessels with constant temperature. The possibility of making temperature
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measurements along the outside wall of the vessels by thermocouples,
microsensors. or atomic force microscopy can be investigated. Once the axial
temperature measurements along these vessels are performed, the thermal
interaction between these partiallv equilibrated blood vessels and their
surrounding tissue could then be analyzed.

Finally, the blood-tissue heat exchange in various thermal environments is
also a topic of interest for many researchers. These studies will provide the
quantitative basis for predicting the effect of local thermal environment on tissue
heat transfer for therapeutic applications such as hyperthermia and diathermy in
cancer treatment as well as understanding the normal physiological response of

the body to heat stress.

. i . D D . -
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Appendix

The derivation for k4, in Eq. (4.7)

t

Qc(H;)é:* (D
o i ' . .)’L\( QL")

2D _
Q) / L / %L_Z
7 tissue, k, Hi  /X"QuD") | /l/ —> ’
_._.> .

glass, kg, H; | Q:(L")

Q4(0) |

'\_\7 Qc('H;)

Conservation of heat requires the following:

Q(0)+Q,(0)+Q(-D ") =Q(H)+Q(-H,)+Q(D")+Q (L )+Q(L")  (A.)
Q in the current appendix represents the heat flux. Two assumptions have been
made. There is zero-net heat exchange on two sides of the muscle strip and the

temperature is uniform across the glass-tissue thickness.

Q,(-D")=Q(D")

. (A.2)

QH,)=Q,(-H;)

Apply these assumptions, Eq. (A.1) reduces to
Q,(0)+Q,(0) =2Q (H,)+Q(L")+Q,(L") (A.3)

Q.(0), Q,(0), Q(H ), QL") and Q,(L") can be expressed as

I
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Q,(0)= —kt_l'i?lno'ZD H,

dT .
Q,(0) =k l..g2D “H,
-
Q.(H|)=[h(T-T_)-2D "dz=h(T-T_)-2D "L~
0
: dT _—
QL )=—k,—d;l:=L--2D H,

. aT -
QL") =k, 2D H,

Substituting Eq. (A.4) into Eq. (A.3), we obtain

L dr o dT I
ktd_z|:=o 2D Hf -kgz‘:=0-2D -Hg =
2:h(T-T_)-2D "L ‘—krﬂl,_L.-ZD “H, -k ar,
dz *~ ¢4z
Solving Eq. (A.5) for k,, one obtains

2hL*(T-T '

Yk T (dT o

E k4 .

(==l H, H

dz dz * ‘
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Table 1. Average values of vessel diameter and centerline red cell velocity in
vasoconstricted, baseline and vasodilated conditions.

Vasoregulatory |4 d
Generation Condition (mm/sec) _ (um)
VvC 20.25+2.78 54.16+6.13
1A B 24.95+0.89 99.55+13.82
VD 29.17£2.15 119.23+11.66
VvC 14.94+3.11 42.88+5.05
2A B 20.92+3.73 74.90+£9.25
VD 25.56+4.61 90.01+9.46
VvC 9.13%£2.13 27.00+2.69
A B 16.42+2.33 42.53+3.33
VD 21.29x4.43 58.40%+8.33

3
VC: vasoconstriction (107 M Norepinephrine), B: baseline, VD: vasodilation
(102 M Na Nitroprusside) .
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Table 2. Evaluation of k gk, from the experimental measurements.

Vessel

Vasoconstriction

l Vasodilation

Vesel T Vasoconsicion_|
:nera IOUI diameter (um) noLe? " diameter (um) noLe’
- T

54 -

1A 119 0.46
2A 43 -- 90 0.14
3A | 27f - 58 0.02
I = =
¥ nioLeiz negligible 0.62

i

13

k gk,

1+)° nl_oLe,.2 =1

1+)° nioLe,.2 =1.62
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Table 3. £ and (d/2)-Pe for vessel diameters from 75 to 195 um

r———r_.————$=’
d (um) 75 95 115 135 155 175 195
£ 0.04 | 0.06 | 0.08 0.10 | 0.13 0.16 | 0.19
(d/2)-Pe 024 | 045 | 0.75 1.15 1.67 2.32 3.11
(mm)

—— 1 ———
—_—

R —
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Table 4. Evaluation of k 4k, for large vessels which are scaled roughly as the same
portion of the 1A, 2A and 3A in Table 2.

