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Cui, Jian, Rong Zhang, Thad E. Wilson, and Craig G. Cran-
dall. Spectral analysis of muscle sympathetic nerve activity in heat-
stressed humans. Am J Physiol Heart Circ Physiol 286:
H1101–H1106, 2004. First published November 20, 2003; 10.1152/
ajpheart.00790.2003.—Whole body heating increases muscle sympa-
thetic nerve activity (MSNA); however, the effect of heat stress on
spectral characteristics of MSNA is unknown. Such information may
provide insight into mechanisms of heat stress-induced MSNA acti-
vation. The purpose of the present study was to test the hypothesis that
heat stress-induced changes in systolic blood pressure variability
parallel changes in MSNA variability. In 13 healthy subjects, MSNA,
electrocardiogram, arterial blood pressure (via Finapres), and respira-
tory activity were recorded under both normothermic and heat stress
conditions. Spectral characteristics of integrated MSNA, R-R interval,
systolic blood pressure, and respiratory excursions were assessed in
the low (LF; 0.03–0.15 Hz) and high (HF; 0.15–0.45 Hz) frequency
components. Whole body heating significantly increased skin and core
body temperature, MSNA burst rate, and heart rate, but not mean
arterial blood pressure. Systolic blood pressure and R-R interval
variability were significantly reduced in both the LF and HF ranges.
Compared with normothermic conditions, heat stress significantly
increased the HF component of MSNA, while the LF component of
MSNA was not altered. Thus the LF-to-HF ratio of MSNA oscillatory
components was significantly reduced. These data indicate that the
spectral characteristics of MSNA are altered by whole body heating;
however, heat stress-induced changes in MSNA do not parallel
changes in systolic blood pressure variability. Moreover, the reduction
in LF component of systolic blood pressure during heat stress is
unlikely related to spectral changes in MSNA.

sympathetic nervous system; autonomic; cardiovascular; variability

PRONOUNCED WHOLE BODY HEATING is a potent activator of the
sympathetic nervous system (24), as evidenced by large in-
creases in heart rate and muscle sympathetic nerve activity
(MSNA) (4, 6, 7, 20). Both mean values and variability of
cardiovascular parameters are altered by heat stress in animals
(25) and humans (5). For example, we (5) previously showed
that whole body heating reduces heart rate and blood pressure
variability within the low-frequency (LF) and high-frequency
(HF) ranges and increases the ratio of LF to HF (LF/HF) heart
rate variability. These changes in LF and HF oscillations may
reflect alterations in autonomic regulation of heart rate and blood
pressure during hyperthermic exposure (5).

However, controversy exists with respect to the origin of
heat stress-induced changes in spectral patterns of cardiovas-
cular variables. For example, heat stress reduces systolic blood
pressure (SBP) variability within the LF range (5). A reduction

in LF oscillation of SBP has been reported to reflect a reduction
in sympathetic modulation of vasomotor tone (16, 21, 23).
However, heat stress increases MSNA when analyzed either as
burst rate or total activity (4, 6, 7, 20). Reduced vascular
responsiveness to adrenergic agonists (7, 15, 17, 34) might be
one mechanism to explain the apparent uncoupling between the
aforementioned index of sympathetic activation and direct
recordings of MSNA in heat-stressed humans. Another possi-
ble explanation for reduced LF blood pressure oscillations in
heat-stressed subjects could be a parallel reduction in LF
oscillations of MSNA, even though mean MSNA increases
during heat stress. However, to our knowledge, the effects of
heat stress on oscillatory characteristics of MSNA are un-
known.

Spectral analysis of MSNA variability has been used to
investigate autonomic control in healthy individuals (11, 18,
23, 29) and patients (1, 30, 31). These findings show that
stimulation of the autonomic nervous system via baroreceptor
perturbations (10, 11, 23) as well as cardiovascular diseases (1,
30, 31) alter MSNA spectral characteristics. Thus spectral
characteristics of MSNA during heating may provide insight
into the mechanisms of heat stress-induced MSNA activation.
To investigate this question, the present study was undertaken
to test the hypothesis that heat stress-induced changes in SBP
variability parallel changes in MSNA variability.

METHODS

Subjects. Thirteen healthy subjects (7 male, 6 female) participated
in this study. The subjects’ average age was 33 � 3 yr (SE), and all
were of normal height (168 � 3 cm) and weight (69 � 3 kg). All
subjects were normotensive (supine blood pressures �140/90
mmHg), were not taking medications, and did not have any known
cardiopulmonary, neurological, or metabolic diseases. A written in-
formed consent from each subject was obtained before participation in
this institutionally approved study.

Measurements. Each subject was instrumented for the measure-
ment of sublingual temperature (Tsl) with a thermistor placed in the
sublingual sulcus. Mean skin temperature (Tsk) was obtained from the
electrical average of six thermocouples attached to the skin (27). The
subject was dressed in a tube-lined suit that permitted control of Tsk

by changing the temperature of the water-perfusing suit. Forearm skin
blood flow was indexed by laser-Doppler flowmetry (Perimed; N.
Royalton, OH) from an area not covered by the tube-lined suit.
Forearm sweat rate was measured via capacitance hygrometry adja-
cent to the laser-Doppler flow probe (Viasala; Woburn, MA).

