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Experimental Measurements
of the Temperature Variation
Along Artery-Vein Pairs from 200
to 1000 µm Diameter in Rat Hind
Limb
Theoretical studies have indicated that a significant fraction of all blood-tissue
transfer occurs in artery-vein pairs whose arterial diameter varies between 200 and
mm. In this study, we have developed a new in vivo technique in which it is possib
make the first direct measurements of the countercurrent thermal equilibration that o
along thermally significant vessels of this size. Fine wire thermocouples were attach
superglue to the femoral arteries and veins and their subsequent branches in rats a
axial temperature variation in each vessel was measured under different physiolo
conditions. Unlike the blood vessels,200mm in diameter, where the blood rapidly
equilibrates with the surrounding tissue, we found that the thermal equilibration leng
blood vessels between 200mm and 1000mm in diameter is longer than or at leas
equivalent to the vessel length. It is shown that the axial arterial temperature decays
44% to 76% of the total core-skin temperature difference along blood vessels of this
and this decay depends strongly on the local blood perfusion rate and the vas
geometry. Our experimental measurements also showed that the SAV venous blood
tured up to 41% of the total heat released from its countercurrent artery under no
conditions. The contribution of countercurrent heat exchange is significantly reduce
these larger thermally significant vessels for hyperemic conditions as predicted by p
ous theoretical analyses. Results from this study, when combined with previous analy
vessel pairs less than 200mm diameter, enable one estimate the arterial supply tempe
ture and the correction coefficient in the modified perfusion source term developed b
authors. @DOI: 10.1115/1.1517061#
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Introduction

It is widely recognized that the blood flow distribution an
detailed vascular geometry have a profound effect on the
exchange between the blood and tissue and the heat exchan
the tissue near the surface of the body with the environment. M
investigations of countercurrent heat exchange in humans
other mammals have either examined the heat transfer betw
the major supply arteries and veins in the limbs@1# or the thermal
equilibration in vessels less than 200mm diameter in the micro-
circulation. The latter are not direct temperature measureme
but surface temperature measurements above small artery
pairs in thin two-dimensional tissue preparations@2–5#. No
equivalent experiments have been previously performed
artery-vein pairs whose arterial diameter ranges from 200 to 1
mm, although theoretical studies indicate more than half of
blood tissue heat transfer occurs in these vessels. Vessels o
size have been the most difficult to treat both theoretically a
experimentally because they are both numerous and have a
plicated three-dimensional architecture. Using a new experime
technique developed in this paper, we have been able to mak

1Corresponding author: Liang Zhu, Ph.D., Department of Mechanical Engin
ing, University of Maryland Baltimore County, Baltimore, MD 21250. Tel: 410-45
3332, Fax: 410-455-1052, email: zliang@umbc.edu
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BIOMECHANICAL ENGINEERING. Manuscript received January 2001; revised man
script received July 2002. Associate Editor: E. P. Scott.
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first direct measurements of the axial thermal equilibration in
branching three-dimensional network whose countercurrent a
ies and veins are of this size. These studies have been perfo
on the femoral arteries and veins and their branches in the
limbs of mature Sprague-Dawley rats.

The heat transfer function of the vascular system has been
preciated since the mid-19th century and has been quantitati
modeled by various investigators@6–9#. Various models have
been introduced to simplify the tissue-vessel thermal interac
and provide a single effective bioheat transfer equation. One
the most widely-used continuum models was developed
Pennes@6#, where the effect of the blood was modeled as a vo
metric and isotropic source term. However, its fundamental
sumptions as to where and how this thermal equilibration
curred were questioned by several investigators@7,10#.
Theoretical models suggested that most blood-tissue the
equilibration did not occur in capillaries, as assumed in Penn
but in vessels between 50 and 500mm and that there was little
equilibration in vessels.1 mm diameter. Weinbaum et al.@10#
proposed that the primary mechanism by which the microvasc
blood flow alters the tissue heat transfer is incomplete counter
rent exchange in thermally significant microvessels of this s
and introduced a new bioheat equation to describe this blo
tissue heat exchange@8#.

