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Heinonen I, Brothers RM, Kemppainen J, Knuuti J, Kalliokoski KK,
Crandall CG. Local heating, but not indirect whole body heating, increases
human skeletal muscle blood flow. J Appl Physiol 111: 818—824, 2011. First
published June 16, 2011; doi:10.1152/japplphysiol.00269.2011.—For de-
cades it was believed that direct and indirect heating (the latter of
which elevates blood and core temperatures without directly heating
the area being evaluated) increases skin but not skeletal muscle blood
flow. Recent results, however, suggest that passive heating of the leg
may increase muscle blood flow. Using the technique of positron-
emission tomography, the present study tested the hypothesis that both
direct and indirect heating increases muscle blood flow. Calf muscle
and skin blood flows were evaluated from eight subjects during
normothermic baseline, during local heating of the right calf [only the
right calf was exposed to the heating source (water-perfused suit)],
and during indirect whole body heat stress in which the left calf was
not exposed to the heating source. Local heating increased intramus-
cular temperature of the right calf from 33.4 = 1.0°C to 37.4 * 0.8°C,
without changing intestinal temperature. This stimulus increased mus-
cle blood flow from 1.4 * 0.5 t0 2.3 = 1.2 ml-100 g~ "min~' (P <
0.05), whereas skin blood flow under the heating source increased
from 0.7 = 0.3 to 5.5 = 1.5 ml-100 g~ "min~! (P < 0.01). While
whole body heat stress increased intestinal temperature by ~1°C,
muscle blood flow in the calf that was not directly exposed to the
water-perfused suit (i.e., indirect heating) did not increase during the
whole body heat stress (normothermia: 1.6 = 0.5 ml-100 g~ "-min~';
heat stress: 1.7 = 0.3 ml-100 g~ "min~!; P = 0.87). Whole body
heating, however, reflexively increased calf skin blood flow (to 4.0 =
1.5 mI-100 g~ '-min~!) in the area not exposed to the water-perfused
suit. These data show that local, but not indirect, heating increases calf
skeletal muscle blood flow in humans. These results have important
implications toward the reconsideration of previously accepted blood
flow distribution during whole body heat stress.

positron-emission tomography; skin blood flow; bone blood flow; heat
stress

WHEN HUMANS ARE EXPOSED to acute heat stress several cardio-
vascular adjustments occur primarily directed toward increas-
ing skin blood flow, which are necessary to adequately dissi-
pate an internal heat load. These responses are accomplished
through a combination of local and neurally mediated cutane-
ous vasodilation, coupled with elevated cardiac output and
redistribution of blood flow and volume away from central
vascular beds, such as the splanchnic and renal circulations, to
the cutaneous circulation (4, 9, 21, 29-31). In addition, skin
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and muscle sympathetic nerve activities (SNA) increase during
heat stress (3, 5, 6, 17, 23, 34), with increases in skin SNA
being responsible for sweating and cutaneous vasodilation,
while increases in muscle SNA have a less clear end result.

Earlier studies provided evidence that, during both local and
indirect whole body heating, increases in forearm blood flow
were exclusive to the skin; that is, muscle blood flow did not
change to these perturbations (7, 8, 15, 26). In part due to these
and related studies, it was reported that the skin has a capacity
to increase blood flow upwards to 7—8 1/min during a profound
heat stress (7, 27). However, those calculations were based on
the assumption that the absence of an increase in forearm
muscle blood flow during heat stress is consistent with other
areas of the body, such as the legs. This may not be correct
given heterogeneity of vascular responses between upper and
lower limbs (24), coupled with recent findings by Keller et al.
(18) showing increases in calf muscle blood flow, via Xe!*?
clearance, during local heating. However, use of the Xe!'*?
clearance technique to evaluate muscle blood flow is not
without limitations as it is reported to underestimate skeletal
muscle blood flow in animals and humans (16). Furthermore,
the study by Keller et al. (18) did not investigate the effects of
indirect heat stress on limb muscle blood flow.

