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Experimental Measurements

of the Temperature Variation
Along Artery-Vein Pairs from 200
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Theoretical studies have indicated that a significant fraction of all blood-tissue heat
transfer occurs in artery-vein pairs whose arterial diameter varies between 200 and 1000

pm. In this study, we have developed a new in vivo technique in which it is possible to
make the first direct measurements of the countercurrent thermal equilibration that occurs
along thermally significant vessels of this size. Fine wire thermocouples were attached by
superglue to the femoral arteries and veins and their subsequent branches in rats and the
axial temperature variation in each vessel was measured under different physiological
conditions. Unlike the blood vessets200um in diameter, where the blood rapidly
equilibrates with the surrounding tissue, we found that the thermal equilibration length of
blood vessels between 2Q0m and 1000um in diameter is longer than or at least
equivalent to the vessel length. It is shown that the axial arterial temperature decays from
44% to 76% of the total core-skin temperature difference along blood vessels of this size,
and this decay depends strongly on the local blood perfusion rate and the vascular
geometry. Our experimental measurements also showed that the SAV venous blood recap-
tured up to 41% of the total heat released from its countercurrent artery under normal
conditions. The contribution of countercurrent heat exchange is significantly reduced in
these larger thermally significant vessels for hyperemic conditions as predicted by previ-
ous theoretical analyses. Results from this study, when combined with previous analyses of
vessel pairs less than 2Q@m diameter, enable one estimate the arterial supply tempera-
ture and the correction coefficient in the modified perfusion source term developed by the
authors.[DOI: 10.1115/1.1517061
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Introduction first direct measurements of the axial thermal equilibration in a

It is widelv recoanized that the blood flow distribution ar]qbranching three-dimensional network whose countercurrent arter-
Y 9 es and veins are of this size. These studies have been performed

detailed vascular geometry have a profound effect on the h%fﬁ he femoral arteries and veins and their branches in the hind
exchange between the blood and tissue and the heat exchangg af .« - re Sprague-Dawley rats

_the tis_sue_near the surface of the body with the en\{ironment. MOStrha heat transfer function of the vascular system has been ap-
investigations of countercurrent heat exchange in humans ciated since the mid-19th century and has been quantitatively
other mammals have either examined the heat transfer betw eled by various investigatof§—9]. Various models have
the major supply arteries and veins in the linfibjor the thermal heen introduced to simplify the tissue-vessel thermal interaction
equilibration in vessels less than 2@n diameter in the micro- anq provide a single effective bioheat transfer equation. One of
circulation. The latter are not direct temperature measuremeniss most widely-used continuum models was developed by
but surface temperature measurements above small artery-\qeghnege], where the effect of the blood was modeled as a volu-
pairs in thin two-dimensional tissue preparatiof-5. NO metric and isotropic source term. However, its fundamental as-
equivalent experiments have been previously performed feimptions as to where and how this thermal equilibration oc-
artery-vein pairs whose arterial diameter ranges from 200 to 1080rred were questioned by several investigatdi®,10].
um, although theoretical studies indicate more than half of aflheoretical models suggested that most blood-tissue thermal
blood tissue heat transfer occurs in these vessels. Vessels of jailibration did not occur in capillaries, as assumed in Pennes,
size have been the most difficult to treat both theoretically armlit in vessels between 50 and 50én and that there was little
experimentally because they are both numerous and have a cempilibration in vessels>1 mm diameter. Weinbaum et d110]
plicated three-dimensional architecture. Using a new experimenpabposed that the primary mechanism by which the microvascular
technique developed in this paper, we have been able to make bh@od flow alters the tissue heat transfer is incomplete countercur-
rent exchange in thermally significant microvessels of this size
ICorresponding author: Liang Zhu, Ph.D., Department of Mechanical Engine@nd introduced a new bioheat equation to describe this blood-
ing, University of Maryland Baltimore County, Baltimore, MD 21250. Tel: 410-455tissue heat exchands]_
S Cantibuted by he Bioengineering Division fo publication in tanaL o 1116 Pennes and Weinbaum-Jiji models represent two extreme
BIOMEGHANICAL ENGINEERING. Manuscript received January 2001; revised manuSituations  of blood-vessel thermal interaction. In the original
script received July 2002. Associate Editor: E. P. Scott. Pennes model, the arterial blood releases all of its heat to the
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surrounding tissue in the capillaries and there is no venous |
warming. As mention above, Pennes did not realize that thern
equilibration was achieved in vessels at least an order of mag
tude larger than capillaries. In contrast, in the Weinbaum-J
model there is nearly complete countercurrent rewarming and tl
is assumed to be the main mechanism for blood-tissue heat tra
fer. Subsequent theoretical and experimental studies have shc
this is a valid assumption only for vessels less than 260 di-
ameter{2,11] where the both the artery and vein follow the loca
tissue gradient. Several theoretical studies have suggested that
way to overcome the shortcomings of both models was to intr
duce a “correction coefficient” in the Pennes perfusion terr
[9,12—-193 which accounts for rewarming in the countercurren
vein.