The Pennes and Weinbaum-Jiji models represent two extr
situations of blood-vessel thermal interaction. In the origin
Pennes model, the arterial blood releases all of its heat to
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surrounding tissue in the capillaries and there is no venous
warming. As mention above, Pennes did not realize that ther
equilibration was achieved in vessels at least an order of ma
tude larger than capillaries. In contrast, in the Weinbaum-
model there is nearly complete countercurrent rewarming and
is assumed to be the main mechanism for blood-tissue heat t
fer. Subsequent theoretical and experimental studies have sh
this is a valid assumption only for vessels less than 200mm di-
ameter@2,11# where the both the artery and vein follow the loc
tissue gradient. Several theoretical studies have suggested tha
way to overcome the shortcomings of both models was to in
duce a ‘‘correction coefficient’’ in the Pennes perfusion te
@9,12–15# which accounts for rewarming in the countercurre
vein.

The analyses in Weinbaum et al.@9# and Zhu et al.@15# have
provided the theoretical framework for the present experime
The combined model in@9# and@15#, which is based on anatomi
cal studies of Myrhage and Eriksson@16#, suggests that therma
equilibration is achieved in two stages, first partial equilibration
supply arteries and veins~SAV vessels! as the arterial vessel
decrease in size from 1000 to 200mm diameter, and then fina
equilibration in the s vessel tissue cylinders where the vessels
all ,200mm. The new modified perfusion term in Weinbau
et al.@9# has the simplicity of the Pennes model, but also accou
for the venous rewarming by determining the net heat relea
from the countercurrent artery and vein to the surrounding tis
in the s vessel tissue cylinders. The model predicts that the ve
rewarming accounts for typically 30 to 40% of the heat relea
by the countercurrent artery in s vessel tissue cylinders.
model for the SAV vessels in@15# predicts that the extent of th
thermal equilibration in the SAV vessels depends greatly on
blood perfusion rate and the vascular geometry. However, the
tent of venous rewarming is independent of the perfusion rate
approximately 40%. The principal objective of this paper is
demonstrate this equilibration experimentally in a branching v
sel network whose vessels are of the same size as the SAV ve
in human limbs. We would also like to measure the size of
‘‘correction coefficient’’ that appears in the modified Penn
source term in@9# and the extent of venous rewarming that occu
in these vessels.

There have been relatively few experimental investigations
local blood-tissue heat transfer because of the complicated
vascular organization of most tissues and the difficulty in mak
measurements in blood vessels whose dimensions are compa
to the thermal probes themselves. The vascular casts in Weinb
et al. @10# showed that nearly all microvessels in muscle tiss
that were.50mm dia, occurred as countercurrent artery-ve
pairs. Subsequently, Lemons et al.@17# obtained detailed tempera
ture profiles in the rabbit thigh which showed that if these ves
pairs were,200mm dia. the temperature difference between t
artery and vein would be 0.2°C or less. Crezee et al.@18# inserted
a small plastic tube into the tissue of an excised bovine kidney
measured the disturbance in the temperature field in a plane
pendicular to the tube when heated water was circulated thro
it. The effect of forced perfusion in the tissue was shown to
equivalent to an enhancement in thermal conductivitykeff as pre-
dicted by the Weinbaum-Jiji model. However, the macrosco
tissue temperature profiles measured by Roemer et al.@19# in ca-
nine thighs and by Xu et al.@20# in pig renal cortex were found to
be in better qualitative agreement with the Pennes equation
the Weinbaum-Jiji equation. More recently, the authors have
formed several experimental studies on different 2-D tissue pre
rations to evaluate the axial thermal equilibration in microvess
between 70 and 200mm diameter@2–5#. These studies have dem
onstrated that the expression forkeff is only valid for vessels less
than 200mm diameter. In these experiments the axial variation
vessel temperature is not measured directly, but deduced
Journal of Biomechanical Engineering
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high-resolution thermal images of the tissue surface in which o
sees the combined effect of the artery-vein pair and not the a
variation of the temperature in each vessel.

