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Abstract—The purpose of this work is to evaluate the capac
of the heat loss from the carotid artery in the human neck
thus, to provide indirect evidence of the existence of selec
brain cooling in humans during hyperthermia. A theoretic
model is developed to describe the effects of blood flow r
and vascular geometry on the thermal equilibration in the
rotid artery based on the blood flow and the anatomical vas
lar geometry in the human neck. The potential for cooling
blood in the carotid artery on its way to the brain by he
exchange with the jugular vein and by radial heat conduct
loss to the cool neck surface is evaluated. It is shown that
cooling of the arterial blood can be as much as 1.1 °C low
than the body core temperature, which is in agreement w
previous experimental measurements of the difference betw
the tympanic and body core temperatures. The model
evaluates the relative contributions of countercurrent heat
change and radial heat conduction to selective brain cooling
is found that these mechanisms are comparable with each o
Results of the present study will help provide a better und
standing of the thermoregulation during hypertherm
© 2000 Biomedical Engineering Society.
@S0090-6964~00!01103-6#

Keywords—Selective brain cooling, Human neck, Biohe
transfer, Heat stress

INTRODUCTION

Selective cooling of the brain~SBC! during hyper-
thermia has been demonstrated to exist in dogs, a
lopes, cats, sheep, rabbits, oxen, monkeys, and pigeo1

In most animals, panting provides powerful cooling
venous blood only a few millimeters from the brain.12

The cool venous blood returns to the intracranium fro
the nasal evaporative surface and from other periph
tissues of the head and thus cools the warm incom
arterial blood. A countercurrent heat exchange within
carotid rete is thought to be responsible for the coolin
of the warm arterial blood.

Address correspondence to Dr. Liang Zhu, Department of Mech
cal Engineering, University of Maryland, Baltimore County, 1000 Hi
top Circle, Baltimore, MD 21250.
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The human brain temperature cannot be measured
rectly unless under special circumstances. Thus,
question whether SBC also operates in humans, in wh
there is no cranialrete, has led to an interesting
controversy.3,6,18 The evidence of the existence of th
mechanism relies on the experimental observations
the tympanic temperature (Tty) was lower than the trunk
~esophageal! temperature (Tes) in hyperthermic
subjects.7,11,15,19 Attention has been drawn to vascul
arrangements that can serve for selective brain coolin
humans. Cabanac6 pointed to several sites of intimat
thermal contact between the warm arterial and the c
venous blood, e.g., the external jugular vein and exter
carotid artery, the internal jugular vein and common c
rotid artery.

Other investigators have argued that the tympa
temperature may be contaminated by the skin temp
ture and thus, may not be a good index of the br
temperature.3,16 Theoretical analyses were performed
estimate the effect of countercurrent heat exchange
the extent of cooling in the artery before it reaches
base of the brain. Among these theoretical stud
Wenger24 estimated the temperature decrease in the
tery passing through the cavernous sinus using a sim
heat transfer coefficient and concluded that in order
achieve a 1 °C drop in arterial temperature, the tempe
ture difference between the arterial blood and the ven
blood in the sinus is at least 119 °C. In another theor
cal work by Nielsen,15 the temperature drop in the arter
was found to be less than 0.02 °C per °C differen
between the arterial and venous temperatures. Prob
the most complicated theoretical model was develop
by Nunneley and Nelson,18 in which the heat transfe
rate between the countercurrent artery and vein was
dicted using the ‘‘effectiveness number of transfer unit
method for heat exchanger analysis. Under the most
timistic set of assumptions, the carotid artery temperat
would be lowered by less than 0.05 °C per °C differen
between the arterial and venous temperatures. Th
theoretical calculations seemed to be contrary to the
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270 LIANG ZHU
perimental observations that the tympanic tempera
can be as much as 1.2 °C lower than the body c
temperature during outdoor exercise.15 It is either that the
tympanic temperature cannot represent the brain t
perature or there are additional heat loss pathways w
were not accounted for in these theoretical analys
Whether the tympanic temperature can reflect change
cerebral temperature is still controversial.13,16,17 It seems
that more experimental studies are needed to examine
relationship betweenTty and the brain temperature.

