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ABSTRACT
Arterio-venous anastomoses (AVAs) are direct connections between small arteries and small veins. In
humans they are numerous in the glabrous skin of the hands and feet. The AVAs are short vessel
segments with a large inner diameter and a very thick muscular wall. They are densely innervated
by adrenergic axons. When they are open, they provide a low-resistance connection between
arteries and veins, shunting blood directly into the venous plexuses of the limbs. The AVAs play an
important role in temperature regulation in humans in their thermoneutral zone, which for a naked
resting human is about 26�C to 36�C, but lower when active and clothed. From the temperature
control center in the hypothalamus, bursts of nerve impulses are sent simultaneously to all AVAs.
The AVAs are all closed near the lower end and all open near the upper end of the thermoneutral
zone. The small veins in the skin of the arms and legs are also contracted near the lower end of the
thermoneutral zone and relax to a wider cross section as the ambient temperature rises. At the cold
end of the thermoneutral range, the blood returns to the heart through the deep veins and cools
the arterial blood through a countercurrent mechanism. As the ambient temperature rises, more
blood is returned through the superficial venous plexuses and veins and heats the skin surface of
the full length of the 4 limbs. This skin surface is responsible for a large part of the loss of heat from
the body toward the upper end of the thermoneutral zone.
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Introduction

Arterio-venous anastomoses (AVAs) are direct connec-
tions between small arteries and small veins, with no cap-
illary section between them. Since they contain no
capillary segment, they cannot transport dissolved sub-
stances to or from the tissues. The only transport func-
tion they could possibly have is the transport of heat
from the body core to surface areas containing AVAs.

Functional anatomy

AVAs are found in many organs and tissues in verte-
brate bodies, but usually in low numbers.1 The excep-
tions are certain areas of the skin and mucous
membranes in mammals and birds, where they may
be numerous. Results of thorough light microscopic
investigations were first published by Hoyer in 1877 2

and later by Grosser in 1902.3 Later anatomical inves-
tigations have mainly confirmed their findings.1,4,5

The AVAs are typically short vessel segments with a
very thick muscular wall. The walls are usually much
thicker than those of the small arteries which feed into
them. The AVAs are densely innervated by adrenergic
axons.6 The inner diameter is described as being from
10 to 150 mm and the thickness of the wall from 40 to
60 mm. The length is typically from 200 to 500 mm.
The wall is composed of circular smooth muscle cells
as is the case for arterioles, but in addition there is
usually an inner layer of longitudinal smooth muscle
cells. This suggested to the early anatomists that the
AVAs could act as sphincters, in other words that
they could close down the vessels completely (Fig. 1).

In humans, the AVAs are abundant in the nail-beds
of the fingers and toes and in the glabrous skin of the
hands and feet. The density is described as being
between 600 AVAs/cm2 in nail-beds and 100 AVAs/
cm2 in the skin of the thenar and hypothenar regions
of the hand.4 AVAs have not been demonstrated by
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histological techniques in the skin of human fetuses,4

but are physiologically present 2 days after birth and
further developed at 3 months of age.7

Large numbers of AVAs have not been described
anywhere else than in certain areas of the skin and
mucous membranes in warm-blooded (homeother-
mic) animals, that is mammals and birds.3,8 Prior to
the 1930s, all discussion of the possible functions of
AVAs was based on this comparative fact, on their
distribution in different skin areas in different animal
species, and on their microscopic structure. Hoyer 2

suggested that AVAs are important in temperature
regulation in mammals and birds. Others have sug-
gested that AVAs are important in blood pressure
regulation.3,8

Early physiological observations

The first physiological observations of AVAs were
obtained in the early 1930s from the rabbit ear by
Grant and Clark independently of each other.9-12

Grant observed AVAs through the intact skin after
the removal of the hairs and noted ‘oscillations in cali-
ber’ with a frequency of one or 2 oscillations per min-
ute. When the body temperature of the animal was
raised, the AVAs dilated, and with cooling they

constricted. Clark made similar observations through
a transparent chamber operated into the rabbit ear.