Positron-emission tomography (PET) is a noninvasive im-
aging technology, which can be used to measure blood flow
and its distribution in muscle and other tissues. Blood flow can
be quantified with PET by the use of ['O]H,O (radiowater),
which is an intravenously infused inert and freely diffusible
tracer. The PET-radiowater technique measures only blood
flow in tissues where there is an exchange of water molecules,
i.e., where exchange of nutrients and oxygen occurs. This
technique has the capacity to quantify perfusion through dif-
ferent tissues (such as skin and skeletal muscle), while provid-
ing three-dimensional insight into capillary level blood flow in
tissues at rest, as well as in contracting skeletal muscle (13,
32). The objective of the present study was thus to test the
hypothesis that both local and indirect whole body heating
increase skeletal muscle blood flow as evaluated by PET-
radiowater measures.

METHODS

Subjects. Eight healthy men (25 = 6 yr old; 182 = 7 cm; 77 = 13
kg) volunteered to participate in the study. The purpose and potential
risks of the study were explained to the subjects before they gave their
written informed consent to participate. The subjects abstained from
caffeine-containing beverages for at least 24 h before the experiments
as well as avoided strenuous exercise within 48 h before the study.
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The subjects were not taking any medications. The study and consent
were performed according to the Declaration of Helsinki and were
approved by the Ethical Committee of the Hospital District of South-
Western Finland and National Agency for Medicines.

Instrumentation. On arrival to the laboratory each subject swal-
lowed a telemetric thermometer pill that transmitted intestinal tem-
perature to a receiver next to the subject (HQ). Mean skin temperature
was recorded from the weighted average of six thermocouples at-
tached to the skin (Sable Systems). A sterile thermocouple-based
temperature probe was inserted into the gastrocnemius muscle of the
right leg, 2-2.5 cm below the surface of the skin, using a small gauge
needle. A separate thermocouple was taped to the skin adjacent to the
intramuscular insertion site. The antecubital vein of the right hand was
cannulated for tracer administration, while the radial artery of the left
hand was cannulated for blood sampling. Subjects were then moved to
the PET scanner with the calf region in the imaging area. Systolic and
diastolic blood pressures were measured via auscultation of the
brachial artery (Omron, M5-1, Omron Healthcare, Europe B.V.
Hoofddorf, The Netherlands), from which systemic mean arterial
pressure (MAP) was calculated.

Study procedures. Skeletal muscle, skin, and bone blood flows in
the calf region (Fig. 1) were measured using PET with ['O]H,O (900
MBq), as described below. The pant leg of a water-perfused suit was
placed around the right calf region, which contained the intramuscular
temperature probe. Thermoneutral water (~34°C) was perfused
through this region while blood flows from both legs were measured
under resting normothermic conditions. This was followed by hot
water (47-50°C) being perfused through the pant leg sufficient to
increase intramuscular temperature ~4°C, at which time blood flow
from both legs were again measured. Next, the entire water-perfused
suit was placed on the subject such that the entire body was exposed
to the water-perfused suit except the head, both hands, the calf of the
left leg, and both feet. Hot water (47-50°C) was then perfused through
the entire suit with a goal to increase intestinal temperature ~1°C. It
is important to emphasize that during the whole body heating com-
ponent, the calf with the intramuscular temperature probe continued to
be directly heated given that the water-perfused suit covered this leg,
whereas the water-perfused suit was not covering the contralateral calf
(left leg) and thus it received “indirect” heating via elevated blood
temperature.