Examining all these theoretical analyses, one no
that the estimation of the temperature decay in the ar
was primarily due to the heat loss to the countercurr
vein. None of the investigations took into account t
possible heat loss from the countercurrent vessel pa
the surrounding tissue, such as the heat loss to the n
especially when the neck is exposed to cold, dry mov
air. We suspect that the heat loss to the neck surfac
of great significance in SBC.

In this paper, a theoretical model is developed
study the thermal equilibration in the countercurrent v
sel pair based on the analyses of Wuet al.25 and Wein-
baum et al.23 Wu et al.25 presented an analytica
solution-based approach for treating any finite numbe
vessels arbitrarily positioned in a tissue cylinder w
surface convection. Later, Weinbaumet al.23 modified
this approach to model the thermal interaction betwee
countercurrent vessel pair with capillary bleed-off a
conduction to the surrounding tissue cylinder. While t
original solutions in Wuet al.25 and Weinbaumet al.25

were developed to describe countercurrent flow in hum
limb and skeletal muscle tissue cylinders, respective
the general approach can be applied directly, as long
the main assumptions made in those previous studies
valid in the present situation. The solution is used
more realistically estimate the temperature decre
along the carotid artery before it reaches the base of
brain. The contributions of both the countercurrent h
exchange and the conduction heat loss to the neck
face, cooled by evaporation and convection to the en
ronment, on the arterial temperature decay are also
amined and discussed.

ANATOMIC BACKGROUND

The brain is well supplied with oxygen and nutrien
by the blood vessels that form the cerebral arterial cir
~Circle of Willis!. The blood supply to the brain come
from the right and left common carotid arteries. At th
upper level of the larynx, it divides into external an
internal carotid arteries. The blood from the face a
neck is usually received by the right and left intern
jugular veins. They arise as continuation of the sigm
at the base of the skull. Other sinuses that drain into
internal jugular include the superior sagittal sinus, in
-
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rior sagittal sinus, straight sinus, and transverse sinu
The external jugular veins drain blood from the supe
cial structures into subclavian veins. In the brain, cou
tercurrent heat exchange could occur between the car
artery and the adjacent jugular vein on each side of
neck from the aortic arch to the base of the skull,
distance of 250 mm.18

The arterial supply to the circle of Willis is approx
mately 500–750 ml/min.18 The normal blood flow rate in
each common carotid artery of an adult human is th
250–375 ml/min. Of the total blood supply, about 70
and 30% will be in the internal and external carot
arteries, respectively.18 A reasonable estimate of the flow
rate in the internal and external carotid artery can v
between 75 and 270 ml/min. During moderate muscu
exercise, cerebral blood flow may increase approxima
by 30% to support the increased neural metabolic ac
ity in motor areas.6 The measured radius of the carot
arteries in adults varies over the range of 3–6 mm.26 The
jugular vein may have a different size and run parallel
the carotid artery with a center-to-center spacing vary
from 6.2 to 8.2 mm.18

The main driving force for the heat loss from th
carotid artery consists of two parts. One is due to
temperature difference between the artery and the n
surface. During outdoor exercise15 or face fanning, the
skin temperature can be as low as 28 °C, which can
further decreased depending on the air temperature,
midity, wind, and the extent of sweating during hype
thermia. The other is the temperature difference betw
the countercurrent vessels at their entrance. The jug
vein collects blood flow from the superficial structur
and also from the brain itself. The overall venous in
temperature should be determined by the mixture of
relatively warm blood from the brain and the cold bloo
from the superficial structures such as the nasal area
the brain surface. Theoretically, it is hard to accurat
evaluate the venous inlet temperature without develop
a theoretical model which includes heat transfer analy
in both the brain and the neck. In the current model, o
the heat transfer in the neck is considered. We cons
the experimentally measured canthus temperature
about 18 °C9 as the lower limit of the venous retur
temperature.