Physiological measurements

The first physiological blood flow measurements
which could be related to the opening and closing of
AVAs in humans were obtained by Burton using a fin-
ger plethysmograph.13 He showed that successive
determinations of finger blood flow only a few seconds
apart could give very different values of flow. He also
showed that a series of such measurements obtained

Figure 1. Diagram showing the effect of a closed (A) and an open (B) arterio-venous anastomosis. (After Boyd5).

Figure 2. Fluctuations in blood flow in a finger at 3 different lev-
els of ambient temperature measured by a venous occlusion ple-
thysmograph. Each point represents a new measurement. (From
Burton13). © The American Physiological Society. Reproduced by
permission of The American Physiological Society. Permission to
reuse must be obtained from the rightsholder.

TEMPERATURE 93



over several minutes exhibits characteristic rhythmic
oscillations with a frequency of between one and 3
fluctuations per minute (Fig. 2). Such fluctuations
obtained from the big toe were closely correlated with
fluctuations in the same subject’s finger. The fluctua-
tions were not present in the fingers of a sympathecto-
mized arm. The plethysmographic method has some
serious limitations in these studies. It is not possible to
measure flow values more often than every 6 seconds,
and longer intervals may be needed to obtain precise
measurements. This means that more rapid changes
cannot be detected. Another difficulty, which is spe-
cific to the AVAs, is that they are very sensitive to sen-
sory and psychic stimuli. Only a slight disturbance,
for instance the sound of the inflation of the plethys-
mographic cuff, may result in the instantaneous clo-
sure of all AVAs. In practice, no other methods of
measuring blood flow through tissues with a high den-
sity of AVAs in humans were available until the late
1970s.

Measurement methods

In the 1970s, 2 methods which could be used to give
qualitative and semi-quantitative measurements of
blood flow to regions with a high density of AVAs
became available, the ultrasound Doppler method and
the laser Doppler method.14,15 Both methods have
clear limitations. The ultrasound Doppler method
only gives quantitative measurements if the entire
cross section of the vessel is ensonicated at constant
intensity and if the cross-sectional area of the vessel is
known and constant during the measurement period.
For large vessels down to the size of the radial and
ulnar arteries, these assumptions can be controlled,
but this is not possible for smaller arteries like the fin-
ger arteries. Nevertheless, it is usually assumed that
the ultrasound Doppler signal is proportional to flow
even in small arterial vessels. One advantage of this
method is that no zero-flow calibration is necessary.
The laser Doppler method suffers from the problem
that the flux signal increases linearly, but not propor-
tionally, with flow. The number of capillaries and
AVAs in the investigated tissue volume will vary
between measurement sites. In addition, some of the
high velocities in the AVAs may be filtered away.16

Both these methods have the advantage over the ple-
thysmographic method that they do not give any sen-
sory input to the experimental subjects.

Thoresen and Walløe confirmed many of Burton’s
findings using ultrasound Doppler measurements.14

However, they found more rapid rhythmic fluctua-
tions with a much greater amplitude than Burton was
able to detect given the limited time resolution of the
plethysmographic method (Fig. 3). With a subject in
the middle of the thermoneutral zone, the velocity
increased sevenfold from the bottom of a velocity
cycle to the top. Such large fluctuations cannot possi-
bly be the result of vasomotion in arterioles, but must
be the result of the opening and closure of the AVAs,
as Burton also stated. Since blood from the ulnar
artery also perfuses skin capillaries and some connec-
tive tissue and bone, presumably at constant flow, it
can safely be assumed that nearly all AVAs in the
region supplied by the ulnar artery close down simul-
taneously and that many of them at least also open
simultaneously. The investigation also showed that
the AVAs in one hand close as a result of sensory
stimulus to another part of the body (immersion of
the other hand in cold water for one minute), and that
mental disturbance also results in closure of the AVAs
(Fig. 4).