Blood flow measurements and analysis. Radiowater positron-emit-
ting tracer ['>O]H,O was produced as previously described (33) and
an ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville, TN) was
used in three-dimensional (3D) mode for image acquisition to mea-
sure muscle blood flow. Photon attenuation was corrected by 5-min
transmission scans performed both at the beginning of the normother-
mic and heat stress PET evaluations. All data were corrected for dead
time, decay, and measured photon attenuation, and the images were
reconstructed into a 256 X 256 matrix, producing 2.57 X 2.57 mm
in-plane dimensions of voxels with 2.43 mm plane thickness. Scan-
ning began simultaneously with the bolus infusion of the tracer and
scanning consisted of the following frames; 6 X 55, 12 X 10 s and
7 X 30 s. Arterial blood radioactivity was also sampled continuously
with a detector during imaging for blood flow quantification. The data
analysis was performed using standard models (14) and methods
(11-13, 32). Blood flow was analyzed from calf musculature, with
specific regions of interest including the soleus and gastrocnemius
muscles, but avoided all apparent blood vessels and bone structures
(Fig. 1). Regional vascular conductance and resistance were calcu-
lated from the ratio of blood flow to MAP (conductance) or the ratio
of MAP to blood flow (resistance). Bone blood flow was evaluated
from tibia.

MRI. Structural MRI was performed approximately 1 wk before the
PET study to make PET-MRI fusion images, and thus to accurately
exclude large vessels and define the regions of interests for blood flow
determinations only from muscle and skin (11-13).
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Fig. 1. Representative cross-sectional positron-emission tomography (PET)
blood flow images from the middle calf region at normothermic baseline,
during local heating, and during whole body heating.

Statistical analysis. Statistical analyses were performed with SAS
8.2 and SAS Enterprise 4.2 programs (SAS Institute, Cary, NC).
Comparisons between conditions (i.e., normothermia, local heating,
and whole body heating) for thermal and hemodynamic variables
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Table 1. Effects of local and whole body heating on
intestinal, muscle, skin, and local temperatures

Normothermic Local ‘Whole Body
Baseline Heating Heating
Intestinal temperature, °C 37202 37203 38.2 £ 0.4%F
Muscle temperature, °C 334*1.0 374 £0.8* 373 £ 0.5%
Mean skin temperature, °C 342 0.5 35.6 £ 0.6* 38.5 £ 0.4%F
Local skin temperature, °C 319 =09 39.6 = 1.0%* 36.9 = 2.1%*%

Values are means = SD. Local temperature is the temperature from the
probe on the skin adjacent to the intramuscular probe. *P < 0.05 compared
with normothermic baseline; P < 0.05 compared with local heating.

were analyzed using a one-way repeated-measures ANOVA. Like-
wise, skin and muscle blood flow responses, for each calf, were
analyzed using one-way repeated-measures ANOVA between the
three thermal conditions. If a significant main effect(s) was found,
pairwise differences were identified using the Tukey-Kramer post hoc
procedure. Results are expressed as means = SD, and P = 0.05 was
considered statistically significant.

RESULTS

Muscle and intestinal (core) temperatures. The effects of
local and whole body heating on intestinal, muscle, local skin,
and mean skin temperatures are shown in Table 1. Calf-only
heating increased local skin temperature ~8°C resulting in an
increase in intramuscular temperature from 33.4 *= 1.0 to 37.4 =
0.8°C, while intestinal temperature did not change. During
whole body heating, mean skin temperature was elevated
~4°C, muscle temperature under the water-perfused suit re-
mained elevated (37.3 = 0.5°C), and intestinal temperature
increased from 37.2 = 0.2 to 38.2 * 0.4°C.

Heart rates, blood pressures, and muscular vascular
resistance. The effects of local and whole body heating on
heart rate, blood pressure, and muscular vascular conductance
and resistance are shown in Table 2. While systolic blood
pressure remained unchanged in all three conditions, diastolic
and mean arterial blood pressure were reduced during whole
body heating. Muscle vascular resistance of the right calf
(covered with the water-perfused suit) decreased during both
local and whole body heating, compared with normothermic
baseline. However, muscle vascular resistance of the left calf
(not covered with the water-perfused suit) was unchanged
regardless of the thermal condition. Generally, similar findings
but in the opposite direction were observed when these value
are reported as muscle vascular conductance.