MATHEMATICAL FORMULATION

The heat exchange between the countercurrent bl
vessel pair and the surrounding tissue at the neck le
can be described by the schematic diagram shown in
1, in which an axially uniform vessel and tissue cro
section is assumed. The blood supply to the brain
usually carried by the carotid arteries at each side of
neck and the common carotid artery further divides in
the internal and external carotid arteries. For simplici
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271Theoretical Evaluation of Heat Conduction in Selective Brain Cooling
only one of the countercurrent artery and vein pairs
considered in the present analysis. Even though the
sels branch from the common artery and the caro
artery, which could result in a longer thermal equilibr
tion length in the countercurrent pair,23 the countercur-
rent vessels are treated as of uniform radius along t
axial direction as a conservative estimate of the ax
temperature decay. The arterial temperature at the a
arch (z* 50), Tab0* , represents the body core temper
ture during moderate exercise. The jugular venous te

FIGURE 1. Schematic diagram of countercurrent vessels em-
bedded in a cylinder.
-

r

c

perature at its entrance (z* 5L* ), TvbL* , is usually lower
than the body temperature. The temperature at the o
radiusRt* of the cylinder (Tn* ) is assumed to be constan
along the axial direction. In a real situation, the ne
skin temperature may not be uniform. Thus,Tn* may be
viewed as the average skin temperature to account
the overall conduction heat loss.

The basic geometry, symbols, and coordinate sys
of the cross-sectional plane are sketched in Fig. 2. T
thermal properties of the blood and the tissue are
sumed to be the same and homogenous within the n
A steady-state temperature field is assumed in both
blood vessels and the surrounding tissue. This mo
assumes equal size and volumetric flow rate in the ar
and vein. This assumption is reasonable since previ
analysis23 showed that the effect of unequal vessel size
small and produces less than 5% variation in the te
perature decay. For simplicity, the artery and the vein
located symmetrically about thex axis. We assume tha
the flow in the vessels is laminar with a parabolic velo
ity profile with mean velocityua* since the Reynolds
number is small~,2300!. The Peclet number for the
flow in the blood vessels is very large (Pe.2000) so
that axial conduction in the blood vessel and end effe
can be neglected.27 Axial conduction in the tissue is
mainly due to the temperature difference from the ao
arch to the base of the brain. It is unlikely that a lar
FIGURE 2. Geometry of the
cross-sectional plane and co-
ordinate system.
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272 LIANG ZHU
temperature gradient in this direction exists consider
the long characteristic lengthL* (250 mm) and small
temperature drop~,2 °C!. On the other hand, a larg
temperature gradient exists in the radial direction sin
the temperature difference can be as much as 10 °C
the length scale of 60 mm. The axial conduction term
the governing equation of the tissue is
O(DTa* /L* 2)Rt*

2/(Ta* 2Tn* ) times the radial conduction
term. Since bothRt*

2/L* 2 and DTa* /(Ta* 2Tn* ) are of
O(1021), the axial conduction term is of lower order i
the governing equation. Thus, the error associated w
neglecting the axial conduction in the tissue will be i
significant.

The nondimensional parameters and variables ill
trated in Fig. 2 are defined as follows:

r a5
r a*

aa*
, r v5

r v*

aa*
, sa5

sv*

aa*
, sv5

sv*

aa*
, z5

z*

aa*
,

R5
R*

aa*
, Rt5

Rt*

aa*
,

L5
L*

aa*
, Pe5

2r fCfaa* ua*

kf
5

2aa* ua*

a
,

Ta,v,t,n5
Ta,v,t,n* 2Tn*

Ta0* 2Tn*
, ~1!

where r is density,C is specific heat,k is the thermal
conductivity, anda is the thermal diffusivity. The sub
scripts a,v refer to artery and vein, asterisks denote
mensional variables,aa* is the dimensional radius of th
artery and vein, ands* is vessel eccentricity. The vess
center-to-center spacing is denoted byl * , andRt* is the
neck radius. All length variables are scaled by the art
radiusaa* .

Based on the above assumptions and definitions,
dimensionless energy equations for the artery, vein,
tissue can be written as

1

r a

]

]r a
S r a

]Ta

]r a
D1

1

r a
2

]2Ta

]fa
2 5Pe~12r a

2!
dTab

dz
,

r a<1, 0<z<L, ~2!

