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Skin cooling maintains cerebral blood flow velocity and
orthostatic tolerance during tilting in heated humans
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Wilson, Thad E., Jian Cui, Rong Zhang, Sarah Wit-
kowski, and Craig G. Crandall. Skin cooling maintains
cerebral blood flow velocity and orthostatic tolerance during
tilting in heated humans. J Appl Physiol 93: 85–91, 2002;
10.1152/japplphysiol.01043.2001.—Orthostatic tolerance is
reduced in the heat-stressed human. The purpose of this
project was to identify whether skin-surface cooling improves
orthostatic tolerance. Nine subjects were exposed to 10 min of
60° head-up tilting in each of four conditions: normothermia
(NT-tilt), heat stress (HT-tilt), normothermia plus skin-sur-
face cooling 1 min before and throughout tilting (NT-tiltcool),
and heat stress plus skin-surface cooling 1 min before and
throughout tilting (HT-tiltcool). Heating and cooling were
accomplished by perfusing 46 and 15°C water, respectively,
though a tube-lined suit worn by each subject. During HT-
tilt, four of nine subjects developed presyncopal symptoms
resulting in the termination of the tilt test. In contrast, no
subject experienced presyncopal symptoms during NT-tilt,
NT-tiltcool, or HT-tiltcool. During the HT-tilt procedure, mean
arterial blood pressure (MAP) and cerebral blood flow veloc-
ity (CBFV) decreased. However, during HT-tiltcool, MAP, total
peripheral resistance, and CBFV were significantly greater
relative to HT-tilt (all P � 0.01). No differences were observed
in calculated cerebral vascular resistance between the four
conditions. These data suggest that skin-surface cooling pre-
vents the fall in CBFV during upright tilting and improves
orthostatic tolerance, presumably via maintenance of MAP.
Hence, skin-surface cooling may be a potent countermeasure
to protect against orthostatic intolerance observed in heat-
stressed humans.

hyperthermia; heat stress; syncope; transcranial Doppler

ELEVATED ENVIRONMENTAL TEMPERATURES combined with
orthostatic stress can be quite stressful to the human
cardiovascular system (2, 20). Prior studies have
shown that this combination of stresses decreases or-
thostatic tolerance during tilting (14), �Gz acceleration
(1), and lower body negative pressure (12). Whole body
heating leads to increases in heart rate and cardiac
output, with little change in mean arterial blood pres-
sure (MAP) and stroke volume despite decreases in
central venous pressure and total peripheral resistance

(13, 21). Under normothermic conditions, acute ortho-
static stress also decreases central venous pressure and
increases heart rate; however, in contrast to whole body
heating, cardiac output and stroke volume decrease,
whereas total peripheral resistance increases, resulting
in little or no change in MAP (8, 22). It is likely that
during orthostasis in a hyperthermic condition the com-
bined effects of these stresses exacerbates the fall in
central venous pressure and stroke volume and reduces
the magnitude of increase in total peripheral resistance,
and thus contributes to the reduction in arterial blood
pressure and ensuing orthostatic intolerance (22).

Orthostasis-induced syncope is multifactorial in na-
ture, which may occur via a wide variety of underlying
mechanisms (3, 11, 22). During orthostasis the ability
of the body to increase total peripheral resistance
seems to play a pivotal role in preventing orthostatic
intolerance and maintaining arterial blood pressure
(4). Nevertheless, syncope during orthostatic stress
will always occur if cerebral perfusion is sufficiently
reduced (31). Interestingly, mild heating itself has been
reported to reduced cerebral blood flow velocity (6).

Although a number of studies have demonstrated
that perturbations such as heat acclimation may im-
prove orthostatic tolerance in a hyperthermic environ-
ment (2, 25, 26), such procedures may not be a practical
countermeasure because of the duration necessary to
achieve that outcome. One potential countermeasure
that has implications to improve orthostatic tolerance
in a number of settings is rapid skin-surface cooling via
a water-perfused suit. This technique has been shown
to alter hemodynamic responses during orthostatic
stress in normothermia (16, 17). However, these stud-
ies did not identify whether skin-surface cooling im-
proved orthostatic tolerance in either normothermic or
heat-stressed individuals. Thus implications for the
use of this technique to improve orthostatic tolerance
in the heated human remain unknown.

Rowell et al. (23) demonstrated that rapid skin cool-
ing after whole body heat stress increased central ve-
nous pressure and returned heart rate and cardiac
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output back toward preheating values before observed
changes in core temperature. Thus these responses
occurred when the individual remained hyperthermic
as indicated by the elevated core temperature. Others
have reported that the application of cold packs in-
creases cerebral blood velocity in normothermic indi-
viduals (6). Hence, rapid skin-surface cooling possibly
maintains arterial blood pressure and increases cere-
bral blood velocity during a heat stress, thereby im-
proving orthostatic tolerance in the heated human.