The analyses in Weinbaum et 8] and Zhu et al[15] have
provided the theoretical framework for the present experimen
The combined model if9] and[15], which is based on anatomi-
cal studies of Myrhage and Erikssgh6], suggests that thermal Fig. 1 Schematic diagram of the vasculature in rat hind leg
equilibration is achieved in two stages, first partial equilibration igng the locations of temperature sensors.
supply arteries and vein€SAV vessels as the arterial vessels
decrease in size from 1000 to 2@0n diameter, and then final

equilibration in the s vessel tissue cylinders where the vessels gfgn-resolution thermal images of the tissue surface in which one
all <200um. The new modified perfusion term in Weinbaumsees the combined effect of the artery-vein pair and not the axial
et al.[9] has the simplicity of the Pennes model, but also accounjgriation of the temperature in each vessel.

for the venous rewarming by determining the net heat releasedrhe present investigation is the first to directly measure the
from the countercurrent artery and vein to the surrounding tissagial temperature profiles in both vessels of thermally significant
in the s vessel tissue cylinders. The model predicts that the venaintery-vein pairs that arez1 mm diameter with the smallest arte-
rewarming accounts for typically 30 to 40% of the heat releaseil vessels being just above 2Q8m. These measurements are
by the countercurrent artery in s vessel tissue cylinders. Therformed for a wide range of perfusion rates in which the vessels
model for the SAV vessels ifiL5] predicts that the extent of the have been subjected to vasodilation, vasoconstriction and environ-
thermal equilibration in the SAV vessels depends greatly on tieental cooling. The treatment of vessels of this size has proven to
blood perfusion rate and the vascular geometry. However, the &€ the most difficult in bioheat transfer analysis. These vessels,
tent of venous rewarming is independent of the perfusion rate awich are usually referred to &AVvessels in humans and large
approximately 40%. The principal objective of this paper is tghammals, are too numerous to be treaFed individually and too
demonstrate this equilibration experimentally in a branching vel@rge to fall within the framework of continuum models such as

sel network whose vessels are of the same size as the SAV vesfsPennes or Weinbaum-Jiji bioheat equations. While the thermal
in human limbs. We would also like to measure the size of tHdullibration in intermediate vessels of this size would be very

“correction coefficient” that appears in the modified Penne ifficult to measure in large animals, they are the main vessels

source term 9] and the extent of venous rewarming that occurgup_plylng the limbs in small _anlmals such as the rat. These ex-
in these vessels. periments were performed using a new protocol in which fine wire