1

r v

]

]r v
S r v

]Tv

]r v
D1

1

r v
2

]2Tv

]fv
2 52Pe~12r v

2!
dTvb

dz
,

r v<1, 0<z<L, ~3!

1

R

]

]R S R
]Tt

]R D1
1

R2

]2Tt

]f2 50, R<Rt , r a,v.1,

~4!
n

where the temperature gradients]Ta,v /]z in the convec-
tive term of the vessel energy equations are appro
mated by the axial gradients of the vessel bulk tempe
tures,dTa,v /dz, as previously justified in Wuet al.25

The continuity of temperature and heat flux on t
vessel surfaces and the convection boundary condi
on the tissue cylinder surface require that

Ta,v5Tt , for r a,v51,

]Ta,v

]r a,v
5

]Tt

]r a,v
, for r a,v51, ~5!

Tt5Tn , for R5Rt . ~6!

In Eqs. ~2! and ~3!, Tab and Tvb are the artery and vein
bulk temperatures, respectively, defined as

Tab~z!5
2

p E
2p

p E
0

1

Ta~r a ,fa ,z!~12r a
2!r adradfa ,

~7!

Tvb~z!5
2

p E
2p

p E
0

1

Tv~r v ,fv ,z!~12r v
2!r vdrvdfv .

~8!

SOLUTION FOR COUNTERCURRENT FLOW

The solution to this boundary value problem can
found in detail in Weinbaumet al.23 Specifically, one
can separate the variables and solve the boundary v
problem in the cross-sectional plane independent of
axial direction. Using this approach, the axial interacti
between vessels is reduced to a coupled system of o
nary differential equations for the axial bulk temperatu
variation in each vessel, which are

Tab5A11

dTab

dz
1A12

dTvb

dz
, ~9!

Tvb5A21

dTab

dz
1A22

dTvb

dz
. ~10!

The coefficients in Eqs.~9! and ~10! are given by

A1152A2252
Pe

4 H lnFRtS 12
sa

2

Rt
2D G1

11

24J , ~11!

A1252A215
Pe

4
lnFRt

l
A12

2sa
2 cosfa2v

Rt
2 1

sa
4

Rt
4G .

~12!
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TABLE 1. Key parameters.

Thermal properties Geometric properties Blood flow and temperature

rb5r t51000 kg/m3
Rt* 560 mm Q5120–360 ml/min

Cb53600 J/kg K aa* 5an* 52.5 mm (1.5–3 mm) (Nunneley and Nelson)d

kb5kt50.56 J/mK (Chato)a (Nunneley and Nelson)d ua* 5un* 50.102–0.306 m/s

a51.5631027 m2/s sd* 5sn* 530 mm Pe53274–9822

1.18–1.831027 m2/s by Chatoa l* 56.2–8.2 mm Tab0* 539 °C
Valvano et al.,b Wang et al.c L* 5250 mmd

TvbL* 519–29 °C
(Nunneley and Nelson)d Tn* 519–37 °C

aReference 8.
bReference 21.
cReference 22.
dReference 18.
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The solution of Eqs.~9! and ~10! requires specifica-
tion of two boundary conditions in the axial directio
For countercurrent flow, these boundary conditions
the prescribed bulk temperatures at the inlets of the v
sels. The arterial inlet temperatureTab(0) is always equal
to 1, as shown in its dimensionless form, while t
venous inlet temperatureTvb(L) is usually less than 1
The temperature difference at their entrance is one of
driving forces for the axial temperature gradient. The
boundary conditions are given by

z50, Tab51, ~13!

z5L, Tvb5TvbL,1. ~14!

The general solution of Eqs.~9! and ~10! is an eigen-
function of the form ofebz/Pe, in which the eigenvalues
b can be negative or positive.Tab and Tvb are arbitrary
combinations of all possible eigenfunctions. Equatio
~9! and ~10! involve only two coefficients and can b
easily solved. An expression for the axial temperat
distribution in the artery can be obtained.