SKELETAL MUSCLE BLOOD FLOW DURING HEAT STRESS

Muscle blood flow. Local heating increased muscle blood
flow in the covered calf (P < 0.05) (see Fig. 1 for illustra-
tion and Fig. 2A for numerical values) and remained ele-
vated, relative to normothermia, during whole body heating
(P = 0.037). However, there was no difference in skeletal
muscle blood flow in this calf between local and whole body
heating (P = 0.61). The thermal perturbations did not change
muscle blood flow from the uncovered calf (P = 0.87 for the
main effect of the ANOVA) (Figs. 1 and 2B).

Skin blood flow. Both local and whole body heating increased
skin blood flow from the covered calf (P < 0.001), but there was
no difference in skin blood flow between these heating protocols
(P = 0.46) (Fig. 3A). Skin blood flow from the uncovered calf
was not changed during local heating of the covered calf (Fig. 3B).
However, skin blood flow from the uncovered calf during whole
body heating was elevated from 0.6 * 0.2 to 4.0 = 1.4 ml-100
¢ min~' compared with normothermia.

Bone blood flow. Both local and whole body heating in-
creased bone blood flow of the covered leg (Fig. 4A4) (**P <
0.01 and ***P < 0.001 from normothermic baseline). Bone
blood flow was higher in the covered leg during local heating
compared with whole body heating (*P < 0.05) (Fig. 4A).
However, in the leg not covered by the water-perfused suit,
bone blood flow did not change from normothermic baseline
values regardless of the perturbation (P = 0.2 from the
ANOVA) (Fig. 4B).

DISCUSSION

These results demonstrate that local heating, which in-
creased muscle temperature by ~4°C, but not indirect whole
body heating, which increased core temperature by ~1°C,
increases skeletal muscle blood flow in humans. Moreover,
muscle vascular resistance of the heated calf decreased during
both local and whole body heating compared with normother-
mic baseline, but remained similar to control values in non-
heated contralateral calf musculature. We also report for the
first time that bone blood flow increases during local heating.
These results have important implications for reconsideration
of whole body blood flow distribution and skin-specific flow
capacities during passive heat stress and perhaps dynamic
exercise in the heat.

Local heating responses. An increase in calf muscle and tibia
blood flow during local heating occurred in response to increased
intramuscular temperature (from 334 *= 1.0 to 37.4 = 0.8°C),
while intestinal temperature remained unchanged. These find-

Table 2. Effects of local and whole body heating on heart rate, blood pressure, and muscle vascular conductance

and resistance

Normothermic Baseline Local Heating Whole Body Heating

Heart rate, beats/min

Systolic arterial blood pressure, mmHg
Diastolic arterial blood pressure, mmHg
Mean arterial blood pressure, mmHg

Muscle vascular conductance (covered), ml-100 g~!

*min~!*mmHg !
Muscle vascular resistance (covered), mmHg-ml~'-100 g-min

Muscle vascular conductance (uncovered), ml-100 g~ '-min~'-mmHg ™!
Muscle vascular resistance (uncovered), mmHg-ml~'-100 g-min

577 63*+9 99 = 9%
120 = 13 122 = 12 123 +9
69 =8 676 54 = T*f
86 =8 85 =7 77 = T*F
0.016 = 0.005 0.026 = 0.013 0.025 = 0.007*
(P = 0.06)
70.1 =27.8 43.8 = 14.8% 443 = 16.7*
0.018 = 0.006 0.018 = 0.006 0.022 = 0.006
60.5 = 21.0 62.1 =20.2 48.9 = 13.7

Values are means = SD. Covered: the right calf that was covered by the water-perfused suit and thus was directly heated during both local and whole body
heating; uncovered: the left calf that was not covered by the water-perfused suit and thus was not directly heated at any time. *P < 0.05 compared with

normothermic baseline; TP < 0.05 compared with local heating.
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Fig. 2. Effects of local and whole heating on
muscle blood flow. Local heating increased
muscle blood flow of the covered leg (A) (*P <
0.05 vs. normothermic baseline). Muscle blood
flow was also higher in the covered leg during
whole body heating compared with normother-
mic baseline (P = 0.037) (A). However, in the
leg not covered by the water-perfused suit,

