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Whole body heating in humans increases skin blood flow
(SkBF) and decreases central venous pressure (CVP). This
study sought to identify whether elevations in SkBF are
augmented during passive heating if CVP is increased during
the heat stress. Seven subjects were exposed to passive
heating. Once SKkBF was substantially elevated, 15 ml/kg
warm saline were rapidly infused intravenously. Whole body
heating significantly increased cutaneous vascular conduc-
tance and decreased CVP from 7.7 = 0.6 to 4.9 = 0.5 mmHg
(P < 0.05). Saline infusion returned CVP to pre-heat-stress
pressures (7.9 = 0.6 mmHg; P > 0.05) and significantly
increased cutaneous vascular conductance relative to the
period before saline administration. Moreover, saline infusion
did not alter mean arterial pressure, pulse pressure, or
esophageal temperature (all P > 0.05). To serve as a volume
control, 15 ml/kg saline were rapidly infused intravenously in
normothermic subjects. Saline infusion increased CVP (P <
0.05) without affecting mean arterial pressure, pulse pres-
sure, or cutaneous vascular conductance (all P > 0.05). These
data suggest that cardiopulmonary baroreceptor unloading
during passive heating may attenuate the elevation in SKBF
in humans, whereas loading cardiopulmonary baroreceptors
in normothermia has no effect on SKBF.
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WHEN A HUMAN is exposed to an increased heat load,
skin blood flow (SkBF) increases secondary to increases
in internal temperature and skin temperature (Tg).
This elevation in SkBF is accomplished through a
combination of increases in cutaneous vascular conduc-
tance and cardiac output. These adjustments, coupled
with relaxation of cutaneous veins, result in central
venous pressure (CVP) decreasing 2—-6 mmHg and
mean arterial pressure (MAP) decreasing 5-10 mmHg
(26). Decreases in blood pressure of this magnitude
likely unload cardiopulmonary and sinoaortic barorecep-
tors, respectively.

In addition to thermoregulatory reflexes, nonthermo-
regulatory reflexes such as baroreflexes also modulate
SkBF. For example, application of lower body negative
pressure (LBNP) in both normothermia and heat stress
reduced cutaneous vascular conductance (5, 10, 11, 15,

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

http://'www.jap.org

8750-7587/99 $5.00 Copyright © 1999 the American Physiological Society

18, 27, 31). Given the aforementioned unloading of
baroreceptors during passive heating (26), coupled with
evidence that SKBF can be modulated by baroreceptors
(5, 10, 11, 15, 18, 27, 31), is it possible that barorecep-
tors serve to modulate the elevation in SKBF during a
thermal challenge? Data from studies investigating the
control of SKBF during dynamic exercise support this
hypothesis. During exercise in the heat, SKBF tends to
plateau when internal temperature approaches 38°C
(2). However, if procedures are performed to maintain
or increase CVP during the exercise bout (21-23),
SkBF does not plateau but continues to increase as
internal temperature increases. In these studies, arte-
rial blood pressure was either not changed (22) or was
slightly reduced (21) by the procedure used to alter
CVP. Thus it is likely that either the maintenance or
increase of cardiopulmonary baroreceptor tension was
the primary mechanism responsible for continued eleva-
tion of SKBF during the exercise bout.

An important question that remains unanswered is
whether the aforementioned reduction in CVP, and
accompanying cardiopulmonary baroreceptor unload-
ing, during passive heating similarly affects the eleva-
tion in SkBF. That s, if CVP, and thus cardiopulmonary
baroreceptor loading, were increased during passive
heating, would the elevation in SkBF be augmented
during the heat stress? Thus the purpose of this study
was to identify whether increases in SkBF during
passive heating would be accentuated if CVP were
increased via rapid saline infusion.

METHODS
Subjects

Seven subjects (4 men, 3 women) participated in protocol 1,
and ten subjects (4 men, 6 women) participated in protocol 2.
The subjects’ ages were between 20 and 42 yr, and all were of
normal height (172 £ 2 cm), weight (74 = 19 kg), and health.
A written informed consent from each subject was obtained
before participation in this institutionally approved study.

Protocol 1

Each subject was instrumented for the measurement of
esophageal temperature (Te) with a thermocouple at the
level of the atria and mean Ty from the electrical average of
six thermocouples placed on the skin. MAP was continuously
recorded from the electrical integration of the pulsatile blood
pressure signal from a finger (Finapres) referenced to heart
level. Heart rate (HR) was obtained from the electrocardio-
gram. Forearm SkBF was monitored by laser-Doppler flowme-
try (Perimed). An index of cutaneous vascular conductance
was calculated from the ratio of laser-Doppler flux to MAP.
CVP was measured from a catheter inserted in the subject’s
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basilic vein, with the tip of the catheter being advanced to the
superior vena cava. The CVP catheter was connected to a
sterile disposable pressure transducer. Zero reference for this
transducer was set at the subject's midaxillary line. The
pressure transducer was calibrated before and after each
experiment.