RESULTS

From this analysis, the axial temperature decay in
artery is a function of the blood flow rate and the va
cular geometry of the countercurrent vessel pair and
rounding tissue. The thermal properties of the tissue
blood2,8,21 and the geometrical parameters describing
locations of the vessels18 taken from the literature are
summarized in Table 1. The range of the blood flow r
is also listed in Table 1.8,18,21,22

We would like to examine the effects of several fa
tors on the arterial temperature at its outlet (z* 5L* ),
such as vessel eccentricitys and vessel center-to-cente
spacingl. For a blood flow rate ofQ5240 ml/min, Fig.
3 shows hows influences the axial temperature variatio
in the vessels. Heat loss from the artery is found
-

-

almost double as the vessel pair moves closer to the n
surface. However, unless the vessel pair is close to
neck surface (sa,v* .50 mm), increasings* from 5 to 50
mm increases the axial temperature drop by less t
20%. The dependence of axial temperature distribut
on l is illustrated in Fig. 4 for the two limiting conditions
when the neck temperatureTn* 519 and 37 °C. Note tha
l affects the axial temperature decay by altering
countercurrent thermal resistance between the blood
sels. Largel implies that it is difficult for the artery to
lose heat to its countercurrent vein. Change inl * from
6.2 to 8.2 mm produces only an 8% variation in the ax
temperature decay whenTn* is 19 °C, while it produces a
25% variation whenTn* 537 °C. This trend is expected
since increasingTn* enhances the relative importance
countercurrent heat exchange. The influence ofl on the
artery temperature drop is thus more obvious with hig
neck temperature.

The variation in the vascular geometry causes o
minor change in the axial temperature decay. The m
important factors that can dramatically influence t
axial temperature decay areTvbL* , Tn* , and Q in the

FIGURE 3. Effect of vessel eccentricity on the axial tempera-
ture decay in the artery.
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274 LIANG ZHU
countercurrent vessel pair. Figure 5 examines the ar
temperature drop over an axial distanceL* as a function
of the neck surface temperatureTn* for different blood
flow rates. There are two principal sources for the ax
temperature decay. The axial temperature decay is de
mined by the combined effects of countercurrent h
exchange with the vein and heat conduction to the n
surface. One notes that the artery temperature dro
almost inversely proportional to the blood flow rateQ. A
small blood flow rate causes large temperature deca
the axial direction, as expected. Figures 5~a! and 5~b!
show the axial temperature decay when the venous i
temperatureTvbL* is 19 and 29 °C, respectively. For th
circumstance ofTn* 536 °C, close to the artery tempera
ture, increasing the inlet temperature difference betw
the artery and the vein,Tab0* 2TvbL* , by a factor of 2
almost doubles the axial temperature drop. While atTn*
519 °C, when the conduction heat loss to the neck s
face becomes more significant, this results in less tha
35% increase in the temperature drop. The theory p
dicts that the combined effects of both mechanisms
produce as much as 1.1 °C decrease in the axial ar
temperature. The total heat loss from the carotid arte
blood is also calculated for different situations, as sho
by Table 2. The temperature decays in a single vesse
different blood flow rates are from Fig. 5~b!. Therefore,
Table 2 gives the upper limit of the heat loss from t
carotid arteries. It may be as much as 32.3 W if the to
blood supply to the brain is 480 ml/min.

FIGURE 4. Effect of vessel center-to-center spacing on the
axial temperature decay in the artery.
-

t

y

r

To further examine the contributions of both condu
tion heat loss and countercurrent heat exchange to
axial temperature distribution in the artery, Fig. 6 sho
the artery temperature drop as a function of neck rad
The extreme condition of very large neck radius rep
sents approximately the situation of the radial conduct
heat loss from the artery to the neck surface being n
ligible, where the arterial temperature decay is appro
mately 0.23 °C. The lines forTn* 519 and 30 °C ap-
proach each other at very largeRt* , as if there were no
conduction heat loss to the neck surface. Note that
vessels are located 30 mm from the center of the n
cylinder for any cylinder size. When the neck radius
60 mm, the temperature decay due to the combin
mechanisms is 0.27 and 0.39 °C forTn* 530 and 19 °C,
respectively. As expected, the contribution of conduct

FIGURE 5. Artery temperature drop as a function of neck
surface temperature for different blood flow rates.
TABLE 2. Total heat loss from the carotid arterial blood.