Substantial benefits would come from the identifica-
tion of a countermeasure to improve orthostatic toler-
ance after conditions such as prolonged bed rest and/or
spaceflight, especially if internal temperature is ele-
vated during the period of gravitational stress as has
been observed during reentry of the space shuttle (19).
To the authors’ knowledge, no study has addressed the
effects of rapid skin-surface cooling in the heated hu-
man to identify the potential beneficial effects of this
perturbation. Such a study may be useful in furthering
our understanding of the combined effects of elevated
internal temperature and orthostasis on the control of
cerebral blood flow and orthostatic tolerance. There-
fore, the purpose of this project was to test the hypoth-
esis that rapid skin cooling improves orthostatic toler-
ance of heated individuals and to identify the
mechanism(s) underlying this event.

METHODS

Subjects. Nine healthy subjects (4 men, 5 women) com-
pleted each of two protocols. The participants’ mean age was
32 � 2 yr, and all were of typical height (172 � 3 cm), weight
(73 � 5 kg), and body surface area of 1.43 � 0.8 m2 (7). The
protocol and informed consent received institutional ap-
proval. Written informed consent was obtained from all par-
ticipants before they enrolled in this study.

Measurements. Heart rate was obtained continuously from
an electrocardiogram (SpaceLabs, Redmond, WA) with the
signal interfaced with a cardiotachometer (CWE, Ardmore,
PA). Arterial blood pressure was measured from the upper
arm via electrosphygmomanometry (SunTech, Raleigh, NC).
This technique involves placing a microphone over the bra-
chial artery to gate Korotkoff sounds to the electrocardio-
gram. Continuous monitoring of changes in blood pressure
was obtained via the Penaz method (Finapres Ohmeda,
Englewood, CO); however, this measurement was used solely
for monitoring purposes and was not used in the analysis of
the data. Cardiac output was measured by a rebreathing
technique using acetylene as the soluble gas and helium as
the insoluble gas (28). Gas concentrations for this technique
were measured with a mass spectrometer (Marquette Elec-
tronics, Milwaukee, WI). Stroke volume was calculated from
cardiac output and heart rate obtained during the rebreath-
ing. MAP and total peripheral resistance were calculated
according to standard methods.

Local skin blood flow was measured via laser-Doppler
flowmetry using integrating flow probes (Perimed, North
Rayalton, OH) attached to the forearm. The arms were posi-
tioned such that the laser-Doppler flow probes remained at
heart level during tilting. Cutaneous vascular conductance
was indexed by dividing laser-Doppler flux values by MAP
and multiplying that number by 100. Sweat rate was mea-
sured via capacitance hygrometry (Viasala, Woburn, MA) as
described previously (29). Internal temperature was contin-

uously obtained from a thermocouple placed in the sublin-
gual sulcus (Tsl). In addition, in six subjects, internal tem-
perature was obtained at 10-s intervals via an ingestible pill
telemetry system (HTI Technologies, Palmetto, FL). Mean
skin temperature was measured via the weighted average of
six thermocouples attached to the skin (27).

Cerebral blood flow velocity was obtained from the middle
cerebral artery by transcranial Doppler ultrasonography. A
2-MHz Doppler probe (DWL Elektronische Systeme, Sipplin-
gen, Germany) was adjusted over the temporal window until
an optimal signal was identified. The probe was then fixed
with a mold constructed of polyvinylsiloxane impression me-
dium and held in place by a headband. This technique has been
used in our facility during orthostatic tests to presyncope (30,
31). Respiratory rate was measured by a respiration transducer
(UFI, Morro Bay, CA) belted around the torso, and ventilatory
end-tidal CO2 was measured via nasal cannula (Criticare Sys-
tems, Waukesha, WI).

Protocols. Participants underwent two protocols on sepa-
rate days that were randomly assigned and performed at the
same time of day. One protocol consisted of performing the
outlined procedures first under normothermic conditions
(NT-tilt), followed by repeating the procedures after whole
body heating (HT-tilt). Subjects were in the supine position
(45–60 min) before the recording of baseline conditions. The
subjects were then tilted from supine to 60° for 10 min.
Tilting was performed by using a motorized tilt bed (Omni
Technologies, Valley City, ND), that elevated the individual
to 60° in �3 s. A foot board and bed straps around torso,
waist, and upper legs were used to stabilize the subject
during tilting; subjects were instructed to relax and not
voluntarily contract leg muscles during all procedures. Arm
boards were also used to maintain forearms at heart level
throughout tilting. The tilt test was discontinued if signs or
symptoms of presyncope were observed (i.e., nausea, pallor,
sudden decrease in heart rate and/or blood pressure, or a
sustained decrease in systolic blood pressure �80 mmHg).
Subjects were then returned to the supine position, and
whole body heating began. After internal temperature in-
creased 0.6–1°C, the subjects were once again tilted to 60° for
10 min. Whole body heating was performed by perfusing
46°C water through a tube-lined suit worn by the subject
(Carleton Technologies, Tampa Bay, FL). The water temper-
ature perfusing the suit was slightly reduced to 44–45°C for
10–15 min before tilting in the heat in an attempt to cause
internal temperature to plateau.