The present investigation is the first to directly measure
axial temperature profiles in both vessels of thermally signific
artery-vein pairs that are,1 mm diameter with the smallest arte
rial vessels being just above 200mm. These measurements ar
performed for a wide range of perfusion rates in which the vess
have been subjected to vasodilation, vasoconstriction and envi
mental cooling. The treatment of vessels of this size has prove
be the most difficult in bioheat transfer analysis. These vess
which are usually referred to asSAVvessels in humans and larg
mammals, are too numerous to be treated individually and
large to fall within the framework of continuum models such
the Pennes or Weinbaum-Jiji bioheat equations. While the ther
equilibration in intermediate vessels of this size would be ve
difficult to measure in large animals, they are the main vess
supplying the limbs in small animals such as the rat. These
periments were performed using a new protocol in which fine w
thermocouples were directly attached after microsurgery to
femoral vessels and their subsequent branches in a rat hind l

Methods
Twenty-two male Sprague-Dawley rats (weight5mean6SD,

467617 g) were used in this study. The rat was anesthetized w
intraperitoneal injections of pentobarbital sodium~40 mg/kg! and
put on a water-jacketed heating pad to keep it warm. Additio
anesthetic~sodium pentobarbital, 15 mg/kg, I.P.! was adminis-
trated as needed. A tracheal tube was inserted to maintain a p
airway. The rectal temperature was monitored throughout the
periment with a thermocouple inserted into the rectum. The d
section began only after the rat was unresponsive to a toe pi
The surgical procedure required approximately 30 minutes,
the subsequent experimental procedure required approxima
one hour or less.

An L-shaped skin incision over the medial aspect of the gro
and thigh region was made. The vasculature in the hind leg w
viewed under a Nikon® SMZ800 dissection microscope sta
~Image System Inc., Columbia, Maryland!. The left femoral artery
and vein and their subsequent branches were carefully expo
and separated from the surrounding fascia. The common femo
superficial epigastric and saphenous vessels were identified. O
exposed, a continuous drip of the Kreb solution@3# suffused the
thigh throughout surgery. Six high resolution thermocouples ma
with individual 50mm copper and constantan wires were carefu
attached with super glue to the femoral vessels and the saphe
branches~Figure 1!. During the surgery, the field of view was

Fig. 1 Schematic diagram of the vasculature in rat hind leg
and the locations of temperature sensors.
DECEMBER 2002, Vol. 124 Õ 657

Terms of Use: http://asme.org/terms



fl

i
r

e
d

s
t

e

o
s
x

s
e

e
f

w
e
d

i

.

b

i

p
m

rat
sels
ial

ev-
eal
phe-
ce.
tions
first

kes
rom
s

ter-
mal

nd

-

ates
al

sults
and,
by
rate
%
tions
f the

ry.

its
the
der
-

280

Downloaded F
displayed on a closed circuit camera and videotaped for post
perimental measurement of the vascular geometry. The blood
rate in the left femoral artery was measured with a T106/T2
Animal Research Flowmeter~Transonic® System Inc., Ithaca
New York!. The skin was then closed and the rat was placed
box. The mean skin temperature was measured by three the
couples placed along the axial direction of the hind limb,
shown in Fig. 1. The experiment was controlled and the data w
acquired and recorded with LabView® software~National Instru-
ments, Austin, Texas! running on a PC.

Two measurement protocols were used in the experiments
the first protocol, temperature decay along the blood vessels
measured for two environmental conditions. After the femoral
tery and vein were exposed and isolated, the average blood
rate in the femoral artery was first measured by the flowmeter
a 0.7 mm V flow probe hooked around the vessel. The blood fl
rate was measured before the placement of the thermocoupl
ensure no interference between the temperature sensor an
ultrasound emitted by the flowmeter probe. The thermocoup
were then attached to the blood vessels. After the skin and inci
were closed, the rat was placed in the box at room tempera
The temperatures were then continuously measured at all se
locations and recorded by the computer. After the steady state
established, a fine thermocouple embedded in a 26-gauge n
was inserted into the rat limb to measure the local tissue temp
ture. The needle was inserted to measure the steady state tem
tures at different locations along the sensor path, as shown in
1. The trace of the needle was approximately parallel to the bl
vessel pair and less than 10 mm from the axial path of the ves
Next, a continuous flow of cold air was passed through the bo
change the environmental temperature for the rat. The rat was
subject to a cold environment at 13°C. The same procedure
then repeated as at room temperature until a new steady state
established and the tissue temperature was measured by the n
probe. After the temperature measurement, while the rat was
exposed to the cold environment, the skin was reopened and
thermocouples were quickly removed from the blood ves
Within 20 seconds, the flow rate in the femoral artery was m
sured by the flowmeter probe. Changes in temperature varia
along the blood vessels and blood flow rate, therefore, could
recorded for each environmental condition.