. . . N thermocouples were directly attached after microsurgery to the

There have been relatively few experimental investigations fdmoral vessels and their subsequent branches in a rat hind limb
local blood-tissue heat transfer because of the complicated 3- '
vascular organization of most tissues and the difficulty in makirﬂ) hod
measurements in blood vessels whose dimensions are compar ?é ods
to the thermal probes themselves. The vascular casts in Weinbauniwenty-two male Sprague-Dawley rats (weighthean-SD,
et al. [10] showed that nearly all microvessels in muscle tissud67+17 g) were used in this study. The rat was anesthetized with
that were>50 um dia, occurred as countercurrent artery-veifntraperitoneal injections of pentobarbital sodi4® mg/kg and
pairs. Subsequently, Lemons et [dl7] obtained detailed tempera-Put on a water-jacketed heating pad to keep it warm. Additional
ture profiles in the rabbit thigh which showed that if these vessgnesthetic(sodium pentobarbital, 15 mg/kg, hRvas adminis-
pairs were< 200 um dia. the temperature difference between thg_ated as needed. A tracheal tube was ms_erted to maintain a patent
artery and vein would be 0.2°C or less. Crezee ef1l] inserted airway. Thg rectal temperature was mor]ltored throughout the ex-
a small plastic tube into the tissue of an excised bovine kidney aRgfiment with a thermocouple inserted into the rectum. The dis-
measured the disturbance in the temperature field in a plane ﬁgtlon began only after the rat was unresponsive to a toe pinch.

% Thermocouples along arteries

< Thermocouples along veins
© Thermocouples at skin surface

Popliteal artery and vein

pendicular to the tube when heated water was circulated thro ee sslfgg::alljepr:f Ceiduerﬁn:ggglr edrci:pe%rl?;( émritellj)i/r : c? ‘,Tm? ;iﬁﬁ:tg(lj
it. The effect of forced perfusion in the tissue was shown to b N P P q PP y

valent t h tin th | ductiki Ohe hour or less.
equivalent to an enhancement in thermal conductivigyas pre- An L-shaped skin incision over the medial aspect of the groin

dicted by the Weinbaum-Jiji model. However, the macroscopig, thigh region was made. The vasculature in the hind leg was
tissue temperature profiles measured by Roemer €18llin ca- \ie\ed under a Nikon® SMZ800 dissection microscope stage
nine thighs and by Xu et al20] in pig renal cortex were found to (jmage System Inc., Columbia, Marylandhe left femoral artery

be in better qualitative agreement with the Pennes equation thgfy vein and their subsequent branches were carefully exposed
the Weinbaum-Jiji equation. More recently, the authors have pejhg separated from the surrounding fascia. The common femoral,
formed several experimental studies on different 2-D tissue prepamperficial epigastric and saphenous vessels were identified. Once
rations to evaluate the axial thermal equilibration in microvessedxposed, a continuous drip of the Kreb solut[@ suffused the
between 70 and 20@m diamete2—5]. These studies have dem-thigh throughout surgery. Six high resolution thermocouples made
onstrated that the expression q is only valid for vessels less with individual 50um copper and constantan wires were carefully
than 200um diameter. In these experiments the axial variation iattached with super glue to the femoral vessels and the saphenous
vessel temperature is not measured directly, but deduced fronanches(Figure 1. During the surgery, the field of view was
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displayed on a closed circuit camera and videotaped for post ¢ 7.00
perimental measurement of the vascular geometry. The blood fh;
rate in the left femoral artery was measured with a T106/T2(g 5 |
Animal Research FlowmetefTransonic® System Inc., Ithaca, £
New York). The skin was then closed and the rat was placed in%
box. The mean skin temperature was measured by three therrg 400 | - 8- - ——————————— =
couples placed along the axial direction of the hind limb, &%
shown in Fig. 1. The experiment was controlled and the data we-2
acquired and recorded with LabView® softwdidational Instru-
ments, Austin, Texasunning on a PC.