The second protocol involved identical procedures to those
mentioned above (i.e., normothermia followed by whole body
heating); however, rapid skin-surface cooling was performed
1 min before the tilt procedure in both normothermic (NT-
tiltcool) and heat-stressed (HT-tiltcool) conditions. Skin-sur-
face cooling was performed by circulating 15°C water
through the water-perfused suit. This method of cooling
decreases skin temperature with little effect on core temper-
ature for the duration of the tilt test (see RESULTS).

Data analysis. Hemodynamic data, with the exception of
cardiac output, stroke volume, and auscaltatory measure-
ments of blood pressure, were continuously acquired
throughout all experimental procedures. One-minute data
segments obtained either immediately before each cardiac
output measurement or the last minute of stable cardiovas-
cular values (if subjects were unable to stand for the full 10
min) were statistically analyzed.

In each of the four conditions (i.e., NT-tilt, HT-tilt, NT-
tiltcool, and HT-tiltcool), the change in response from supine to
tilt of the hemodynamic variables (e.g., cardiac output, stroke
volume, heart rate, MAP, and cerebral blood flow velocity)
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were analyzed via a one-way repeated-measures ANOVA. If
a significant main effect was identified, post hoc analyses
were performed (Bonferroni corrected paired t-tests) to iden-
tify paired differences. All values are reported as means �
SE. The �-level for all statistical analyses was set at 0.05.

RESULTS

Thermal and sweating responses to heating and cool-
ing. Whole body heating significantly increased Tsl
(�0.8°C; P � 0.001) and telemetry-obtained tempera-
ture (�0.9°C; P � 0.001). Skin-surface cooling did not
alter Tsl or telemetry-obtained temperature for either
NT-tiltcool or HT-tiltcool (all P � 0.05; see Table 1). As
expected, mean skin temperature increased with whole
body heating (�4.0°C; P � 0.001) and decreased during
skin-surface cooling (P � 0.001). The magnitude of the
decrease in mean skin temperature with skin-surface
cooling was greater during whole-body heating (9.1°C)
relative to normothermia (5.9°C) because of the higher
mean skin temperature before cooling with whole body
heating (see Table 1). During the heat stress, forearm
sweat rate increased (�0.81 mg �min�1 �cm�2; P �
0.001) and then returned to preheat stress levels with
the application of skin-surface cooling during the HT-
tiltcool procedure. Upright tilting during the heat stress
(i.e., HT-tilt) did not have a measurable effect on sweat
rate (see Table 1), suggesting that baroreceptor un-
loading via tilting did not alter sweat rate. Cutaneous
vascular conductance increased with heating (�120
CVC units; P � 0.001) and significantly decreased
during HT-tilt and HT-tiltcool (see Table 1).

Central and cerebral hemodynamic responses to tilt
and temperature. MAP was unchanged (P � 0.05) be-
fore tilting and cooling in any condition and was re-
duced by tilting in both NT-tilt and HT-tilt conditions
(Fig. 1A). However, when tilting occurred in combina-
tion with skin-surface cooling (i.e., NT-tiltcool and HT-
tiltcool), MAP was significantly greater than MAP dur-
ing NT-tilt and HT-tilt (Fig. 1A). Before tilting, whole
body heating significantly increased heart rate by �30
beats/min. The elevation of heart rate during HT-tilt
was significantly greater than the elevation in heart
rate during NT-tilt (Fig. 1B). The elevation in heart

rate during NT-tiltcool was significantly attenuated rel-
ative to during NT-tilt. In contrast to the heart rate
responses under the NT-tilt, HT-tilt, and NT-tiltcool

conditions, heart rate significantly decreased during
HT-tiltcool (Fig. 1B).

Cardiac output significantly increased with heating
(�1.7 l/min; P � 0.001) and decreased with tilting in all
conditions. However, the decrease in cardiac output
during HT-tiltcool was significantly greater than during
NT-tiltcool, whereas the decreases in cardiac output
between HT-tilt and HT-tiltcool were similar (see Fig.
2A). Stroke volume was unchanged with heating. The
tilt-induced decrease in stroke volume was signifi-
cantly attenuated during NT-tiltcool compared with
NT-tilt (Fig. 2B). It is interesting to note that for the
heated conditions, absolute stroke volume was signifi-
cantly greater at the end of tilting with skin-surface
cooling (HT-tiltcool: 73 � 6 ml) compared with absolute
stroke volume at the end of tilting when skin-surface
cooling was not applied (HT-tilt: 45 � 6 ml). Before
tilting, whole body heating significantly decreased to-
tal peripheral resistance (�3 mmHg �ml�1 �min; P �
0.05), whereas tilting increased total peripheral resis-
tance in all conditions. However, total peripheral resis-
tance increased significantly more with HT-tiltcool com-
pared with HT-tilt and NT-tiltcool (Fig. 2C).