Thermoneutral zone

The concept of a thermoneutral zone goes back to
investigations by Scholander and his collaborators in
the 1940s and 50s.17 In a resting mammal, the basal
metabolism was shown to be approximately constant
over an ambient temperature interval from a little
below the central body temperature (37 �C) down to a
lower temperature dependent on the insulation of the
animal body (fur, subcutaneous fat). Above the upper
end of the thermoneutral zone, the metabolic rate
increases due to the production of sweat (in man) or
panting (in many mammals). Below the lower end of
the thermoneutral zone, the metabolic rate increases
proportionally to the difference between the ambient
temperature and the central body temperature due to
increased production of heat from shivering or volun-
tary muscle work (Fig. 5). In a resting naked human
the thermoneutral zone is usually found to be from
around 26� C (lower in subjects with a thicker layer of
subcutaneous fat) to about 36�C. Clothing shifts the
thermoneutral zone, especially the lower end, down-
wards. Thoresen and Walløe found that the amplitude
of the fluctuations in the ulnar artery was larger when
the subjects were in the middle of their thermoneutral

94 L. WALL ;E



zone (»28-30 �C) than when they were near one end
of it. Burton made similar observations.

All early authors using anatomical methods agreed
that there are AVAs in the glabrous skin of the hands
and feet of humans. However, there has been disagree-
ment about AVAs in other skin areas. Some authors
claim to have found AVAs in the human forehead,
nose and ears.5 Bergersen18 therefore searched for
AVAs in these regions using Doppler ultrasound with
simultaneous ultrasound Doppler recordings from a
radial artery as a control. She found temporal correla-
tion between fluctuations in the angular artery which
perfuses the nose and fluctuations in the radial artery,
showing that there probably are AVAs in the skin of

the nose, but no similar correlation with blood veloci-
ties in the facial artery or the temporal artery.

Correlation between AVA flows in different skin
areas and effect of nerve block

Burton13 observed that the fluctuations in blood flow
were “closely correlated in parts of the body as widely
separated as a finger of the right hand and the left big
toe.” This finding has been confirmed in many later
studies by both the ultrasound Doppler and the laser
Doppler method.19-21 The vasoconstrictions have a
characteristic shape, as seen in recordings from the
radial, ulnar and dorsalis pedis arteries and also from
the finger arteries (Fig. 6). In the middle of the sub-
ject’s thermoneutral zone, blood velocity fluctuates
between a high level and a very low level, with about 2
to 3 vasoconstrictions per minute. The high level cor-
responds to a state when all AVAs are open. This can
clearly be seen from recordings made from women
during labor at term (Fig. 7). It is usually quite warm
in a birthing room, and the women show the charac-
teristic AVA fluctuations in the radial and dorsalis
pedis arteries. After epidural block, the velocity in the
dorsalis pedis artery remained steady at the same high
level as at the top of the fluctuations before the block
was given, or a little higher.22 Thus, it was not only
the pain fibers that were blocked, but also the sympa-
thetic nerves to the AVAs and to the arterioles in the
feet. The vasoconstrictions in the radial artery
remained unchanged in these women.

The characteristic vasoconstrictions occur rapidly,
within 2 to 4 heartbeats, while dilatation is a slower pro-
cess. The interpretation is that the vasoconstrictions are
caused by a burst of impulses in the adrenergic axons
innervating the AVAs and that the increase in flow
afterwards is caused by a passive release of the contrac-
tions in the AVA smooth muscles. These bursts of
activity in adrenergic neurons to AVAs must occur
simultaneously in both hands and feet and also in the
angular artery in the face. The blood flow fluctuations
were correlated in all skin areas with AVAs, with posi-
tive correlation coefficients of the order of 0.7 to 0.95
with subjects in the middle of their thermoneutral zone.

Correlation with arterial blood pressure

The AVA flow fluctuations are also strongly negatively
correlated with mean arterial blood pressure (MAP)

Figure 3. Fluctuations in blood velocity in the right ulnar artery in
a 27-year-old male subject in a comfortably warm environment
(24�28� C). The points show the time average for each cardiac
cycle of the cross-sectional mean of the blood of the blood veloc-
ities in the vessel as a function of time. (From Thoresen and
Walløe14). © Blackwell Publishing. Reproduced by permission of
Blackwell Publishing. Permission to reuse must be obtained from
the rightsholder.
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fluctuations, with correlation coefficients of the order
of ¡0.80 to ¡0.3. The blood pressure was recorded by
finger plethysmography and was time averaged and
recorded beat-by-beat in the same way as the blood
velocity signals. The MAP fluctuations often had a
peak-to-trough magnitude of 15 mmHg, again largest
in the middle of the thermoneutral zone (Fig. 8).
These findings suggest either a causal relationship

between skin vascular conductance and MAP fluctua-
tions, or a common cause for fluctuations in both
variables.