The subject was placed in a tube-lined suit that permitted
the control of Ty by changing the temperature of the water
perfusing the suit. The suit covered the entire body surface
with the exception of the head, feet, and the forearm where
SkBF was monitored. A plastic garment was placed over this
suit to impede sweat evaporation.

With the subject in the supine position, neutral (~34°C)
water was perfused through the tube-lined suit. After ~10
min, baseline data were collected. After this baseline period,
Te was increased to 38.5°C by perfusing the tube-lined suit
with warm water. Once cutaneous vascular conductance was
elevated and stable, CVP was returned to pre-heat-stress
levels via rapid (7- to 10-min) infusion of 15 ml/kg warmed
(37°C) isotonic saline through a different catheter placed in
an antecubital vein (Fig. 1). After the infusion, Ty was
returned to pre-heat-stress levels by perfusing the suit with
cool water. A heater surrounding the laser Doppler flow probe
was used to raise local skin temperature to 42°C. Local
temperature was held at this level for 30 min to elicit
maximal cutaneous vasodilation. Values for cutaneous vascu-
lar conductance were then converted to percentages of maxi-
mum for that site.

Protocol 2

The intent of this protocol was to assess cutaneous vascular
effects of loading cardiopulmonary baroreceptors in normo-
thermia via saline infusion. This procedure served as a
volume control for protocol 1. Each subject was instrumented
as outlined in protocol 1 with the exception of the tube-lined
suit and T, probes. Moreover, rather than T, blood tempera-
ture (T,) was obtained from a thermistor at the tip of a
Swan-Ganz catheter advanced to the pulmonary artery. After
a period of baseline data collection, 15 ml/kg warm saline
were infused over a period of 7-10 min through a catheter
placed in the antecubital vein. Data were continuously col-
lected throughout baseline and saline infusion periods.

Data Collection and Statistics

Protocol 1. Data were sampled at 1 Hz and reduced to the
following 2-min periods: immediately before whole body
heating (pre-heat stress), immediately before the onset of
saline infusion (heat stress), and during minutes 5-7 of the
saline infusion. These data were statistically analyzed by
using one-way repeated-measures analysis of variance fol-
lowed by a Student-Newman-Keuls multiple-comparison test
when significant main-factor differences were identified. The
rates of rise in cutaneous vascular conductance and T were
identified from the slope of the linear regression equation
during the 5-min period immediately before the onset of
saline infusion and during the first 5 min of saline infusion.
Nonaveraged data (i.e., 1 Hz) were used for slope determina-
tion. A paired t-test was used to identify differences in the
slope between these periods.

Protocol 2. Data were sampled at 1 Hz and reduced to a
2-min period immediately before the onset of saline infusion
and a 2-min period during minutes 5-7 of the saline infusion.
These data were statistically analyzed by using a paired
t-test. All data for both protocols are expressed as means *+
SE. The level of statistical significance was set at P = 0.05.
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Fig. 1. Effects of whole body heating and saline infusion on central
venous pressure (CVP), cutaneous vascular conductance (CVC), and
esophageal temperature (Tes) for 1 subject. Whole body heating
increased T, and CVC while reducing CVP. Rapid infusion of saline
(15 ml/kg) returned CVP and presumably cardiopulmonary barorecep-
tor loading to pre-heat-stress levels without affecting mean arterial
pressure or pulse pressure (see text). Returning CVP to pre-heat-
stress levels significantly increased rate of rise of CVC without
affecting rate of rise of Tes. Max, maximum.

RESULTS

In protocol 1, whole body heating significantly in-
creased T, HR, and cutaneous vascular conductance
while decreasing CVP and MAP (Table 1). Saline
infusion returned CVP to pre-heat-stress pressures
without significantly changing MAP, pulse pressure, or
Tes. Interestingly, HR was ~10 beats/min higher during
saline infusion than during the period immediately
before saline infusion. SKBF before saline infusion was
significantly less than SkBF after 5 min of saline
infusion (57 = 3 vs. 75 = 6% maximum cutaneous
vascular conductance units; P < 0.001). This difference
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Table 1. Responses to passive heating
and saline infusion