The second protocol was used to measure the temperatur
cay under conditions of vasoconstriction and vasodilation. A
the femoral artery and vein were exposed under the dissec
microscope, the average blood flow rate in the femoral artery
measured first by the flowmeter. To induce an increase or decr
in the blood flow rate in the hind leg, 2 cc Na nitroprussi
(1024.5 M) or NE (1025 M) was injected intramuscularly at sev
eral locations in the leg muscle. Ten minutes after the inject
the blood flow rate in the femoral artery was measured for
vasoconstrictive or vasodilative conditions. The thermocoup
were then attached to the blood vessels. The skin was closed
rat was placed in the box at room temperature. The temperat
at all blood vessel and tissue locations were measured as
scribed in the first protocol.

After the experiment, the rat was euthanized by a Na pento
bital overdose I.P.~150 mg/kg!. The hind leg was cut from the hip
and weighed. The weight of the hind leg was measured (m
6SD, 3262.9 g). The blood vessel radius and the locations
the temperature probes were measured later from individual v
images of the recorded videotape.

For each experiment, the steady state temperature variation
average blood perfusion rate were calculated. Statistical com
sons were performed using analyses of variance for repeated
sures. Results were expressed as mean6standard deviation~SD!.
Significance is evaluated at the 5% confidence level.
658 Õ Vol. 124, DECEMBER 2002
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Results
It has been observed that most of the blood vessels in the

hind leg occur as countercurrent vessel pairs. The femoral ves
are located deep in the hind leg and run parallel to the ax
direction of the leg. The femoral artery usually branches into s
eral blood vessels including the superficial epigastric, the poplit
artery, the saphenous artery and the muscular branch. The sa
nous artery and vein pair runs obliquely toward the skin surfa
In this experiment, temperatures are measured at three loca
along the femoral artery and its subsequent branches. The
thermocouple, denoted asA1, is placed at the beginning of the
femoral artery. The second thermocouple (A2) is placed at the
beginning of the saphenous artery where the femoral artery ta
a deeper course to the popliteal space approximately 12 mm f
location A1. The third probe (A3) is attached to the saphenou
artery approximately 15 mm downstream fromA2, as shown in
Fig. 1. Another three thermocouples are attached to the coun
current vein at the same axial locations to measure the ther
equilibration in the vein.

The average blood perfusion ratev @ml/(min•100g)# is esti-
mated using the equation,

v5Q/~100•m! (1)

whereQ is the blood flow rate~ml/min! in the femoral artery and
m is the weight~g! of the rat hind leg. The flow rates in the
femoral artery for the cooling, vaso-constrictive, normal, a
vaso-dilative conditions are 0.8260.07, 0.4460.05, 0.9960.18,
and 1.7360.22 ml/min. This corresponded to volumetric perfu
sion rates of 2.660.2, 1.360.1, 3.160.5, and 5.560.7 ml/(min
•100g). Figure 2 compares the measured blood perfusion r
under different physiological conditions. Compared to norm
conditions, the decrease in the environmental temperature re
in a 15% decrease in the blood perfusion rate. On the other h
the constriction of the vascular bed in the hind leg induced
vasoactive agents results in a 56% decrease in the blood flow
over the normal conditions, while vasodilation leads to a 75
increase. The sizes of the blood vessels at the measuring loca
are estimated and are listed in Table 1. The mean diameter o
femoral artery under normal conditions is approximately 700mm,
and the femoral vein is more than twice that of the femoral arte
The artery tapers to 370mm in diameter atA3. Under vasodilative
conditions, the artery is dilated and a 24%–35% increase in
diameter is observed. On the contrary, during vasoconstriction
blood vessel size does not change significantly from that un
normal conditions. The largestA1 arteries under normal and va
sodilation conditions were 940 and 1120mm and the smallestA3
arteries under normal and vasoconstriction conditions were