Two measurement protocols were used in the experiments.
the first protocol, temperature decay along the blood vessels v |
measured for two environmental conditions. After the femorala %% Vassanston Constriction Cool
tery and vein were exposed and isolated, the average blood flow
rate in the femoral artery was first measured by the flowmeter Vi&g. 2 Blood perfusion rates measured under different physi-

a 0.7 mm V flow probe hooked around the vessel. The blood floflegical conditions. Vertical bars denote mean ~ +SD. n is the
rate was measured before the placement of the thermocoupleQ4giPer Of rats used. ~ +: blood perfusion rate that is signifi-

. cantly different (p<<0.05) from that under normal conditions.
ensure no interference between the temperature sensor and fhe
ultrasound emitted by the flowmeter probe. The thermocouples
were then attached to the blood vessels. After the skin and incision
were closed, the rat was placed in the box at room temperatuﬂa sults
The temperatures were then continuously measured at all sensor
locations and recorded by the computer. After the steady state wa$f has been observed that most of the blood vessels in the rat
established, a fine thermocouple embedded in a 26-gauge ned¥lé leg occur as countercurrent vessel pairs. The femoral vessels
was inserted into the rat limb to measure the local tissue tempefi€ located deep in the hind leg and run parallel to the axial
ture. The needle was inserted to measure the steady state temd@F%Qt'on of the leg. The femoral artery usually branches into sev-
tures at different locations along the sensor path, as shown in Ie] blood vessels including the superficial epigastric, the popliteal
1. The trace of the needle was approximately parallel to the blo8He"Y: the saphenous artery and the muscular branch. The saphe-

vessel pair and less than 10 mm from the axial path of the vessﬂgus artery and vein pair runs obliquely toward the skin surface.

Next i f f cold ai dth hthe b this experiment, temperatures are measured at three locations
ext, a continuous Tlow ot cold air was passed through the box gl)ong the femoral artery and its subsequent branches. The first

cha_nge the environmgntal temperature for the rat. The rat was ﬂiﬁ@rmocouple, denoted &S, is placed at the beginning of the
subject to a cold environment at 13°C. The same procedure Wagoral artery. The second thermocoupk?] is placed at the
then repeated as at room temperature until a new steady state W&inning of the saphenous artery where the femoral artery takes
established and the tissue temperature was measured by the neg@igeper course to the popliteal space approximately 12 mm from
probe. After the temperature measurement, while the rat was Siitation A1. The third probe A3) is attached to the saphenous
exposed to the cold environment, the skin was reopened and #rtery approximately 15 mm downstream froh2, as shown in
thermocouples were quickly removed from the blood vessdiig. 1. Another three thermocouples are attached to the counter-
Within 20 seconds, the flow rate in the femoral artery was meaurrent vein at the same axial locations to measure the thermal
sured by the flowmeter probe. Changes in temperature variati@@uilibration in the vein.
along the blood vessels and blood flow rate, therefore, could beThe average blood perfusion raiée[ ml/(min-100g)] is esti-
recorded for each environmental condition. mated using the equation,

The second protocol was used to measure the temperature de-
cay under conditions of vasoconstriction and vasodilation. After »=Q/(100m) @

the femoral artery and vein were exposed under the dissectigfereq is the blood flow ratémi/min) in the femoral artery and
microscope, the average blood flow_ rate in the_ femoral artery Wasis the weight(g) of the rat hind leg. The flow rates in the
measured first by the flowmeter. To induce an increase or decreg§@oral artery for the cooling, vaso-constrictive, normal, and
in the blood flow rate in the hind leg, 2 cc Na nitroprussidgaso-dilative conditions are 0.82.07, 0.44-0.05, 0.99-0.18,
(10*5M) or NE (10 ° M) was injected intramuscularly at sev-and 1.730.22 ml/min. This corresponded to volumetric perfu-
eral locations in the leg muscle. Ten minutes after the injectiosion rates of 2.6:0.2, 1.3:0.1, 3.2-0.5, and 5.5:0.7 ml/(min

the blood flow rate in the femoral artery was measured for thd00g). Figure 2 compares the measured blood perfusion rates
vasoconstrictive or vasodilative conditions. The thermocouplé&der different physiological conditions. Compared to normal
were then attached to the blood vessels. The skin was closed. FRBdItions, the decrease in the environmental temperature results
rat was placed in the box at room temperature. The temperatufe§ 15% decrease in the blood perfusion rate. On the other hand,
at all blood vessel and tissue locations were measured as i constriction of the vascular obed in the hind leg induced by
scribed in the first protocol. vasoactive agents results in a 56% decrease in the blood flow rate