Pre-Heat Stress Heat Stress Saline Infusion

CVC, units 13+2 54 +5* 70 = 8*t
CVP, mmHg 7.7+0.6 49+05* 7.9*0.6t
MAP, mmHg 88+4 75+ 4* 73+ 4*
Heart rate, beats/min 66+4 89 +4* 98 + 4*t
Pulse pressure, mmHg 47+2.2 47+2.0
Tes, °C 36.5+0.1 37.2+0.1* 37.3+0.1*
Osmol,, mosmol/kgH,O 286+1.5 286+0.9 291 +1.8*t

Values are means * SE. CVC, cutaneous vascular conductance;
CVP, central venous pressure; MAP, mean arterial pressure; T,
esophageal temperature; Osmol,, plasma osmolality. CVC is ex-
pressed as (laser-Doppler flux mmHg)-100. *Significantly different
from pre-heat-stress stage, P < 0.05. fSignificantly different from
heat-stress stage, P < 0.05.

was primarily due to an increased rate of elevation in
cutaneous vascular conductance during the first 5 min
of saline infusion when compared with the period just
before saline infusion (0.5 *= 0.2 to 2.8 = 0.4% maxi-
mum cutaneous vascular conductance units/min; P <
0.001; see Fig. 1). If the rate of increase in cutaneous
vascular conductance had not increased as a result of
saline infusion (i.e., remained at 0.5% maximum cuta-
neous vascular conductance units/min), the predicted
cutaneous vascular conductance after 5 min of saline
infusion would be 59 * 4% maximum cutaneous vascu-
lar conductance units. This predicted value was signifi-
cantly less than the value achieved after 5 min of saline
infusion (i.e., 75 £ 6% maximum cutaneous vascular
conductance units; P < 0.001). The profound increase
in cutaneous vascular conductance during saline infu-
sion was not due to an increase in internal temperature
because neither the rate of elevation in T, (0.03 = 0.01
t0 0.02 = 0.01°C/min; P = 0.12) nor absolute T, (37.0 =
0.1 to 37.1 = 0.1°C; P > 0.05) changed during saline
administration. Plasma osmolality did not change sig-
nificantly during whole body heating but increased
significantly after saline infusion (see Table 1). This
increase was likely due to the administration of saline
that had an osmolality slightly greater than the sub-
jects’ plasma osmolality.

In protocol 2, saline infusion in normothermia signifi-
cantly increased CVP without affecting MAP, pulse
pressure, or Ty, (Table 2). Despite the increase in CVP,
cutaneous vascular conductance was not significantly
altered. Because there were no changes in cutaneous
vascular conductance or Ty, during saline infusion, no

Table 2. Responses to saline infusion in normothermia

Preinfusion Saline Infusion P Value
CVC, units 12.2+2.0 11.9*2.0 0.34
CVP, mmHg 7.5+0.5 11.6*+0.7 <0.001
MAP, mmHg 90+3 91+4 0.13
Pulse pressure, mmHg 53+2 55+2 0.34
Heart rate, beats/min 70*2 773 0.02
Toi, °C 36.7x0.1 36.6x0.1 0.19

Values are means * SE. Ty, pulmonary artery blood temperature.
CVC is expressed as (laser-Doppler flux/mmHg) x 100.
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assessment was performed on the rate of increase of
these variables.

DISCUSSION

The primary finding from these experiments sug-
gests that increasing CVP during passive heating sig-
nificantly increases the rate of elevation of cutaneous
vascular conductance. This conclusion was obtained
after the return of CVP to pre-heat-stress levels with
rapid isotonic saline administration while SkBF was
simultaneously measured. During saline infusion, the
rate of elevation in cutaneous vascular conductance
increased greater than fivefold, which increased abso-
lute cutaneous vascular conductance to a level greater
than that predicted had the rate of increase in cutane-
ous vascular conductance not changed.

As shown in this and other studies, passive heating
substantially increases SKkBF (11). Depending on the
thermal status before heating, an initial small increase
in SkBF may be due to withdrawal of cutaneous
vasoconstrictor activity. As the heat stress progresses,
the cutaneous active vasodilator system is then acti-
vated and mediates the majority of the elevation in
SkBF during the heat stress (11). Because the sympa-
thetic vasoconstrictor system is withdrawn during heat
stress (11, 14), increases in the rate of elevation in
cutaneous vascular conductance observed in the pre-
sent study during saline infusion were most probably
due to increases in cutaneous active vasodilator activ-
ity. However, data from the present study do not rule
out the possibility that some of the elevation in cutane-
ous vascular conductance during saline infusion may
have been due to withdrawal of cutaneous vasoconstric-
tor activity. Itis likely that the cardiopulmonary barore-
ceptors were the baroreceptor population mediating
this response because saline infusion did not change
MAP or pulse pressure.