Time-domain transfer function analysis revealed
the time sequence and magnitude of the heart rate
(HR) and MAP changes linked with the AVA blood
flow fluctuations. An increase in HR and MAP started
1-4 seconds before a step decrease in skin vascular
conductance, but was followed by a transient HR
decrease a few seconds later, probably caused by baro-
receptor stimulation from the increased blood pres-
sure. These findings indicate that that the HR and
MAP responses are not passive effects of changes in
peripheral resistance, but are probably explained by
the presence of an autonomic rhythm originating in
the central nervous system. The time lag between the
HR and AVA responses could then be explained by
the different latencies in the sympathetic and the para-
sympathetic nervous system; long latencies in the
sympathetic innervation of the AVAs and very short
latencies in the parasympathetic innervation of the
heart. This interpretation was later supported by fur-
ther studies of these fluctuations with subjects in a

Figure 4. (A) Blood velocity in a finger artery in a 29-year-old male subject, measured over a period when ambient temperature was
being increased. (B) Blood velocity in the right ulnar artery in a 26-year-old male subject. The subject’s opposite hand was submerged
in cold water for 40 s. (C) Blood velocity in the right ulnar artery in a 27-year-old male subject. The vasoconstriction was caused by the
sight of a girl in a neighboring tropical greenhouse. (From Thoresen and Walløe14). © Blackwell Publishing. Reproduced by permission
of Blackwell Publishing. Permission to reuse must be obtained from the rightsholder.

Figure 5. Schematic drawing of the metabolic rate of a resting
naked human as a function of ambient temperature.
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cool environment and during parasympathetic block-
ade by atropine.23 The large fluctuations in radial
artery velocity were retained after atropine adminis-
tration, as was the amplitude of the associated MAP
fluctuations, despite a large reduction in HR variabil-
ity. In a cool environment, presumably near the lower
end of the thermoneutral zone, the fluctuations in
radial artery velocity were nearly abolished. In some
subjects the fluctuations also disappeared near the
upper end of the thermoneutral zone, and the flow,
presumably mainly through the AVAs, was nearly
constant at a level corresponding to the peaks of the
fluctuations seen at lower ambient temperatures.14 In
other subjects with a lower threshold for sweating,
some fluctuations continued after sweating began.

Quantitative estimates of flow fluctuations

Large fluctuations in blood velocity such as have been
measured in arteries supplying the hands and feet
have never been seen in arteries supplying skin with-
out AVAs or in other tissues.14 Nor have they been
detected by laser Doppler measurements from skin
areas, including the dorsal side of the hands, where
AVAs are few or absent.21,24 From measurements and
assumptions about the internal diameters of the 8
arteries supplying the AVAs in the 2 hands and the 2
feet, Lossius et al 20 estimated the sum of the flow fluc-
tuations in a resting adult subject in the middle of the
thermoneutral zone to be of the order of 250-500 ml
min¡1, corresponding to 5-10 % of cardiac output.
Assuming that the peak of the velocity fluctuations
when the subject is in the middle of the thermoneutral
zone corresponds to opening of all the AVAs (Fig. 3),
the flow through the AVAs can be estimated to be
about twice this value at the upper end of the thermo-
neutral zone. This corresponds to up to about 20 % of
the resting cardiac output, or of the order of magni-
tude of 1 l/min in an adult subject.

Lossius and Eriksen also made recordings from dif-
ferent skin areas using laser Doppler, using ultrasound
Doppler recordings from the radial artery as a con-
trol.21 In addition they recorded blood pressure by fin-
ger plethysmography. In skin areas with AVAs, they
found large fluctuations in laser flux that were
strongly, but negatively, correlated with blood pres-
sure fluctuations. This was true even though multiple
regression analyses sometimes revealed that a compo-
nent of the flux variability was positively correlated
with variations in blood pressure. Such a positive com-
ponent has never been detected in ultrasound Doppler
velocity recordings from finger arteries. Presumably
the laser Doppler flux is more strongly influenced by
the skin capillary blood flow in the measurement vol-
ume than by the flow through the AVAs, which are
situated deeper in the skin. The fluctuations in capil-
lary flow could perhaps be a result of a ‘steal’ effect.