After the experiment. the rat was euthanized by a Na pentobSYe" the normal conditions, while vasodilation leads to a 75%
bital overdosepl R150 nlwg/kg The hind leg was CL?/t from t?le hip increase. The sizes of the blood vessels at the measuring locations
and weighed 'I.'h.e weight olf the hind leg was measured (meare estimated and are listed in Table 1. The mean diameter of the

; . oral artery under normal conditions is approximately zZ0®,
+SD, 32+2.9g). The blood vessel radius and the locations Qf, the femoral vein is more than twice that of the femoral artery.

the temperature probes were measured later from individual vidgge artery tapers to 376m in diameter aA3. Under vasodilative
images of the recorded videotape. conditions, the artery is dilated and a 24%-35% increase in its
For each experiment, the steady state temperature variation @fgmeter is observed. On the contrary, during vasoconstriction the
average blood perfusion rate were calculated. Statistical compaflood vessel size does not change significantly from that under
sons were performed using analyses of variance for repeated mggmal conditions. The largegtl arteries under normal and va-
sures. Results were expressed as mestandard deviatiofSD).  sodilation conditions were 940 and 112@n and the smallesA3
Significance is evaluated at the 5% confidence level. arteries under normal and vasoconstriction conditions were 280

B vasodilation n=6

Normal n=13
5.00 [ Constriction n=5 —
[ Cool n=8

2.00 A

Blood perfu

1.00
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Table 1 Average Values of Vessel Diameters at Different Axial Locations and the Flow Rates

conditions Al V1 A2 V2 A3 V3
vasoconstriction (&#5) 686+ 120 1570+ 331 476+ 80 656+ 50 322+ 80 406+ 115
D (um) normal (n=12) 700+ 148 1620-283 45090 580+ 183 370:70 450117
vasodilation (B=5) 950+ 145 179G= 350 56053 710+194 490-124 570+ 128

and 200um. The effective range of the arterial vessels in out decreases to 0.4°C for vessels of 3uth in diameter. Similar
experiments was thus from approximately 200 to 1L2Q. trends are observed during vasoconstriction and vasodilation.

Figure 3 illustrates the rectal temperature, the skin temperatureThe thermal equilibration in the countercurrent artery and vein
and the temperatures at each axial vessel location. The femasaéstimated by the ratio of the temperature decay over the dis-

artery temperature is very close to the measured rectal tempeemce between locatioAl andA3 to the temperature difference
ture and the results show no significant difference between thebetweenT,,. and Tg;,. Table 2 lists the thermal equilibration

This result implies that the surface temperature of the vessel isiader the four physiological conditions. During vasodilatory con-
highly accurate approximation of the mean blood temperature ditions, the temperature decays only 44.4% and 36.1% for the
the vessel. Under the normal conditions the arterial temperataeery and vein, respectively. The thermal equilibration lengths are

decays from 37.7°CA1) to 35.9°C @A2), and 32.8°C A3). A

shorter for the normal conditions where a 63.4% or 40.7% decay

4.9°C temperature difference betwefd and A3 is observed. is observed for the artery or vein. Vasoconstriction of the vascular
The thermal equilibration in the arterial blood is only partiallybed further shortens the thermal equilibration length. Since the
completed when the artery decreased to g@0in diameter since vascular geometries are similar for these physiological conditions,
the temperature a3 is still two degrees higher than the averagéhe blood flow rate could be the main factor in determining the

skin temperature measured in the experiment. The drug-indudechperature decay in the countercurrent vessel pair. During the