The primary determinants governing cutaneous vas-
cular conductance are internal temperature and T..
However, nonthermoregulatory factors, including baro-
receptors, also modulate cutaneous vascular conduc-
tance (5, 10, 15, 18, 27, 31). For example, during passive
heating, moderate to high levels of LBNP significantly
reduced cutaneous vascular conductance (5, 10, 15, 18),
and this reduction was due to withdrawal of active
vasodilator activity (5, 15). Because these levels of
LBNP likely unload both cardiopulmonary and arterial
baroreceptor populations (12, 34), it is unknown which
baroreceptor population was responsible for the reduc-
tion in active vasodilator activity.

We recently found that cardiopulmonary barorecep-
tor unloading during passive heating with 5 and 10
mmHg LBNP did not change cutaneous vascular con-
ductance, MAP, or HR but significantly reduced fore-
arm vascular conductance (5). The fact that forearm
vascular conductance was reduced by this stimulus
implies that the cardiopulmonary baroreflex was en-
gaged. Taken together, the present findings, coupled
with the aforementioned finding (5), suggest that dur-
ing passive heating individuals are functioning at, or
close to, threshold on the cardiopulmonary-cutaneous
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active vasodilator baroreflex curve. Such a hypothesis
dictates that cardiopulmonary baroreceptor unloading
in this environment would not reduce cutaneous vascu-
lar conductance, whereas cardiopulmonary barorecep-
tor loading would elevate cutaneous vascular conduc-
tance through increased cutaneous active vasodilator
activity. Alternatively, it could be that the magnitude of
cardiopulmonary baroreceptor unloading during pas-
sive heating with —5 and —10 mmHg LBNP did not
unload the cardiopulmonary baroreceptors sufficiently
to evoke measurable responses in the cardiopulmonary-
cutaneous active vasodilator baroreflex curve, even
though changes in muscle vascular conductance were
identified (5).

Previous studies provide evidence of the importance
of the cardiopulmonary baroreceptors in governing the
elevation in SkBF during exercise (21-23). During
dynamic exercise in the heat, SKBF tends to plateau
when internal temperature approaches 38°C (2). How-
ever, if CVP is either maintained or increased during
the exercise bout, SKBF continues to increase beyond
an internal temperature of 38°C. Given that cutaneous
vasoconstrictor activity is not fully withdrawn during
exercise in the heat (13), it is unknown whether the
aforementioned responses in SKBF were due to with-
drawal of cutaneous active vasoconstrictor activity
and/or increased cutaneous active vasodilator activity.

No change in cutaneous vascular conductance was
observed during saline infusion in normothermia. This
finding is consistent with previous findings of a lack of
change in hand blood flow (the hand being primarily
skin) during elevations in CVP induced by passive leg
raises (25) or negative-pressure breathing (1). In normo-
thermia, SKBF is governed exclusively by cutaneous
vasoconstrictor activity without influences from cutane-
ous active vasodilator activity (11). In light of this fact,
two theories may explain the lack of change in cutane-
ous vascular conductance during saline infusion in
normothermia. The first theory suggests that cardiopul-
monary baroreceptors do not have an efferent limb
governing the cutaneous vasoconstrictor system. Data
supporting such a conclusion are equivocal. For ex-
ample, low levels of LBNP in normothermia, which
primarily unload cardiopulmonary baroreceptors (12,
34), evoke cutaneous vasoconstriction in some (31) but
not all studies (32). This issue is further clouded by
recent data that suggest these levels of LBNP may not
selectively unload the cardiopulmonary baroreceptors
(17, 30).

The second theory suggests that cardiopulmonary
baroreflexes modulate the cutaneous vasoconstrictor
system; however, in the thermal environment of the
present study (room temperature 25°C), the operating
point is located near the saturated portion of the
cardiopulmonary-cutaneous vasoconstrictor baroreflex
curve. Such a hypothesis dictates that in thermoneu-
tral environments tonic cutaneous vasoconstrictor tone
is low or absent but can increase during baroreceptor
unloading. Evidence from the literature supporting
such a hypothesis has shown that cutaneous nerve
block does not increase forearm SkBF in thermoneutral
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subjects (6). Taken together, decreases in SKBF during
cardiopulmonary baroreceptor unloading with low lev-
els of LBNP in normothermia (31), coupled with the
present findings of a lack of change in cutaneous
vascular conductance during volume loading, support
this second hypothesis. However, for such a hypothesis
to be correct, unloading of arterial baroreceptors during
low levels of LBNP must be inconsequential with
respect to efferent responses to the skin.