Blood flow rate
in a single vessel

No. of
countercurrent

pairs n
Total blood flow

to the brain

Heat loss from a
single vessel pair

5QrCDTab

Total heat loss
5nQrCDTab

Q5120 ml/min 4 480 ml/min 8.1 W 32.3 W

Q5240 ml/min 2 480 ml/min 8.0 W 16.0 W
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275Theoretical Evaluation of Heat Conduction in Selective Brain Cooling
heat transfer becomes more important when there ex
a large temperature difference between the neck sur
and the artery inlet temperature. When the neck radiu
60 mm, the conduction heat transfer contributes o
approximately 15%@~0.27–0.23 °C!/0.27 °C# to the arte-
rial cooling whenTn* 530 °C, while it accounts for more
than 41%@~0.39–0.23 °C!/0.39 °C# of the axial tempera-
ture decay whenTn* 519 °C.

Surface cooling of the brain and neck surface h
been proposed as a therapeutic option for achieving
tection from cerebral ischemia in brain injury patients10

During the hypothermia therapy, it is critical to close
monitor the brain temperature. Usually the brain te
perature for patients at risk for ischemic brain injury
not directly monitored due to the concern of induci
additional tissue damage by the temperature probes
was assumed that brain temperature parallels body
temperature. If the radial conduction heat loss is do
nant when the neck surface is cold, as shown by
study, a significant disparity between the brain tempe
ture and the body core temperature may exist. The
sults shown in Fig. 5 can be extrapolated to the situat
when the neck surface is close to 0 °C~surface is cooled
by ice pack!. It is interesting to note that the upper lim
of the temperature drop in the carotid artery~brain tem-
perature! can be as much as 2 °C. Thus, this deviat
has to be taken into consideration during the hypoth
mia therapy.

DISCUSSION

The theoretical approach presented in this paper p
vides a simple, but reasonable, model to estimate
potential for cooling of the carotid arterial blood on i
way to the brain by heat exchange with its counterc
rent jugular vein and by heat conduction loss, as well
the contributions of each mechanism to the arterial co
ing. It is the first time the radial conduction is include

FIGURE 6. Contributions of countercurrent heat exchange
and heat conduction to the arterial temperature decay for
different neck surface temperatures.
s
e

-

t
e

-

in the theoretical analysis in SBC. The geometrical fa
tors, such as the vessel center to center spacing and
vessel pair location within the neck, are also examined
elucidate their effects on the thermal equilibration in t
artery.

The present calculations have assumed an axially
form vessel cross section in solving the axial temperat
distribution and the surrounding tissue is treated a
conductive media. Blood vessel bifurcation and capilla
bleed-off from the main carotid vessel pair will affect th
thermal equilibration of the arterial blood. According
the calculation in Weinbaumet al.,23 capillary bleed-off
tends to decrease the thermal equilibration length in
artery so that more heat loss will occur if this effect
considered. On the other hand, treating the surround
tissue as a conductive media may overestimate the
loss from the carotid blood. If the local blood perfusio
in the surrounding tissue is described by a volume
heat source~blood temperature is higher than tissue te
perature!, the tissue region near the carotid vessel p
where a smaller blood–tissue temperature difference
curs, may not be affected significantly. However, mo
rigorous theoretical analysis is necessary where th
three factors are taken into account to estimate the o
all effect.

In addition to countercurrent heat exchange and c
duction to the neck surface, the interaction among nei
boring countercurrent vessel pairs may also play a s
nificant role on selective brain cooling. With mino
modification, the solution approach is readily extended
situations in which the number of blood vessels
greater than 2. Indeed, this is the case in the hum
brain, where the common arteries at each side bifurc
to form the internal and external carotid arteries. In a
dition, the countercurrent heat exchange between the
tebral artery and venous plexus may participate in se
tive brain cooling as suggested by Zenker and Kubik26

Axial variation of the cross-sectional area could also
taken into consideration by solving Eqs.~9! and ~10!
where the coefficientsA11–A22 are also functions of
axial distance.