Effect of local heating

Interactions between local heating of the human hand
and the centrally induced rhythmic fluctuations in
blood velocity in the AVAs has been investigated by
Bergersen and collaborators.19 During the experi-
ments, the subjects were dressed only in shorts and
rested on a bench in a climatic chamber in a

Figure 6. Simultaneous measurements from the left dorsalis
pedis artery (A) and in the right radial artery (B) (From Lossius,
Eriksen and Walløe20) © The Physiological Society. Reproduced
by permission of The Physiological Society. Permission to reuse
must be obtained from the rightsholder.
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semisupine position. The room temperature was 35 �C
and the relative humidity 40 %. The subject was accli-
matized and stable close to the upper end of the ther-
moneutral zone, with large fluctuations in both radial
arteries as measured by Doppler ultrasound. Each
hand was immersed in a separate thermostat-con-
trolled water bath. Initially, both water baths were
kept at 35 �C. After a steady-state period, the tempera-
ture in one of the baths was linearly raised to 43 �C
and then maintained at this temperature for a second
steady-state period. All instrument and temperature
adjustments were made from outside the climatic
chamber, leaving the subject completely undisturbed.
The blood velocity fluctuations in the control hand
remained unchanged, while the mean velocity in the
heated hand showed an increase with increasing water
temperature (Fig. 9). However, the blood velocity fluc-
tuations remained unchanged and closely correlated
with those in the control radial artery (Fig. 10). The
most likely explanation of this finding is that the

pattern of central nervous control of the AVA vaso-
motion is unaffected by local warming, and that some
other part of the vascular bed, such as the arterioles in
the skin, dilates when heated. The authors were unable
to reproduce earlier findings obtained by the plethys-
mographic method showing that heat-induced vaso-
constriction (HIVC) occurs in the human finger.25-27

The vasoconstrictions described by Nagasaka and co-
workers occur only under very restricted circumstan-
ces. Briefly, they observed vasoconstrictions in the fin-
ger at water temperatures of 39 and 41 �C only, not at
37 or 43 �C (Fig. 11). The vasoconstrictions were brief,
appearing at the time of and just after the stepwise
increase in water bath temperature, not later, and
were accompanied by a brief increase in local thermal
sensation. The forearm skin showed no HIVC. The
effect was not present in the finger after digital nerve
blockade,28 showing that it must be initiated from the
central nervous system, in contrast to the HIVC
observed in certain other mammals such as the
sheep.29 When Nagasaka and coworkers used laser
Doppler with a gap between the measurement probe
and the skin, so that they could assume that only
blood movement in the skin capillaries was measured,
and not flow in the deeper AVAs, they saw no
HIVC.27 Because the ultrasound Doppler method and
the plethysmographic method gave different results,

Figure 7. Blood velocity in the right dorsalis pedis artery of a
woman during labor, but between contractions. Upper panel:
Fluctuations typical of temperature regulation in a fairly warm
delivery room. Lower panel: Same woman in the same environ-
ment after epidural block. (Graphs from unpublished recordings
obtained during the investigations described in Janbu22).

Figure 8. Simultaneous measurements of velocity in the right
radial artery (A) and mean arterial pressure (MAP) (B) in the left
third finger. The MAP axis is inverted. (From Lossius, Eriksen and
Walløe20). © The Physiological Society. Reproduced by permission
of The Physiological Society. Permission to reuse must be
obtained from the rightsholder.
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the ultrasound Doppler measurements were repeated
with subjects in a hyperthermic state.30 Again the
results showed no indication of HIVC. The main dif-
ference between the 2 experimental protocols was that
Nagasaka and co-workers increased the temperature
in steps, while Bergersen and coworkers increased the
temperature gradually. Reflexes from the increase in
local thermal sensation connected to each step may
perhaps explain the conflicting results. In any case, the
effects reported by Nagasaka and co-workers are so

limited in effect that they are unlikely to have any
important function in human temperature control.
This is in contrast to the importance of HIVC in some
mammal species, for example the sheep 29 and the
jack rabbit.31