Mean cerebral blood flow velocity significantly de-
creased during whole body heating, as well as during
both NT-tilt and HT-tilt. However, cerebral blood flow
velocity was preserved by skin-surface cooling during
both NT-tiltcool and HT-tiltcool compared with during
NT-tilt and HT-tilt (Fig. 3A). At the end of the whole
body heating tilt tests, absolute mean cerebral blood
flow velocity was significantly greater when the tilting
occurred in combination with skin-surface cooling (HT-
tiltcool: 59 � 4 cm/s) relative to when tilting occurred
without skin-surface cooling (HT-tilt: 42 � 4 cm/s). No
differences were observed in the change in calculated
cerebral vascular resistance between the four condi-
tions (see Fig. 3B).

Tilting caused slight reductions in end-tidal carbon
dioxide levels (supine: 40 � 2, tilt 37 � 2 Torr; P �

Table 1. Effect of skin-surface cooling on variables before and during tilt in both thermal conditions

Variable Condition
Normothermic

Supine
Normothermic

Tilt
Heat Stress

Supine
Heat Stress

Tilt

Sublingual temperature, °C No cooling 36.4�0.1 36.5�0.1 37.2�0.1* 37.2�0.1
Skin-surface cooling 36.3�0.1 36.3�0.1 37.1�0.1* 36.9�0.1

Core temperature (via No cooling 37.0�0.1 37.1�0.1 37.9�0.1* 38.0�0.1
telemetry) °C Skin-surface cooling 36.8�0.1 37.0�0.1 37.7�0.1* 37.6�0.1

Mean skin temperature, °C No cooling 34.4�0.3 34.1�0.3 38.0�0.2* 38.1�0.2
Skin-surface cooling 34.2�0.3 28.3�0.9† 38.7�0.3* 29.6�0.7†

Forearm sweat rate, No cooling 0.03�0.01 0.03�0.01 0.81�0.09* 0.78�0.08
mg �min�1 �cm�2 Skin-surface cooling 0.03�0.01 0.03�0.00 0.87�0.10 0.09�0.01†

Forearm cutaneous vascular
conductance, CVC units

No cooling 31�6 36�6 177�25* 129�17
Skin-surface cooling 24�5 15�2 122�22* 50�24†

Values are means � SE. Data under normothermic and heat-stress supine conditions for skin-surface cooling are values before the
application of skin-surface cooling. Data under normothermic and heat-stress tilt conditions for skin-surface cooling are values during the
combination of skin-surface cooling and upright tilt. *Significant difference between heat-stress and normothermic supine data, P � 0.01.
†Significant differences relative to the same perturbation but without skin-surface cooling (i.e., no cooling), P � 0.01
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0.05) regardless of whether tilting was preceded by
cooling. Importantly, this decrease in end-tidal carbon
dioxide levels was not significantly different between
conditions (i.e., NT-tilt, NT-tiltcool, HT-tilt, or HT-tiltcool).
Thus tilting caused similar absolute decreases in end-
tidal carbon dioxide levels regardless of the thermal con-
ditions.

Orthostatic tolerances. For both normothermic tilt
tests (i.e., NT-tilt and NT-tiltcool), all subjects were able
to tolerate 10 min of tilting regardless of whether
skin-surface cooling was employed. In contrast, signs of
presyncope were observed in four of the nine subjects
during the HT-tilt test, resulting in the test being
terminated at the times of 5:05, 5:10, 5:50, and 6:55
min:s for those subjects. No signs of presyncope were
observed in any subject when skin-surface cooling pre-

Fig. 1. Effects of tilting with and without cooling on mean arterial
blood pressure (MAP; A) and heart rate (HR; B). Bars are the change
(delta) in the variables between supine baseline and tilted conditions
for normothermia (NT-tilt), heat stress (HT-tilt), normothermia �
skin-surface cooling (NT-tiltcool), and heat stress � skin-surface
cooling (HT-tiltcool). Numerical values associated with each bar are
the values before tilting and skin cooling for that experimental
condition. Values are means � SE. *Significant differences between
supine values before tilting, P � 0.001. **Significant differences
between supine values before tilting and cooling, P � 0.001. Brackets
indicate significant differences in the response that occurred with
tilting, as well as the P value for that comparison.