Fig. 2 Blood perfusion rates measured under different physi-
ological conditions. Vertical bars denote mean ÁSD. n is the
number of rats used. !: blood perfusion rate that is signifi-
cantly different „pË0.05… from that under normal conditions.
Transactions of the ASME
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Table 1 Average Values of Vessel Diameters at Different Axial Locations and the Flow Rates

conditions A1 V1 A2 V2 A3 V3

vasoconstriction (n55) 6866120 15706331 476680 656650 322680 4066115
D ~mm! normal (n512) 7006148 16206283 450690 5806183 370670 4506117

vasodilation (n55) 9506145 17906350 560653 7106194 4906124 5706128
g
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and 200mm. The effective range of the arterial vessels in o
experiments was thus from approximately 200 to 1120mm.

Figure 3 illustrates the rectal temperature, the skin tempera
and the temperatures at each axial vessel location. The fem
artery temperature is very close to the measured rectal temp
ture and the results show no significant difference between th
This result implies that the surface temperature of the vessel
highly accurate approximation of the mean blood temperature
the vessel. Under the normal conditions the arterial tempera
decays from 37.7°C (A1) to 35.9°C (A2), and 32.8°C (A3). A
4.9°C temperature difference betweenA1 and A3 is observed.
The thermal equilibration in the arterial blood is only partial
completed when the artery decreased to 370mm in diameter since
the temperature atA3 is still two degrees higher than the avera
skin temperature measured in the experiment. The drug-indu
vessel dilation not only increases the blood flow rate in the ves
but also results in a longer thermal equilibration length in t
artery. Note that the increase in the blood flow rate significan
alters the skin temperature. Under vasodilative conditions, the
terial temperature decreases only 2.6°C as the vessel size cha
from approximately 950 inA1 to 490mm in diameter inA3 and
the temperature atA3 is 3.3°C higher than the skin temperatur
During cold environmental conditions, the skin temperatu
(27.461.1°C) is significantly lower than that in thermoneutra
conditions (29.961.9°C).

Temperature variations along the femoral vein and its saph
ous branches for different physiological conditions are shown
Fig. 4. One notes that the rewarming of the countercurrent vei
significant and obviously cannot be neglected. Under normal c
ditions, the arterial temperature decays 4.9°C to the locationA3.
Over the same axial distance the venous blood recaptures the
released from the arterial blood leading to a 3.2°C increase in
temperature. The temperature difference between the counte
rent pair~Fig. 5! is as much as 2.1°C for the femoral vessels a

Fig. 3 Experimentally measured rectal temperature, skin tem-
perature, and temperatures along the artery under different
physiological conditions. A1, A2, and A3 represent different
thermocouple locations along the arteries. n is the number of
the measurements at each temperature sensor location. Verti-
cal bars denote mean ÁSD. !: temperature that is significantly
different „pË0.05… from that under normal conditions at each
measurement location.
Journal of Biomechanical Engineering
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it decreases to 0.4°C for vessels of 370mm in diameter. Similar
trends are observed during vasoconstriction and vasodilation.

The thermal equilibration in the countercurrent artery and v
is estimated by the ratio of the temperature decay over the
tance between locationA1 andA3 to the temperature difference
betweenTcore and Tskin . Table 2 lists the thermal equilibration
under the four physiological conditions. During vasodilatory co
ditions, the temperature decays only 44.4% and 36.1% for
artery and vein, respectively. The thermal equilibration lengths
shorter for the normal conditions where a 63.4% or 40.7% de
is observed for the artery or vein. Vasoconstriction of the vascu
bed further shortens the thermal equilibration length. Since
vascular geometries are similar for these physiological conditio
the blood flow rate could be the main factor in determining t
temperature decay in the countercurrent vessel pair. During

Fig. 4 Temperature variations along the femoral vein and its
saphenous branches under different physiological conditions.
V1, V2, and V3 represent different thermocouple locations
along the veins. n is the number of measurements at each tem-
perature sensor location. Vertical bars denote mean ÁSD. !:
temperature that is significantly different „pË0.05… from that
under normal conditions at each measurement location.