Figure 9. Simultaneous beat-by-beat averaged arterial blood
velocity and mean arterial pressure (MAP) from one subject dur-
ing local warming from 35 to 42�C (room temperature 24�C).
(A) mean arterial pressure (MAP), (B) blood velocity in control
radial artery, (C) blood velocity in radial artery of heated hand,
(D) water temperature. (From Bergersen, Eriksen and Walløe19).
© The American Physiological Society. Reproduced by permission
of The American Physiological Society. Permission to reuse must
be obtained from the rightsholder.

Figure 10. Two shorter blood velocity recordings from bilateral
arteries sampled beat by beat, also displayed in Figures 9, B and
C, marked by solid bars. Left panel: before heating. Right panel:
after heating. Circles: heated finger artery. Triangles: control fin-
ger artery. (From Bergersen, Eriksen and Walløe19) © The Ameri-
can Physiological Society. Reproduced by permission of The
American Physiological Society. Permission to reuse must be
obtained from the rightsholder.

Figure 11. Changes in finger blood flow (BF) in locally heated
hand (filled circles) and control hand (open circles) measured by
finger occlusion plethysmography plotted against water temper-
ature for the subject in 3 different thermal states. Values are
means § SE of 6 individual average values for each set of water
temperatures. � Significantly different from corresponding value
in control hand (p <0.05) (From Nagasaka26). © The American
Physiological Society. Reproduced by permission of The American
Physiological Society. Permission to reuse must be obtained from
the rightsholder.
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Effect of local cooling

Interactions between local cooling of the human
finger and the centrally induced rhythmic fluctua-
tions in blood velocities in the AVAs have also
been investigated by Bergersen and collaborators.32

The experimental setup was similar to that used to
investigate the effect of local heating. To keep the

body core temperature as constant as possible, only
a small area of skin was cooled, and only one fin-
ger was submerged in the water bath. On two con-
secutive days, the temperature of the water bath
was lowered from 35 �C to 27 �C and from 27 �C
to 19 �C respectively. The characteristic blood
velocity fluctuations were unaltered both in the fin-
ger artery of the cooled finger and in the finger
artery of the control finger on the opposite hand
during cooling from 35 �C to 27 �C. When the
temperature of the water bath was lowered from
27 �C on the second day, the fluctuations in the
cooled finger stopped quite abruptly in all experi-
mental subjects when the temperature dropped
below »21.5 �C (Figs. 12 and 13). The blood veloc-
ity in the finger artery of the cooled finger
remained low while the velocity fluctuations in the
finger artery of the control hand were unchanged.
Presumably the AVAs remained closed at a local
temperature below 21.5 �C.

Bergersen and her coworkers have also investi-
gated finger blood flow during local cooling in a
water bath kept at a steady temperature of 3 �C.33

Lewis first reported that when after immersion in
cold water, finger skin temperature falls and
remains low for 5-10 minutes, but then increases
abruptly.34 Lewis interpreted this as being due to
local vasodilatation. If the exposure to cold contin-
ues for some 10 to 20 minutes, another period of
vasoconstriction occurs, and then a second period
of cold-induced vasodilatation (CIVD). Ultrasound
Doppler recordings showed that velocity fluctua-
tions in the finger artery during CIVD were similar
to those in the control hand, but with a smaller
amplitude. Thus, vasodilatation occurs in the AVAs
when the low temperature has acted on the con-
tracted smooth muscle cells in the AVAs for some
minutes. For some reason, the contraction cannot
be sustained and the AVAs open up. A study of
the responses of the hands and feet to cold expo-
sure has recently been published.35

Arterio-venous anastomoses and human
temperature control

On the basis of the information discussed above about
the physiological responses of the AVAs and current
knowledge of the physiological responses of the ordi-
nary arterioles in the glabrous and non-glabrous skin