During hyperthermia caused by high environmen
temperature or by muscular exercise and increased
ronal activities, the body core temperature can rise to
high as 42 °C.6 However, the human brain is heat sen
tive and does not tolerate high temperatures. We sug
it is the body’s natural reaction to prevent to a certa
extent the overheating, during hyperthermia, of the
tremely heat-susceptible cerebral tissue. It is true t
temperature depression in the artery is limited by its h
flow rate and low surface area per unit length. Howev
to achieve a 1 °C temperature decrease in the ar
blood supplied to the brain during hyperthermia, the
tery needs not reach thermal equilibration with the s
rounding tissue or the countercurrent vein. Less tha
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10% heat loss occurring in the arterial blood before
reaches the base of the brain is enough to allow the b
to be 1 °C cooler than the body core temperature
Tab0* 2TvbL* and/orTab0* 2Tn* are larger than 10 °C.

The conduction contribution is found to be comp
rable to the countercurrent heat exchange and can
count for more than 41% of the total heat loss provid
that the neck skin temperature is low. It will becom
dominant if the neck surface is very cold. Previous e
perimental observations20 have shown a 0.2–0.5 °C fa
in carotid temperature when ice packs were placed
the homolateral side of the face. McCaffereyet al.14 and
Cabanacet al.5 found the cooling or heating of sma
skin areas of the face, forehead, or neck altered tymp
temperature. Those experimental observations were in
preted as evidence that the tympanic temperature
contaminated by the cool skin surface. It is understa
able that placing a cool pack on the skin surface can a
the local tissue temperature field. However, if radial h
conduction to the neck surface is playing an import
role in the axial temperature decay, placing a cool pa
on the skin surface may be interpreted as an enha
ment in the radial heat conduction and therefore, to ca
more heat loss in the artery blood supply.

The question is whether it is possible to achieve
large local temperature difference, which depends gre
on a number of conditions including air temperatu
wind speed, local humidity, sweating on the skin surfa
and heat transfer efficiency in the upper airway. The s
surface could lose heat through convection and evap
tion when exposed to cold and dry air. If the enviro
mental temperature is high, evaporative heat loss
comes the main factor if the air is hot and the skin
sweating. It is well accepted that the physiological re
tions to various influences such as hyperthermia
probably controlled by the central nervous syste
~CNS!, though, how the CNS controls these is not qu
clear. It is suggested that the body core and skin te
peratures appear as independent inputs to the CNS,
that the integrating process has some kind of weight
of signals from thermal-sensitive sites distributed with
the body and skin. The control of sweating in huma
has been previously studied in terms of skin and c
temperature by Brengelmannet al.4 Their measurement
showed a linear relationship between the body core t
peratureTes and the rate of sweating at the skin.

In this paper, a theoretical model has been develo
to describe the effect of blood flow rate and vascu
geometry on the thermal equilibration in the carotid
tery. The theoretical approach is used to estimate
potential for cooling of the carotid arterial blood on i
way to the brain by heat exchange with its counterc
rent jugular vein and by radial heat conduction loss
the cool neck surface. The model is able to evaluate
relative importance of both countercurrent heat excha
-

-
s

r

-

-

-

d

-

and radial heat conduction in selective brain coolin
Results of the present study help provide a better und
standing of the thermoregulation during hypertherm
The model can be used to guide the design of furt
experimental investigations in SBC.
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NOMENCLATURE

aa* blood vessel radius
Cp specific heat
k thermal conductivity
l vessel center to center spacing, Fig. 2
L axial length of the blood vessels
Pe Peclet number of blood flow, Eq.~1!
Q Blood flow rate
r radial coordinate of vessels, Fig. 2
R radial coordinate of cylinder, Fig. 2
s vessel eccentricity, Fig. 2
T temperature
Tab0* artery bulk temperature atz* 50
TvbL* vein bulk temperature atz* 5L*
Tn* neck surface temperature
x,y Cartesian coordinates, Fig. 2
ua* mean velocity of the blood flow
z axial coordinate

Greek Symbols

a thermal diffusivity
b eigenvalue
r density
fa2v angle between the artery and the vein

Subscripts

a artery
b bulk
n neck
t tissue
v vein

Superscripts

* dimensional parameters
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