Fig. 2. Effects of tilting with and without cooling on cardiac output (CO;
A), stroke volume (SV; B), and total peripheral resistance (TPR; C).
Bars are the change in the variables between supine baseline and tilted
conditions for NT-tilt, HT-tilt, NT-tiltcool, and HT-tiltcool. Numerical
values associated with each bar are the values before tilting and skin
cooling for that experimental condition. Values are means � SE. *Sig-
nificant differences between supine values before tilting, P � 0.01.
**Significant differences between supine values before tilting and cool-
ing, P � 0.005. Brackets indicate significant differences in the response
that occurred with tilting, as well as the P value for that comparison.
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ceded the tilt test in the heat-stressed condition (i.e.,
HT-tiltcool).

DISCUSSION

The major findings of the present study are 1) rapid
skin-surface cooling during tilting improved ortho-
static tolerance in heat-stressed individuals, and 2)
skin-surface cooling prevented tilt-induced decreases
in cerebral blood flow velocity in both in normothermia
and heat-stressed conditions. The maintenance of ce-
rebral blood flow velocity during tilting with skin-
surface cooling was primarily due to the maintenance
of arterial blood pressure, rather than changes in ce-
rebral vascular resistance.

In the heated condition, humans experience a
greater incidence of orthostatic intolerance (20, 22). In
the present study, four of nine individuals were unable
to tolerate the 10-min tilt test after whole body heat-
ing. This is a similar incidence of orthostatic intoler-
ance to that seen in other studies with heating in
humans (2, 14). In contrast, the tilt test was well
tolerated under normothermic and skin-surface cooling
conditions. In two previous studies, skin-surface cool-
ing was used to address hemodynamic responses to
progressive levels of lower body negative pressure un-
der normothermic conditions (16, 17). Those studies
hinted at the possibility that skin-surface cooling
might improve orthostatic tolerance; however, the
maximum level of lower body negative pressure (i.e.,
�50 mmHg) used in those studies did not elicit presyn-
copal symptoms in any subject. Moreover, those stud-
ies were not conducted on heat-stressed individuals.

In the present study, no significant changes were
observed in Tsl or telemetry pill temperature during
HT-tiltcool and NT-tiltcool. Therefore, HT-tiltcool repre-
sents a unique physiological situation in which inter-
nal temperature is elevated (�0.8–0.9°C) but mean
skin temperature is reduced (�4.5°C) compared with
normothermic values. A lack of change in internal tem-
perature during NT-tiltcool is contrary to a previous ob-
servation (16). However, in that study, the duration of
skin cooling was substantially longer and the tempera-
ture of the water was cooler relative to the present study.

Whole body heating caused increases in heart rate
without changing MAP. Typical cardiovascular changes
associated with skin cooling of normothermic subjects via
decreasing ambient temperature include increases in
MAP with minimal changes in heart rate (15, 18). How-
ever, few studies have investigated cardiovascular re-
sponses to skin cooling in heated individuals (23). In the
present study, regardless of the prior thermal status,
during tilting MAP decreased without skin-surface cool-
ing (i.e., NT-tilt and HT-tilt) and increased when skin-
surface cooling was employed (i.e., NT-tiltcool and HT-
tiltcool). These higher MAP values associated with skin-
surface cooling likely maintained cerebral perfusion
pressures compared with conditions without skin-surface
cooling. Heart rate typically increases during an ortho-
static stress (8, 22). In the present experiment, during
HT-tilt, heart rate increased dramatically compared with
NT-tilt and HT-tiltcool. The probable mechanism for this
large increase in heart rate during HT-tilt is due to
baroreflexes associated with the large decrease in blood
pressure during HT-tilt. During NT-tiltcool, skin-surface
cooling attenuated the rise in heart rate in response to
tilting, which has also been observed by others (16). One
novel observation of the current experiment was the
decrease, rather than increase, in heart rate during HT-
tiltcool (see Fig. 1B). The specific mechanism for this
paradoxical heart rate response is unclear, although it is
doubtful that this observation is a baroreflex-mediated
response to elevated blood pressure because similar ele-
vations in blood pressure during NT-tiltcool did not cause
bradycardia. Moreover, Rowell et al. (23) showed that
rapid skin cooling of hyperthermic individuals also

Fig. 3. Effects of tilting with and without cooling on cerebral blood
flow velocity (CBV; A) and cerebral vascular resistance (CVR; B).
Bars are the change in the variables between supine baseline and
tilted conditions for NT-tilt, HT-tilt, NT-tiltcool, and HT-tiltcool. Nu-
merical values associated with each bar are the values before tilting
and skin cooling for that experimental condition. Values are as
means � SE. *Significant differences between supine values before
tilting, P � 0.01. **Significant differences between supine values
before tilting and cooling, P � 0.05. Brackets indicate significant
differences in the response that occurred with tilting, as well as the
P value for that comparison. NS, not significant.
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causes a rapid decrease in heart rate. Thus the decrease
in heart rate observed during HT-tiltcool is likely related
to skin cooling despite orthostasis and maintenance of
elevated internal temperature.