Fig. 5 Temperature differences between the countercurrent
artery and vein along its axial direction under different physi-
ological conditions.
DECEMBER 2002, Vol. 124 Õ 659
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hyperemic condition, the blood vessel is dilated and a hig
blood flow is induced, which results in a longer thermal equilib
tion length. Whereas, the blood flow rates for the cooling a
normal condition do not differ significantly from each othe
and the temperature decays by a similar percentage for
conditions.

Discussion
In this study, the flow rate in the femoral supply vessels w

manipulated to simulate different physiological conditions. T
volumetric blood flow rate increased approximately four fold
proceeding from vasoconstriction to vasodilation. Previous stu
have shown that the blood perfusion rate in skeletal muscle u
normal conditions varies from 1 to 3 ml/~min•100g! @21#. Results
from our study were slightly larger than the upper limit of th
previous measurements. This may be due to the anesth
induced vasodilation of the skeletal muscle and surgical trau
Our experiment showed that intramuscular injection of the sod
nitroprusside induced an almost twofold increase in the blood
fusion. Our results suggest that this blood flow rate incre
should be at least partially achieved by a decrease in vasc
resistance since vasodilation was observed in some vessel ge
tions. The blood perfusion rate achieved by nitroprusside is
much smaller than the previously reported value of 25
~min•100g! during hyperthermia treatment@22#. An isolated hind
limb may provide a better model if one wishes to better con
the local blood perfusion rate. The isolated limb will permit
wider range of flow.

The heat exchange between countercurrent microvasc
artery-vein pairs has attracted widespread attention since the
bined theoretical and experimental studies by the authors@8,10#
first suggested that this might be the dominant heat tran
mechanism in local blood tissue transfer. In this study the role
the heat exchange between the countercurrent artery and vein
examined in vessels that are the same size as the SAV ve
using anin vivo experimental model based on the rat hind lim
Thermal equilibration between arteries and veins with arterial
ameter ranging from 200 to 1000mm diameter was estimate
from the measured axial temperature variation along the bl
vessels. Previous studies@2,7,10# have estimated that most bloo
tissue heat transfer occurs in blood vessels between 70 and
mm diameter. No significant difference was observed between
rectal temperature and the temperature at locationA1 suggesting
that there was no significant heat loss from vessels larger than
mm diameter. In contrast, the arterial temperature decayed 4
under normal conditions as the vessel size decreased from 700mm
to 370 mm diameter in passing from locationA1 to A3. The
present model indicates that a more realistic upper bound for
onset of significant thermal equilibration is probably closer to 7
mm diameter under normal conditions.

In our theoretical study of the arterial temperature distribut
in SAVvessels ranging from 1000 to 300mm in diameter@15#, the
arterial temperature decay was predicted for varying blood fl
rates for two blood vessel branching patterns. The validation
the theoretical analysis can be qualitatively examined by com
ing the experimentally measured temperature decay with the t
retically predicted temperature variation along the mid-siz
blood vessels in rat hind limb. The blood flow rate in the femo