vessel dilation not only increases the blood flow rate in the vessel,
but also results in a longer thermal equilibration length in the
artery. Note that the increase in the blood flow rate significantlv
alters the skin temperature. Under vasodilative conditions, the .
terial temperature decreases only 2.6°C as the vessel size chai
from approximately 950 irfA1 to 490um in diameter inA3 and
the temperature &3 is 3.3°C higher than the skin temperature
During cold environmental conditions, the skin temperatur_ 350 |
(27.4£1.1°C) is significantly lower than that in thermoneutral®
conditions (29.81.9°C). :
Temperature variations along the femoral vein and its saphe
ous branches for different physiological conditions are shown
Fig. 4. One notes that the rewarming of the countercurrent vein
significant and obviously cannot be neglected. Under normal cc
ditions, the arterial temperature decays 4.9°C to the locaki®n
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 counterc
rent pair(Fig. 5 is as much as 2.1°C for the femoral vessels ana
Fig. 4 Temperature variations along the femoral vein and its
saphenous branches under different physiological conditions.
V1, V2, and V3 represent different thermocouple locations

Vasodilation n=6

40.0 1= Normal n=9

Constriction n=5

Cool n=6

mperatu
w
8
b
f

@

T

250

20.0

Vi V2

B Vasodilation n=6 along the veins. n is the number of measurements at each tem-
001 —————————————————— = Nomal n=9 perature sensor location. Vertical bars denote mean *SD. *:
% Constrction =5 temperature that is significantly different  (p<<0.05) from that
=3 - b n: under normal conditions at each measurement location.
c®¥°T1 - B | B 3.00
= *x
g BN yasodilation
2 250 |- ——— - s |
g 300 +— - —| i 0 Normal
g ' =3 constriction
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Fig. 3 Experimentally measured rectal temperature, skin tem-
perature, and temperatures along the artery under different

physiological conditions. A1, A2, and A3 represent different 0.00
thermocouple locations along the arteries. n is the number of
the measurements at each temperature sensor location. Verti-

TarTue TazTvz TasTvs

cal bars denote mean =*=SD. *: temperature that is significantly
different (p<0.05) from that under normal conditions at each
measurement location.
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Fig. 5 Temperature differences between the countercurrent
artery and vein along its axial direction under different physi-
ological conditions.
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Table 2 Temperature decay along the artery and the vein

artery:[Ta(0)—Ta(L)}/ vein: [T,(0)—T,(L)]/

[Ta(o)fTskin] [Ta(o)fTskin]
cooling 6.73/10.39 64.8% 4.32/10.3841.6%
vasoconstriction 5.94/7.8476.1% 4.46/7.8£57.1%
normal 4.92/7.7563.4% 3.16/7.7540.7%
vasodilation 2.6/5.8544.4% 2.1/5.8536.1%

Dimensionless Temperature Along Vessels

hyperemic condition, the blood vessel is dilated and a high 03| | @~ Artery temperature, hyperemic ; e
blood flow is induced, which results in a longer thermal equilibre & | | ® = Veintemperaturs, hyperemic

tion length. Whereas, the blood flow rates for the cooling ar ¢ —— Artery temperature, normal

normal condition do not differ significantly from each other 01 | O —— Veintemperature, normal

and the temperature decays by a similar percentage for b

o 0.0 ‘ ‘ -
conditions. 00 - 5.0 10.0 15.0 20.0 25.0 300

Vessel Length (mm)