Increases in internal and mean skin temperatures
associated with whole body heating increased cardiac
output, decreased total peripheral resistance, and did
not significantly change stroke volume or MAP (13, 21).
Cardiac output decreased during tilting in all condi-
tions, although the decrease in cardiac output was
attenuated during NT-tiltcool. In contrast, during HT-
tiltcool, the decrease in cardiac output was of a similar
magnitude to that observed during NT-tilt and HT-tilt.
The lack of a maintenance of cardiac output during
HT-tiltcool, despite cooling, is likely due to a combina-
tion of decreases in cardiac output associated with
orthostasis and the return of cardiac output toward
pre-heat stress values with skin-surface cooling (21). In
the present study, the decrease in stroke volume was
attenuated during NT-tiltcool compared with NT-tilt,
which is consistent with previous observations (16).
Although there were no significant differences in the
decrease in stroke volume between HT-tilt and HT-
tiltcool conditions, absolute stroke volume was signifi-
cantly greater during HT-tiltcool (73 � 6 ml/beat) than
during HT-tilt (45 � 6 ml/beat). These data suggest
that skin-surface cooling during tilting of heat-stressed
individuals preserves absolute stroke volume during
orthostasis, which likely contributes to the mainte-
nance of blood pressure in this condition.

Syncope associated with orthostatic stress, although
multimechanistic in nature (3, 11, 22), will ultimately
occur if cerebral perfusion is sufficiently reduced (31).
To the authors’ knowledge, the present investigation is
the first to observe the effects of a pronounced heat
stress on cerebral blood flow velocity during orthosta-
sis. It is interesting to note that increasing core tem-
perature 0.8–0.9°C, independent of orthostatic stress,
significantly decreased cerebral blood flow velocity by
�12%. This decrease in cerebral blood flow velocity is
somewhat higher than the previously reported de-
crease of 6.9% during minor heating via application of
hot packs sufficient to increased Tsl by 0.2°C (6). Com-
parison of physiological responses between these stud-
ies is difficult because of different magnitudes of heat-
ing, different modes of heating, and the lack of
reporting of efferent responses (i.e., skin blood flow and
sweat rate) in the prior study (6). Nevertheless, the
mechanism responsible for the reduction in cerebral
blood flow velocity is unclear; however, heat-induced
alterations in perfusion pressure cannot be excluded.

The present study demonstrated that tilting de-
creases cerebral blood flow velocity, thereby confirming
previous findings of decreases in cerebral blood flow
velocity with lower body negative pressure (10, 30, 31).
In the present study, cerebral blood flow velocity de-
creased with tilting regardless of the thermal status of
the individual; however, tilting in the heat (HT-tilt)
caused a greater decrease in cerebral blood flow veloc-
ity relative tilting in a normothermic condition (NT-
tilt). Cooling immediately before the tilt test main-

tained cerebral blood flow velocity during tilting in
both the normothermic and heat-stressed trials (i.e.,
NT-tiltcool and HT-tiltcool). Although an absolute cere-
bral blood flow that will result in syncope is not known,
the observation that cerebral blood flow velocity is
preserved during tilt with skin-surface cooling (pri-
marily via maintenance of perfusion pressure) sug-
gests that the cooling protocol increases the functional
reserve of cerebral blood flow before this lower limit is
reached. This hypothesis is supported by the finding
that four of the nine individuals experienced presynco-
pal symptoms during HT-tilt, whereas no presyncopal
symptoms were observed in the HT-tiltcool condition.

There was no difference in the magnitude of change
in calculated cerebral vascular resistance during tilt-
ing regardless of the thermal status (see Fig. 3B). This
finding suggests that arterial blood pressure, not a
change in cerebral vascular tone, was the primary
mechanism resulting in the aforementioned changes in
cerebral blood flow velocity during tilt. However, the
present findings do not exclude the possibility of al-
tered cerebral vascular autoregulation during heating
or during the combination of heating and orthostatic
stress in contributing to the increased incidence of
orthostatic intolerance. In support of this hypothesis, a
recent study has reported alterations in an index of
cerebral vascular autoregulation during heat stress in
humans (5).

Limitations to the interpretation of the results. Dur-
ing HT-tilt, four subjects were unable to stand for the
full 10 min. For these subjects, every effort was made
to obtain 1 min of stable cardiovascular data. However,
cardiac outputs could not be obtained during HT-tilt
from two of the four subjects because these subjects
experienced presyncopal symptoms before these data
were obtained. Thus reported cardiac output data, as
well as data calculated from cardiac output (i.e., stroke
volume and total peripheral resistance), for the HT-
trial do not include data from the two subjects who
were unable to complete the cardiac output measure-
ment. However, for these subjects, all other variables,
including cerebral blood flow velocity, were included in
the analysis. We expect that had cardiac output been
obtained from these subjects, mean cardiac output and
stroke volume would have been even lower during
HT-tilt than that depicted in Fig. 2.