Figure 12. Simultaneous beat-by-beat averaged arterial blood
velocity and mean arterial pressure (MAP) from one subject dur-
ing local cooling from 27 to 19�C (room temperature 25�C).
(A) water temperature, (B) MAP, (C) blood velocity in 3rd finger
artery of cooled hand, (D) blood velocity in 3rd finger artery of
control hand (From Bergersen, Eriksen and Walløe32). © The
American Physiological Society. Reproduced by permission of
The American Physiological Society. Permission to reuse must be
obtained from the rightsholder.
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of the human body, it is possible to give an overview of
the role of AVAs in temperature regulation in
humans. When the ambient temperature is below the
lower end of the thermoneutral zone, all AVAs are
closed. Above the upper end of the thermoneutral
zone they are probably open most of the time, but this
is of little importance, since the vasodilatation caused
by cholinergic mechanisms related to sweat produc-
tion results in a large increase in blood flow to all skin
areas. Johnson and co-workers have investigated the
vasodilator mechanisms in the human skin in detail,
and have shown the importance of these mechanisms
in situations when the body has a pressing need to rid
itself of excess heat.36 As a result of general full vasodi-
latation, all venous plexuses in the skin are filled with
hot blood. This heat evaporates the sweat and is also
transported to the surroundings by conduction, con-
vection, and radiation. In this situation, total blood
flow to the skin in adult humans has been estimated
to be about 8 l/min,37 and blood flow through the
AVAs is only about 10 % of this.

However, the most important mechanism in
human temperature control is conscious behavioral
changes. We put on or take off clothing, move
between sunlit areas and shadow, and adjust our phys-
ical activity level if possible. By means of these

behavioral changes we try to avoid the 2 extremes of
sweating and shivering, which we perceive as unpleas-
ant, and try to keep the body within the thermoneutral
zone. From an evolutionary perspective it also makes
sense for the body to use other physiological mecha-
nisms than the metabolically more demanding solu-
tions of shivering or sweating as far as possible.
Within the thermoneutral zone, the AVAs play a
major role in human temperature control. In this tem-
perature range, body temperature is controlled solely
by adjusting blood flow to the skin, without any
accompanying changes in metabolic rate. In the 4
limbs, hot blood is transported through the AVAs to
the veins in the fingers and toes and in the palms and
soles of the hands and feet. This is brought about by
rhythmic active closing and passive opening of the
AVAs triggered by bursts of impulses in the adrener-
gic vasoconstrictor axons to the AVAs, probably origi-
nating in the temperature control center in the
hypothalamus. The frequency and the amplitude of
the flow peaks increase from the lower end to the mid-
dle of the thermoneutral zone, but decrease again as
the ambient temperature rises further toward the
upper end of the thermoneutral zone, where all AVAs
are open. Thus, blood flow through the AVAs
increases from near zero toward the lower end of the

Figure 13. Two-minute periods of simultaneous bilateral blood velocity fluctuations at 4 different local temperatures. Same experiment
as in Figure 12. Open circle: cooled hand. Filled circle: control hand. (From Bergersen, Eriksen and Walløe32). © The American Physiologi-
cal Society. Reproduced by permission of The American Physiological Society. Permission to reuse must be obtained from the
rightsholder.
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thermoneutral zone to perhaps 1 l/min toward the
upper end. Using thermal biophysical arguments, Tay-
lor et al 38 conclude that the hands and feet in humans
are important as insulators, radiators and evaporators.
I agree with this, particularly as regards insulation and
radiation. However, the small veins in the skin of the
arms and legs are also contracted near the lower end
of the thermoneutral zone and relax to a wider cross
section as the ambient temperature increases.37 At the
cold end of the thermoneutral range, the blood returns
to the heart through the deep veins and cools the arte-
rial blood through a countercurrent mechanism. As
the ambient temperature rises, more blood is returned
through the superficial venous plexuses and veins and
heats the skin surface of the full length of the 4 limbs.
This skin surface makes up about 50 % of the body
surface, and is responsible for a large part of the loss
of heat from the body toward the upper end of the
thermoneutral zone.39 Thus, the AVAs of the hands
and feet and the superficial veins of the limbs may be
regarded as a single entity responsible for control of
body temperature in most ordinary situations.

Abbreviations
AVA atreriovenous anastomoses
CIVC cold induced vasoconstriction
HIVC heat induced vasoconstriction
HR heart rate
MAP mean arterial blood pressure
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