Discussion Fig. 6 Dimensionless temperatures along blood vessel sur-

In this study, the flow rate in the femoral supply vessels wdsces in the rat hind limb under both normal and hyperemic
manipulated to simulate different physiological conditions. Theonditions. Symbols represent experimentally measured di-
volumetric blood flow rate increased approximately four fold ifensionless blood vessel surface temperature at different
proceeding from vasoconstriction to vasodilation. Previous studif§rmocouple locations. Lines denote the theorefically pre-
have shown that the blood perfusion rate in skeletal muscle un écrted blood vessel wall temperature in the axial direction.
normal conditions varies from 1 to 3 riifdin- 1009 [21]. Results
from our study were slightly larger than the upper limit of the
previous measurements. This may be due to the anesthesia-
induced vasodilation of the skeletal muscle and surgical traunstery and vein and measured blood vessel dimensions in Table 1
Our experiment showed that intramuscular injection of the sodiuhave been used as input parameters in the model in Zhu et al.
nitroprusside induced an almost twofold increase in the blood p¢t-5]. Figure 6 compares the theoretically predicted dimensionless
fusion. Our results suggest that this blood flow rate increasemperature profilefines) with experimentally measured dimen-
should be at least partially achieved by a decrease in vascud@nless temperaturesymbolg at those three axial locations.
resistance since vasodilation was observed in some vessel genli@te that the dimensionless temperature profiles in Fig. 6 are
tions. The blood perfusion rate achieved by nitroprusside is stilhsed on theoretical predictions for the average blood vessel wall
much smaller than the previously reported value of 25 myurface. The theoretical model assumes that the countercurrent
(min-1009 during hyperthermia treatmef22]. An isolated hind SAVvessel pair is embedded in a tapered tissue cylinder and that
limb may provide a better model if one wishes to better contréhhe SAVvessels run along the central axis of the tissue cylinder.
the local blood perfusion rate. The isolated limb will permit &he theoretical predictions for the decrease in artery and vein
wider range of flow. surface temperature agree favorably with the experimental mea-

The heat exchange between countercurrent microvascusairements for both normal and hyperemic conditions. Both ex-
artery-vein pairs has attracted widespread attention since the cgrarimental and theoretical results show an approximately 30%
bined theoretical and experimental studies by the autf®id)] (hyperemic conditionsor 65% (normal conditions scaled tem-
first suggested that this might be the dominant heat transfegrature decay along the arteries from locatidh to A3, and
mechanism in local blood tissue transfer. In this study the role approximately 70% venous rewarming. Significant differences be-
the heat exchange between the countercurrent artery and vein wesen the theoretical predictions and experiment can be found at
examined in vessels that are the same size as the SAV vessmiationsA2 andV2, although there is reasonable agreement for
using anin vivo experimental model based on the rat hind limbthe total temperature decay. Since flood flow measurements were
Thermal equilibration between arteries and veins with arterial diot obtained at location&2 andV2 it is not possible to establish
ameter ranging from 200 to 100@m diameter was estimated the origin of the differences between theory and experiment. To
from the measured axial temperature variation along the blootain a point to point comparison between model predictions and
vessels. Previous studi€®,7,10 have estimated that most bloodexperimental data, one requires detailed vascular geometric infor-
tissue heat transfer occurs in blood vessels between 70 and Btion and blood flow rates in each individual blood vessel as
pm diameter. No significant difference was observed between timput in the simulation. In fact, some research groups, such as
rectal temperature and the temperature at locaibrsuggesting Raaymakers et al23], have attempted to determine the detailed
that there was no significant heat loss from vessels larger than %@&culature down to blood vessels of 50t diameter and have
um diameter. In contrast, the arterial temperature decayed 4.98@plied numerical methods to model individual blood vessels in
under normal conditions as the vessel size decreased fromm00 three-dimensional tissue preparations. Obviously, numerical meth-
to 370 um diameter in passing from locatioAl to A3. The ods to model blood vessels individually can be very useful to
present model indicates that a more realistic upper bound for thteidy the blood flow effect on tissue-vessel thermal interaction
onset of significant thermal equilibration is probably closer to 708rovided the detailed 3-D vascular geometry can be ascertained.
pm diameter under normal conditions. The main objective of the current experimental approach was not

In our theoretical study of the arterial temperature distributioto map the detailed vasculature in rat hind limb but to develop a
in SAVvessels ranging from 1000 to 3@0n in diametef15], the new experimental approach for measuring axial temperature
arterial temperature decay was predicted for varying blood flovariation in vessels where such measurements had not been pre-
rates for two blood vessel branching patterns. The validation wbusly possible. It should be possible in the near future to do 3-D
the theoretical analysis can be qualitatively examined by comparmerical simulations for vessels in rat hind limb using an ap-
ing the experimentally measured temperature decay with the th@oeach that combines the technique$28] and the present study.
retically predicted temperature variation along the mid-sized The experimentally measured temperature difference between
blood vessels in rat hind limb. The blood flow rate in the femordahe countercurrent artery and vein varies from approximately 2°C
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