The use of skin surface cooling 1 min before tilt
precludes the assessment of the effects of cooling inde-
pendent from tilting. Thus the presented data are a
result of an interaction between cooling and upright
tilting. Nevertheless, skin surface cooling was clearly
an effective countermeasure to improve orthostatic tol-
erance of heat-stressed individuals.

In the present study, cerebral blood flow velocity of
the middle cerebral artery, accessed through the tem-
poral cranial window, was used as an index of cerebral
blood flow. We recognize that velocity is representative of
flow, only if the diameter of the vessel is unchanged. In
support of this concept, investigators directly measured
the middle cerebral artery diameter in humans and
found that the diameter of this large vessel either was not
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changed or was only minimally affected by changes in
MAP and end-tidal carbon dioxide (9, 24). Thus it is likely
that changes in velocity reported in the present investi-
gation reflect changes in cerebral blood flow.

In conclusion, findings from the present study demon-
strate that skin-surface cooling prevents the fall in cere-
bral blood flow velocity during tilting in both normother-
mic and heat-stressed conditions. The maintenance of
cerebral blood flow velocity is likely due to the elevation of
MAP during skin-surface cooling, rather than changes in
cerebral vascular resistance. Importantly, rapid skin-sur-
face cooling improved orthostatic tolerance in the pres-
ence of elevated internal temperatures. Therefore, skin-
surface cooling may be an effective countermeasure to
protect against orthostatic intolerance previously ob-
served in hyperthermic conditions.

The authors express their appreciation to Dr. Peter B. Raven and
Dr. Benjamin D. Levine for valuable comments and suggestions, to
Nicole Hodges, Cyrus Oufi, Dean Palmer, and Julie Zuckerman for
technical assistance, and to the subjects for willing participation in
this project.

This research project was funded in part by National Aeronautics
and Space Administration Grant NAG9-1033 and National Heart,
Lung, and Blood Institute (NHLBI) Grants HL-61388 and HL-67422.
Funding for T. E. Wilson was provided for by an Individual National
Research Service Award through NHLBI Grant HL-10488.

REFERENCES

1. Allan JR and Crossley RJ. Effect of controlled elevation of
body temperature on human tolerance to �Gz acceleration.
J Appl Physiol 33: 418–420, 1972.

2. Bean WB and Eichna LW. Performance in relation to environ-
mental temperature. Fed Proc 2: 144–158, 1943.

3. Blomqvist CG and Stone HL. Cardiovascular adjustments to
gravitational stress. In: Handbook of Physiology. The Cardiovas-
cular System. Peripheral Circulation and Organ Blood Flow.
Bethesda, MD: Am. Physiol. Soc., 1983, sect. 3, vol. III, pt. 2,
chapt. 28, p. 1025–1063.

4. Buckey JC Jr, Lane LD, Levine BD, Watenpaugh DE,
Wright SJ, Moore WE, Gaffney FA, and Blomqvist CG.
Orthostatic intolerance after spaceflight. J Appl Physiol 81:
7–18, 1996.

5. Doering TJ, Aaslid R, Steuernagel B, Brix J, Niederstadt
C, Breull A, Schneider B, and Fischer GC. Cerebral autoreg-
ulation during whole-body hypothermia and hyperthermia stim-
ulus. Am J Phys Med Rehabil 78: 33–38, 1999.

6. Doering TJ, Brix J, Schneider B, and Rimpler M. Cerebral
hemodynamics and cerebral metabolism during cold and warm
stress. Am J Phys Med Rehabil 75: 408–415, 1996.

7. Du Bois D and Du Bois EF. Clinical calorimetry: a formula to
estimate the approximate surface area if height and weight are
known. Arch Intern Med 17: 863–871, 1916.

8. Gauer OH and Thron HL. Postural changes in the circulation.
In: Handbook of Physiology. Circulation. Washington, DC: Am.
Physiol. Soc., 1965, sect. 2, vol. III, chapt. 67, p. 2409–2439.

9. Giller CA, Bowman G, Dyer H, Mootz L, and Krippner W.
Cerebral arterial diameters during changes in blood pressure
and carbon dioxide during craniotomy. Neurosurgery 32: 737–
741; discussion 741–732, 1993.

10. Giller CA, Levine BD, Meyer Y, Buckey JC, Lane LD, and
Borchers DJ. The cerebral hemodynamics of normotensive hy-
povolemia during lower-body negative pressure. J Neurosurg 76:
961–966, 1992.

11. Hainsworth R. Syncope and fainting: classification and patho-
physiological basis. In: Autonomic Failure: A Textbook of Clinical

Disorders of the Autonomic Nervous System (4th ed.), edited by
Mathias CJ and Bannister R. Oxford, UK: Oxford Univ. Press,
1999, p. 428–436.

12. Johnson JM, Niederberger M, Rowell LB, Eisman MM,
and Brengelmann GL. Competition between cutaneous vaso-
dilator and vasoconstrictor reflexes in man. J Appl Physiol 35:
798–803, 1973.