Vessel T Vasoc;n—striction — Vasodilation
Generation l diameter (um) noLe? l diameter (um) nole?
1A 0.20 200 4.36
2A 0.06 150 1.26
3A - 100 0.22

0.26 3.84

Y nioLe,.2

k gk,

.

1+ n‘,crLe,.2 =1.26 1+Y noLe =6.84
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Table 5. Evaluation of kk, for large vessels which precisely follows the Murray’s
law and the diameter of the dilated 1A reaches to the limit of the validation of

Weinbaum-Jiji theory in the rat spinotrapezius.

Vessel r Vaso-:o;striction IF VasSiLlation “

G :
eneration diameter (um) I diameter (um) nolLe? ||
0.19 195 3.91
0.07 154.8 1.44
0.03 122.8 0.53 |
0.29 >.88

1+Y noLe’ =129 1+Y noLe =6.88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




100

Table 6. Regression equations for each vessel generation under defferent
vasoregulatory conditions.

Q (nl/s): blood flow rate,
coefficient of determination

w (mg): muscle weight,

Vessel Vasoconstriction Baseline Vasodilation
Genera- (10" M (10 M Na
tion Norepinephrine) (n=12) Nitroprusside)
(n = 6) (n = 10) |
e P——— —
1A Q=4.45-w"% Q=3.39-w0%6 Q=11.5-w%®
R=0.99 R=0.97 R=0.87
2A Q=1.92-w*" Q=2.22-w*# Q=4.62-w""3
R=0.96 R=0.92 R=0.89
3A Q=0.380-w%% Q=0.423-w'% Q=0.922-w*°"
i R=0.88 R=0.89 R=0.90

R: square root of the
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Table 7. Volumetric blood flow rate under various vasoregulatory conditions and
different rat weight ranges.

’ Rat Weight " Vascular Condition
Range "

Baseline_ Vasoreggatorv States
145+8.0 (g) Q=0.00128-4**8 Q=0.000510-4>"
R=0.98 R=0.98
69-162 (g) Q=0.000533-4%%¢ Q=0.00141-4**
R=0.85 R=0.96 f
) — -

Q (nl/s): blood flow rate, d (um): vessel diameter, [
R: square root of the coefficient of determination,

Vasoregglatogz States: vasoconstriction, baseline and vasodilation
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Table 8. The effective thermal conductivity by the Weinbaum-Jiji theory (k) and
by the fin approximation (k).

CaseNo. | 1 | 2 3] a5 ]e]7]s]o]i0]
I EEEEEE G SR B I R R B 1

kqf 0.71 | 0.72 {0.65 ] 0.66 | 0.67 | 0.60 | 0.72 10.76 | 0.70 | 0.75
(W/m°C)

k 0.66 | 0.67 10.66 | 0.60 1062 }]056 066 }|076{065]|0.77
(W/m°C)

A (%) 704 16941541909 | 746 | 6.67 | 833 ]10.00]7.14 | 2.66
%———%- -
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2 mm

Figure 1. Photomontage of the rat spinotrapezius preparation.
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Figure 2. Schematic of the experimental setup used to study the spinotrapezius
muscle.
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Figure 3. Measurements of vessel length L, (mm) and vessel pair number density
n; (No/mm?®) from the photomontages of nine rat spinotrapezius muscle
preparations and comparison between measurements of the rat spinotrapezius and
cremaster muscle.
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Figure 4. Average values of the 1A, 2A and 3A vessel diameters and the
corresponding centerline red cell velocities at vasoconstriction, baseline and
vasodilation.
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Figure 5. Average volumetric blood flow rates in the 1A, 2A and 3A vessels at
vasoconstriction, baseline and vasodilation.
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Figure 6. Variation of the blood flow Peclet number with the vessel diameter.