Blood flow (ml -

ings confirm and extend the recent findings by Keller et al. (18)
who, by using the xenon-clearance technique, similarly ob-
served increased calf muscle blood flow during local heating.
However, both findings are in contrast to classic investigations
in which forearm muscle blood flow was unchanged during
local heating (15). The reason for the discrepancy may simply
be regional differences in vasodilator responsiveness to local
heating between the arm and leg. Consistent with this hypoth-
esis, Pawelcyzk and Levine (24) found greater vasoconstrictor
responses to intra-arterial phenylephrine administration (an
aj-adrenergic agonist) in the leg relative to the arm. Alterna-
tively, differences in experimental techniques, and their asso-
ciated sensitivities, coupled with relatively small increases in
calf muscle blood flow with local heating (~1 ml-100
¢~ 'min~ "), may contribute to differences between the afore-
mentioned findings.

There are at least three potential mechanisms for the in-
creased human muscle blood flow during prolonged externally
delivered local heating. First, increased muscle temperature per
se may directly vasodilate resistance vessels in the human
microcirculation. This stimulus may also decrease the resis-
tance of upstream feed arteries (1). Although in some ex vivo
experiments heating relaxes isolated blood vessels, especially
cutaneous veins (2), it is evident that in the majority of animal
studies heating per se does not change or slightly increases the
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muscle blood flow did not change from normo-
thermic baseline values regardless of the per-
turbation (P = 0.87 from the ANOVA) (B).

tone of (arterial) blood vessels, such as in mesenteric and
carotid arteries (19, 22). These latter observations are in line
with the understanding that warm blood is shunted from the
body’s core to skin so that heat can more effectively be
released, although clearly sympathetically mediated vasocon-
striction is the primary driver of this response. Second, in a
recent study which also proposed that heating increases (thigh)
muscle blood flow, Pearson et al. (25) suggested that the potent
vasodilator and sympatholytic agent ATP might be responsible
for this response. Moreover, it is likely that heating directly
increases nitric oxide synthase and thus nitric oxide release
within the muscle vasculature (10), which would augment
muscle blood flow. Thus released substances associated with
direct heating may cause the observed dilation of muscle, and
bone, vasculature. Third, increased temperature per se is
known to increase oxygen consumption of the tissue (i.e., a Qo
effect), which may act as an initiator of metabolically induced
vasodilation.

Whole body heating responses. In the covered leg, muscle
and bone blood flow remained elevated during the subsequent
whole body heating protocol, although the increase in blood
flow from normothermic baseline was slightly, but not signif-
icantly, less compared with local heating. Directionally con-
sistent with this tendency for a reduction in muscle blood flow
between local and whole body heating conditions, local skin

Fig. 3. Effects of the local and whole body heating
on skin blood flow. Both local and whole body
heating increased skin blood flow (***P < 0.001)
in suit-covered calf (A), while there was no differ-
ence in skin blood flow between these heating
protocols (P = 0.46). Only whole body heating
increased skin blood flow in the calf that was not
covered by the water-perfused suit (***P < 0.001

*k%k

b
Blood flow (ml

relative to normothermia and local heating of the
contralateral leg) (B).

J Appl Physiol « VOL 111 « SEPTEMBER 2011 « WWW.jap.or;
Downloaded from journals.physiology.org/journal/jappl (081.100.211.176) on May 25, 2022.



822

SKELETAL MUSCLE BLOOD FLOW DURING HEAT STRESS

A B
T 20, T 20
S ~ o~
Fig. 4. Effects of local and whole body heat- 2 = =
ing on bone blood flow. Both local and whole = é b g 1.51
body heating increased bone blood flow of the = 7 = .
covered leg (A) (**P < 0.01, ***P < 0.001 g;‘_ é;—_‘ 1.0
from normothermic baseline). Bone blood 3 g s 0:’
flow was higher in the covered leg during O © o0
local heating compared with whole body heat- "_5 f = Q
ing (*P < 0.05) (A). However, in the legnot © © '8 ‘e
covered by the water-perfused suit, bone o L)
blood flow did not change from normothermic m o
baseline values regardless of the perturbation
(P = 0.2 from ANOVA) (B).
o o
& &