Table 2 Temperature decay along the artery and the vein

artery: @Ta~0!2Ta~L!#/
@Ta(0)2Tskin#

vein: @Tv(0)2Tv(L)#/
@Ta(0)2Tskin#

cooling 6.73/10.39564.8% 4.32/10.39541.6%
vasoconstriction 5.94/7.81576.1% 4.46/7.81557.1%
normal 4.92/7.75563.4% 3.16/7.75540.7%
vasodilation 2.6/5.85544.4% 2.1/5.85536.1%
660 Õ Vol. 124, DECEMBER 2002
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artery and vein and measured blood vessel dimensions in Tab
have been used as input parameters in the model in Zhu e
@15#. Figure 6 compares the theoretically predicted dimensionl
temperature profiles~lines! with experimentally measured dimen
sionless temperatures~symbols! at those three axial locations
Note that the dimensionless temperature profiles in Fig. 6
based on theoretical predictions for the average blood vessel
surface. The theoretical model assumes that the countercu
SAVvessel pair is embedded in a tapered tissue cylinder and
the SAVvessels run along the central axis of the tissue cylind
The theoretical predictions for the decrease in artery and v
surface temperature agree favorably with the experimental m
surements for both normal and hyperemic conditions. Both
perimental and theoretical results show an approximately 3
~hyperemic conditions! or 65% ~normal conditions! scaled tem-
perature decay along the arteries from locationA1 to A3, and
approximately 70% venous rewarming. Significant differences
tween the theoretical predictions and experiment can be foun
locationsA2 andV2, although there is reasonable agreement
the total temperature decay. Since flood flow measurements w
not obtained at locationsA2 andV2 it is not possible to establish
the origin of the differences between theory and experiment.
obtain a point to point comparison between model predictions
experimental data, one requires detailed vascular geometric in
mation and blood flow rates in each individual blood vessel
input in the simulation. In fact, some research groups, such
Raaymakers et al.@23#, have attempted to determine the detaile
vasculature down to blood vessels of 500mm diameter and have
applied numerical methods to model individual blood vessels
three-dimensional tissue preparations. Obviously, numerical m
ods to model blood vessels individually can be very useful
study the blood flow effect on tissue-vessel thermal interact
provided the detailed 3-D vascular geometry can be ascertai
The main objective of the current experimental approach was
to map the detailed vasculature in rat hind limb but to develo
new experimental approach for measuring axial temperat
variation in vessels where such measurements had not been
viously possible. It should be possible in the near future to do 3
numerical simulations for vessels in rat hind limb using an a
proach that combines the techniques in@23# and the present study

The experimentally measured temperature difference betw
the countercurrent artery and vein varies from approximately 2

Fig. 6 Dimensionless temperatures along blood vessel sur-
faces in the rat hind limb under both normal and hyperemic
conditions. Symbols represent experimentally measured di-
mensionless blood vessel surface temperature at different
thermocouple locations. Lines denote the theoretically pre-
dicted blood vessel wall temperature in the axial direction.
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for the large femoral vessels for normal conditions to 0.4°C wh
the vessels taper to 370mm diameter. These results indicate a
increasingly larger departure from perfect countercurrent heat
change as blood vessel diameter increases. The thermal equi
tion length measured along blood vessels between 200 and
mm arterial diameter is found to be comparable to or longer t
the vessel length. For vessels of this size the Weinbaum-Jiji e
tion is no longer a reasonable approximation for describing
effects of thermal equilibration since the criterion for its validity
exceeded. The original Pennes perfusion source term is not a
rate either, since the venous rewarming still accounts for a sig
cant fraction of the total heat exchange. The ratio of the temp
ture variation in the vein to the maximum temperature gradien
the rat hind leg changed from 57.1% to 36.1% for the lowest
the highest measured blood flow rates, respectively. If one c
bines the venous rewarming contributed by theSAVvessels and
smaller vessels, one obtains an approximately 70% rewarmin
the rat hind limb. This suggests that the correction coefficient u
in the modified Pennes source term in Weinbaum et al.@9# should
be approximately 30% for the vasculature in rat hind limb. Sin
the range of blood perfusion in the present experiment is relativ
narrow ~fourfold!, the effect of local blood perfusion on venou
rewarming can not be fully assessed. Isolated organs in whi
wider blood perfusion range can be achieved should be helpfu
more adequately evaluating the limits of venous rewarming.

Conclusion
In conclusion, rat hind limb provides a very useful experimen

model for studying thermal equilibration along countercurre
blood vessels comparable in size to SAV artery-vein pairs in 3
tissue preparations. Temperature decay along the countercu
blood vessels and temperature difference between the artery
vein at different vessel generations in rat limb can be measu
directly by temperature sensors. The validity of the previou
developed theoretical model@15# has been semi-quantitatively ex
amined using the current experimental data. The tempera
variations for different physiological conditions will help evalua
the arterial supply temperature variation and the correction c
ficient in the modified Pennes perfusion source term in@9#. Re-
sults from this study, when combined with previous analyses
vessel pairs less than 200mm diameter, enable one to describe t
entire thermal interaction between blood and tissue. Furtherm
the rat hind limb model should be useful in the future in study
the effect of blood perfusion on vessel temperature distribu
during hyperthermia as a treatment modality for various disea
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