13. Johnson JM and Proppe DW. Cardiovascular adjustments to
heat stress. In: Handbook of Physiology. Adaptations to the
Environment. Bethesda, MD: Am. Physiol. Soc, 1996, sect. 4, vol.
II, chapt. 11, p. 215–243.

14. Lind AR, Leithead CS, and McNicol GW. Cardiovascular
changes during syncope induced by tilting men in the heat.
J Appl Physiol 25: 268–276, 1968.

15. Raven PB, Niki I, Dahms TE, and Horvath SM. Compensa-
tory cardiovascular responses during an environmental cold
stress, 5° C. J Appl Physiol 29: 417–421, 1970.

16. Raven PB, Pape G, Taylor WF, Gaffney FA, and Blomqvist
CG. Hemodynamic changes during whole body surface cooling
and lower body negative pressure. Aviat Space Environ Med 52:
387–391, 1981.

17. Raven PB, Saito M, Gaffney FA, Schutte J, and Blomqvist
CG. Interactions between surface cooling and LBNP-induced cen-
tral hypovolemia. Aviat Space Environ Med 51: 497–503, 1980.

18. Raven PB, Wilkerson JE, Horvath SM, and Bolduan NW.
Thermal, metabolic, and cardiovascular responses to various
degrees of cold stress. Can J Physiol Pharmacol 53: 293–298,
1975.

19. Rimmer DW, Dijk DJ, Ronda JM, Hoyt RW, and Pawelc-
zyk JA. Efficacy of liquid cooling garments to minimize heat
strain during space shuttle deorbit and landing (Abstract). Med
Sci Sports Exerc 31: S305, 1999.

20. Robinson S. Physiological adjustments to heat. In: Physiology
of Heat Regulation and the Science of Clothing, edited by New-
burgh LH. Philadelphia, PA: Saunders, 1949, p. 193–231.

21. Rowell LB. Cardiovascular adjustments to thermal stress. In:
Handbook of Physiology. The Cardiovascular System. Peripheral
Circulation and Organ Blood Flow. Bethesda, MD: Am. Physiol.
Soc., 1983, sect. 2, vol. III, pt. 2, chapt. 27, p. 967–1023.

22. Rowell LB. Human Cardiovascular Control. Oxford, UK: Ox-
ford Univ. Press, 1993.

23. Rowell LB, Brengelmann GL, and Murray JA. Cardiovas-
cular responses to sustained high skin temperature in resting
man. J Appl Physiol 27: 673–680, 1969.

24. Serrador JM, Picot PA, Rutt BK, Shoemaker JK, and
Bondar RL. MRI measures of middle cerebral artery diameter
in conscious humans during simulated orthostasis. Stroke 31:
1672–1678, 2000.

25. Shvartz E and Meyerstein N. Effect of heat and natural
acclimatization to heat on tilt tolerance of men and women.
J Appl Physiol 28: 428–432, 1970.

26. Shvartz E, Strydom NB, and Kotze H. Orthostatism and heat
acclimation. J Appl Physiol 39: 590–595, 1975.

27. Taylor WF, Johnson JM, Kosiba WA, and Kwan CM. Cuta-
neous vascular responses to isometric handgrip exercise. J Appl
Physiol 66: 1586–1592, 1989.

28. Triebwasser JH, Johnson RL, Burpo RP, Campbell JC,
Reardon WC, and Blomqvist CG. Noninvasive determination
of cardiac output by a modified acetylene rebreathing procedure
utilizing mass spectrometer measurements. Aviat Space Envi-
ron Med 48: 203–209, 1977.

29. Wilson TE, Cui J, and Crandall C. Absence of baroreflex mod-
ulation of skin sympathetic nerve activity and sweat rate during
whole-body heating in humans. J Physiol 536: 615–623, 2001.

30. Zhang R, Zuckerman JH, and Levine BD. Deterioration of
cerebral autoregulation during orthostatic stress: insights from
the frequency domain. J Appl Physiol 85: 1113–1122, 1998.

31. Zhang R, Zuckerman JH, Pawelczyk JA, and Levine BD.
Effects of head-down-tilt bed rest on cerebral hemodynamics
during orthostatic stress. J Appl Physiol 83: 2139–2145, 1997.

91SKIN-SURFACE COOLING AND ORTHOSTATIC TOLERANCE

J Appl Physiol • VOL 93 • JULY 2002 • www.jap.org

Downloaded from journals.physiology.org/journal/jappl at Smith Col Libs (144.121.036.209) on May 10, 2022.


	Skin Cooling Maintains Cerebral Blood fFow Velocity and Orthostatic Tolerance During Tilting in Heated Humans
	Recommended Citation

	Skin cooling maintains cerebral blood flow velocity and orthostatic tolerance during tilting in heated humans