-

I—
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



109

8- 1A
016  9: 1A 1 4.0
eC 3A /
— = e =460MO //
————— d/2)*Pe = 2.19*1 0 e .
(d/2)*Pe (@ “ /u {39
012 } N e
/ _
. sy 124 E
@ A A 0/ ~—
0.08 | 4 . i &
¢ S ® x
/ 11.6 &
g . (d/2)*Pe 3
[ ] £
0.04 | ° e ;}/a’
. ® //A g, a ] 0.8
EL st
oK é’_dp@’
0.00 ___iw

0.0
0 20 40 60 80 100 120 140 160
blood vessel diameter, d (L m)

Figure 7. Variation of & and (d/2)-Pe with the vessel diameter.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




110

free convection
___6

]
!
Ho|
I
]

" ] /‘\ m i _
i ! 'D. (gv- T") asy ¥la, .;
5 &/ [0\gem Dl
H | ! i

l,\ . . /‘,

F ! adiobatic adiobatic |
| - 1
_—

free convection

Figure 8. Schematic of the cross-section plane of the rat spinotrapezius.

I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111

28 D=80
Bi=0.15, H=6
————— B:=0.015, H=6
. 23 - N - - - - B=0.003, H=6
5 —~—— B=0.05, H=2
. i «OONC e B:=0.005, H=2
§ 22 A - - - B=0.001, H=2
“% L
) 1.9 B
(=9
- ]
=
- 1.6 B
8
b
(&}
2 13}
=
(=}
(3]
1.0+

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Figure 9. Variation of the newly derived conduction shape factor with the free
convection and the vessel spacing (/a).

Reproduced with permiss:ion of the copyright owner. Further reproduction prohibited without permission.



0.8 [-
[ ] 1A
A 2A
® 3A
T o6l ——— 477%10°(d)*> y
o /
& /"
$
~< 04+ .
g
8 02} * s 8 "
E 4
5 £
° ® _ A A
0.0 -—M—"l'k"
0 20 40 80 100 120

blood vessel diameter, d (um)

Figure 10. Variation of n,oLe with the vessel diameter.

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

112




113

4_
Né_ 3’_
-
©
S
37
g
=
2 1f
3
c
(-1
=
5 O0Ff

-1

0 40 80 120 160 200

blood vessel diameter, d (tm)

Figure 11. Extrapolation of n,oLe? for vessels up to 195 um diameter.

.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




114

200
— & — w, w=0.0273(W)t%, R=0.97
160 |
o
g
2 120} °
% ° //
= e
3
o 80F s
i) /‘
3 s »
E Ve
40 | o 00
%
0
0 40 80 120 160 200 240

rat weight, W (g)

Figure 12. Allometric relationship between the spinotrapezius muscle and the
rat weight.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115

200 - --0—-- 1A, Q=4.45(w)**, R=0.99
---a--- 2A, Q=1.92(w)*™, R=0.96
--® - 3A, Q=0.380(w)*%, R=0.88
- 160
=
&
o
e 120 )
§ "”/
2 P
= 80 T
3 T
S I e JBY WLt .
o) o T
40 1 . -‘ a . --w-"" g
a ._____-—-"'
.i’ -
0 .
0 20 40 60 80 100 120 140

muscle weight, w (mg)

Figure 13. Allometric relationship between the volumetric blood flow rate in the
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Figure 24. Vascular photo of the first-order vessel pair and its surrounding tissue.
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Figure 25. Thermal image of the first-order vessel pair and the surrounding tissue
in baseline.
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Figure 26. Thermal image of the first-order vessel pair and the surrounding tissue
in vasodilation.
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Figure 27. Experimental surface tissue temperature profiles at three different axial
locations in baseline.
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