temperature (by ~2.5°C) and muscle temperature (not statis-
tically significant) were also lower in the covered calf. Al-
though unlikely, it may be that this tendency for a reduction in
muscle blood flow from local to whole body heating is due to
subtle decreases in muscle temperature, which would support
the recent findings of Pearson et al. (25), who suggested that
muscle blood flow increases in proportion to increases in
muscle temperature. However, in the present results there was
no correlation between the increase in muscle temperature and
the elevation in muscle blood flow (R?> = 0.08, P = nonsig-
nificant) in the pooled dataset (i.e., combining both local and
whole body heating data). Furthermore, the tendency for a
reduction in muscle blood temperature between local and
whole body heating conditions was very small and with ques-
tionable physiological significance.

Whole body heat stress increases muscle sympathetic nerve
activity (MSNA) by ~100% (3, 6, 17, 23). Such an increase
should cause a vasoconstrictor bias in the muscle, particularly
given recent findings that heat stress does not impair adrenergic
vasoconstrictor responsiveness in muscle (18). Perhaps the
attenuation in the elevation in muscle blood flow during whole
body heat stress in the covered calf, compared with local
heating, is due to a slight vasoconstrictor bias in the balance
between local heating-induced muscle vasodilation and sym-
pathetically induced vasoconstriction. However, muscle blood
flow responses from the nonheated leg during the whole body
heat stress are not entirely consistent with this hypothesis. That
is, a doubling of MSNA should have reduced muscle vascular
conductance and blood flow in the uncovered calf, which was
not observed. A possible explanation for this observation may
be due to a combination of heat induced increases in muscle
temperature (associated with ~1°C increase in core body
temperature and thus blood temperature) causing slight in-
creases in muscle blood flow, coupled with sympathetically
mediated vasoconstriction, the net effect being no measurable
change in muscle blood flow in the uncovered leg. Alterna-
tively, the absence of a change in muscle blood flow in the
uncovered leg may simply be a consequence of the level of
muscle heating during whole body heat stress being insuf-
ficient to alter muscle blood flow, although this hypothesis
does not explain the absence of a reduction in muscle blood
flow of this limb despite an approximate doubling of MSNA
during whole body heat stress. Finally, the overall stress

reaction of the body in response to heat stress may elevate
circulating catecholamines, epinephrine most importantly,
which could have contributed to elevate muscle blood flow
through adrenergic beta receptors.

Muscle and skin blood flows during heat stress: how high do
they go? During passive whole body heat stress, the entire
body, with the typical exception of the feet, hands, and head,
are exposed to elevated temperatures. Mean skin tempera-
ture under the water-perfused suit can exceed 40°C (31),
although the magnitude of heat stress in the present study
was less than that imposed by Rowell and colleagues.
Nevertheless, based on the present findings muscle temper-
ature would increase under the water-perfused suit and, at least
in the calf, this would cause an increase in muscle blood flow.
During such a heat stress cardiac output has the potential to
more than double, approaching 13 I/min in resting humans.
This exposure decreases both renal and splanchnic blood flow
(21, 29, 30). Based on the previously held hypothesis that
muscle blood flow does not change during heat stress, it has
long been thought that 100% of the increase in cardiac output,
plus the magnitude of the reductions in renal and splanchnic
blood flow, equals the increase in skin blood flow that occurs
during this exposure (28). Using this calculation, Rowell (27)
proposed that the increase in skin blood flow can approach 7.8
I/min during a severe passive heat stress. However, given the
present findings that muscle blood flow increases under the
water-perfused suit, the aforementioned calculations need to be
reconsidered. In the present study, local heating sufficient to
increase intramuscular temperature ~4°C increased muscle
blood flow by ~45%. However, this equated to an absolute
increase in muscle blood flow of only ~1 ml-100 g~ '-min~".
If one assumes that an average individual has a muscle mass of
35 kg, and if blood flow to 100% of this mass is increased by
1 ml-100 g~ "-min~!, then the overall increase in muscle blood
flow to the heat stress would only be ~350 ml/min. However,
this calculation assumes that the observed vascular responses
in calf muscle are consistent with other muscles groups, which
has yet to be determined. Even if a more severe heat stress
caused a doubling of muscle blood flow relative to the present
findings, the ‘“error” associated with not including muscle
blood flow in the calculation of total skin blood flow would be
~10% (i.e., 7.1 /min rather than 7.8 I/min previously proposed
by Rowell) (27). Therefore, although clearly muscle blood flow