Potential Limitations of the Interpretation
of the Results

Increases in blood flow cause vasodilation via flow-
mediated nitric oxide release (28). Is it possible that the
increased rate of elevation in SkBF after the return of
CVP to pre-heat-stress levels was due nitric oxide-
mediated vasodilation? To address this possibility, in
four hyperthermic subjects cutaneous vascular conduc-
tance was calculated during intravenous saline infu-
sion (15 ml/kg) from skin in which nitric oxide produc-
tion was inhibited by local administration of 145 mM
NS-monomethyl-L-arginine via intradermal microdialy-
sis. The rate of increase in cutaneous vascular conduc-
tance remained elevated at these sites during saline
infusion (pre-saline infusion: 0.26 = 0.15% maximum
cutaneous vascular conductance units/min; saline infu-
sion: 1.44 = 0.55% maximum cutaneous vascular con-
ductance units/min; P = 0.04). Thus it is unlikely that
increases in the rate of elevation in cutaneous vascular
conductance during saline infusion were due to flow-
mediated nitric oxide release and subsequent vasodila-
tion.

The basic premise of the present findings is that
returning CVP to pre-heat-stress pressures also re-
turns cardiopulmonary baroreceptor loading to pre-heat-
stress levels. However, our data do not permit us to
confirm this hypothesis. Previous studies report that
decreases in CVP do not always follow decreases in
central blood volume (19, 24). To our knowledge, no
studies have been performed to identify whether in-
creasing central blood volume causes a proportional
increase in CVP in normothermia or during heat stress.
Although we are unable to conclude whether saline
infusion returned cardiopulmonary baroreceptor load-
ing to pre-heat-stress levels, we are confident that some
degree of cardiopulmonary baroreceptor loading oc-
curred as a result of saline infusion.

Saline infusion in normothermia and during passive
heating did not change pulse pressure or MAP. Thus we
concluded that this perturbation primarily loaded car-
diopulmonary baroreceptors. However, recent studies
demonstrate that low-levels of LBNP, which previously
were thought to unload only the cardiopulmonary
baroreceptors, may also unload sinoaortic barorecep-
tors (17, 30). Little is known regarding the effects of
rapid central blood volume expansion on sinoaortic
baroreceptor tensions. Thus the possibility cannot be
excluded that some degree of sinoaortic baroreceptor
loading occurred during volume infusion during the
heat stress despite a lack of change in MAP or arterial
pulse pressure.
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Along this line of thinking, the Finapres may not
have detected subtle increases in arterial pressure
during saline infusion. This possibility exists despite
data demonstrating that the Finapres accurately tracks
radial artery blood pressure during progressive in-
creases in blood pressure (29). Nevertheless, if volume
infusion slightly increased arterial and/or pulse pres-
sures, it is unlikely those small changes in pressure
perturbed the sinoaortic baroreceptors sufficiently to
increase cutaneous vascular conductance. This conclu-
sion is drawn from the observation that substantial
changes in effective pulse pressure and MAP at the
carotid sinus via neck pressure (5) or neck suction
(unpublished observations), or electrical stimulation of
the carotid sinus nerve (33), were insufficient to alter
cutaneous vascular conductance or skin sympathetic
nerve activity, respectively.

Implications of the Findings

Elevations in SKBF during a heat stress is attenu-
ated in dehydrated subjects (9, 20). Similar findings
have been observed after actual (8) and simulated
microgravity exposure (4), which also decrease plasma
volume (7). In each of these conditions, CVP is reduced
before the onset of heating (3, 16). What remains
unknown is whether the nadir of CVP during passive
heating is lower in dehydrated subjects or after actual
or simulated microgravity exposure when compared
with the nadir of CVP during passive heating in
euhydrated subjects. If this is the case, attenuated
elevations in SKBF during a heat stress in dehydrated
subjects (9, 20) or after microgravity exposure (4, 8)
may be a consequence of augmented cardiopulmonary
baroreceptor unloading during the thermal challenge.

Conclusion

These data provide evidence that support the hypoth-
esis that cardiopulmonary baroreceptor unloading coin-
cident with passive heating attenuates the elevation in
cutaneous vascular conductance. Moreover, loading
cardiopulmonary baroreceptors with saline infusion in
normothermia does not alter cutaneous vascular tone.
These data provide a possible explanation for attenu-
ated thermoregulatory responses in dehydrated sub-
jects (9, 20) or in subjects exposed to simulated or
actual microgravity (4, 8).
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