J Appl Physiol « VOL 111 « SEPTEMBER 2011 « WWW.jap.or;
Downloaded from journals.physiology.org/journal/jappl (081.100.211.176) on May 25, 2022.



SKELETAL MUSCLE BLOOD FLOW DURING HEAT STRESS

has the potential to increase during resting whole body heat
stress, that increase is relatively small and has only a minimal
effect on the calculation of total skin blood flow. Conversely,
during dynamic exercise, heat associated with metabolism may
contribute to exercise muscle hyperemia. The importance of
this possibility becomes greater during prolonged and high-
intensity exercise when disproportionate increases in muscle
blood flow (in relation to metabolic demand) may compromise
skin blood flow and thus heat exchange. The observed increase
in bone blood flow in response to local heat stress is also likely
to affect the calculations of the distribution of cardiac output
during passive heating, but due to its low absolute values, the
contribution is also only marginal at best. However, although
some aspects of bone blood flow have already been character-
ized (20), this area remains largely unexplored in humans and
more research is therefore warranted.

Figure 3 illustrates that during whole body heating, calf skin
blood flow from the covered leg increased to ~5 ml-100
¢ min~!. If a 70-kg individual has 8—10 kg of skin, and if
skin blood flow responses from the calf are representative of
whole body skin blood flow, a skin blood flow of 5 ml-100
¢ min~! would equate to a whole body skin blood flow of
only 400-500 ml/min. This value is substantially less than
prior calculations yielding maximum skin blood flows ap-
proaching 8 1/min (28). Moreover, Edholm et al. (8) proposed
skin blood flows as high as ~160 ml-100 g~ 'min~"! in se-
verely heat-stressed humans. In this respect there are, however,
a number of important points that should be made to explain
these discrepancies. First, in the prior studies subjects were
heated to the limits of their thermal tolerance, with skin
temperatures over 40°C and blood temperatures over 39°C.
This is in contrast to the much more moderate heat stress in the
present protocol. Second, although PET measures blood flow
per 100 g of tissue, there are difficulties inherent to any
technique in defining the boundary between skin and subcuta-
neous tissue needed to precisely calculate skin mass of the
evaluated or especially whole body area, and thus also total
skin blood flow. Thus the partial volume effect may contribute
to underestimation of skin blood flow per 100 g tissue due to
its thin structure. Third, it is apparent that there are marked
heterogeneities in sweating and skin blood flow between re-
gions of the body. It is, therefore, possible that skin blood flow
from other regions of the body were greater than that observed
in the calf. Finally, it also remains a possibility that PET-
derived estimates of skin blood flow underestimate true skin
blood flow during both local and whole body heat stress if
some of the increases in skin blood flow occur through non-
nutritive paths that are undetectable by PET techniques. Nev-
ertheless, it should be highlighted that the relative increase
(~650% or ~7-fold) in skin blood flow from normothermia to
heat stress measured by PET is similar to that observed with
laser-Doppler flowmetry and shows the potential for PET to
adequately quantify relative changes in regional skin blood
flow.

In conclusion, this study shows that local heating increases
skeletal muscle blood flow in humans, which is consistent with
that previously shown using the Xe'3? clearance technique
(18). In addition, the present findings do not support the
hypothesis that muscle blood flow increases in a limb not
directly exposed to a heat stimulus during an ~1°C increase in
core body temperature.
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