Multifiber recordings of MSNA were obtained with a tungsten
microelectrode inserted in the peroneal nerve. A reference electrode
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was placed subcutaneously 2 to 3 cm from the recording electrode.
The recording electrode was adjusted until a site was found in which
muscle sympathetic bursts were clearly identified using previously
established criteria (28). The nerve signal was amplified, passed
through a band-pass filter with a bandwidth of 500–5,000 Hz, and
integrated with a time constant of 0.1 s (Iowa Bioengineering; Iowa
City, IA). Mean voltage neurograms were displayed together with
blood pressure on a chart recorder. The nerve signal was also routed
to an oscilloscope, loudspeaker, and computer for monitoring
throughout the study.

Blood pressure was recorded on a beat-by-beat basis from a finger
via a Finapres device (Ohmeda; Louisville, CO). Resting blood
pressures obtained from the Finapres device were verified during the
experiment by auscultation of the brachial artery (SunTech Medical
Instruments; Raleigh, NC). Respiratory excursions were monitored
with piezoelectric pneumography (UFI; Morro Bay, CA).

Protocol. All parameters were recorded for 6 min with the subject
resting in the supine condition and Tsk clamped by perfusing 34°C
water through the tube-lined suit. After normothermic data collection,
Tsk was increased to �38°C by perfusing the tube-lined suit with
46°C water. Once Tsl increased �0.5–0.7°C, the temperature of the
water was reduced to 44–45°C to reduce the rate of rise of internal
temperature throughout the ensuing data-collection period. In this heat
stress condition, data were collected for an additional 6 min. Respi-
ratory frequency was not controlled in either thermal condition.

On completion of heat stress data collection, cool water was
perfused through the suit. A 3-cm diameter heater element (Perimed),
which housed the laser-Doppler flow probe, was then engaged to
elevate local skin temperature to 42°C. Local temperature was held at
this level for 30 min to elicit maximal cutaneous vasodilation. Skin
blood flow was then normalized relative to maximal vasodilation for
each site.

Data analysis. Data were sampled at 200 Hz via a data acquisition
system (Biopac System; Santa Barbara, CA). MSNA bursts were first
identified in real time by visual inspection of data plotted on a chart
recorder, coupled with the burst sound from the audio amplifier. These
bursts were further evaluated via a computer software program that
identified bursts based on fixed criteria, including an appropriate
latency after the R wave of the electrocardiogram. Integrated MSNA
was normalized by assigning a value of 100 to the mean amplitude of
the large sympathetic bursts during the 6-min normothermic baseline
period (13, 26). Normalization of the MSNA signal was performed to
reduce variability between subjects attributed to several factors, in-
cluding needle placement and signal amplification. Importantly, this

Fig. 1. Representative tracing of muscle sympathetic nerve activity (MSNA), arterial blood pressure (BP), heart rate (HR), and
respiratory excursion (Resp) in normothermic (A) and heat stress (B) conditions.

Table 1. Thermal and hemodynamic response to heat stress

Normothermia Heat Stress

Tsk, °C 34.3�0.1 37.6�0.2*
Tsl, °C 36.6�0.1 37.2�0.1*
SkBF, %max 11.6�1.7 51.6�2.9*
Sweat rate, mg�cm�2�min�1 0.55�0.08*
Heart rate, beats/min 56.7�0.9 78.3�1.4*
SBP, mmHg 116.4�2.0 116.9�3.7
DBP, mmHg 71.7�1.7 68.1�2.3
MAP, mmHg 86.6�1.6 84.4�2.8
MSNA, bursts/min 15.4�1.8 26.2�3.1*
MSNA, au/min 301�39 561�84*
MSNA, bursts/100 heartbeats 27.1�3.2 33.0�3.4*
Respiratory rate, breaths/min 16.8�0.9 19.0�1.6*

Values are means � SE. Tsl, sublingual temperature; Tsk, mean skin
temperature; SR, sweat rate; MSNA, muscle sympathetic nerve activity. Mean
arterial blood pressure (MAP) was calculated as one-third systolic blood
pressure (SBP) pulse two-third diastolic blood pressure (DBP), which was
measured by auscultation of brachial artery. Skin blood flow (SkBF) was
normalized relative to maximum skin blood flow and expressed as percentage
of maximum (% max). *P � 0.05, significantly different from normothermia
condition.
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method of normalization does not affect the spectral characteristics of
MSNA and thus would not impact the interpretation of the present
findings (26). Total MSNA was identified from burst area of the
integrated neurogram and was measured on a beat-by-beat basis. If no
MSNA burst was detected for a particular cardiac cycle, a zero value
was assigned for this cardiac cycle. Beat-by-beat SBP and R-R
interval were also recorded during the two periods of data collection.
The respiratory trace was normalized when a value of 100 was
assigned to the mean amplitude during the 6-min normothermic
baseline period.

Beat-by-beat data series of R-R interval, SBP, and MSNA were
interpolated (cubic spline) and resampled at 2 Hz. The respiratory
trace in the same data segment was resampled at 2 Hz. The autopower
spectra of the interpolated and resampled data were estimated via the
Welch method (33). In both thermal conditions, data were subdivided
into 256-point segments (128 s) with 50% overlap, windowed (Han-
ning method), transformed, and averaged. The LF spectral power

(0.03 to 0.15 Hz) and HF spectral power (0.15 to 0.45 Hz) of MSNA,
R-R interval, and SBP were calculated from the autospectra. The
LF/HF ratio of MSNA oscillatory components is a previously used
and widely accepted index of MSNA power distribution that is
independent of the units used to express MSNA (10, 11, 18, 22, 23).
Moreover, this LF/HF ratio in resting normothermic subjects is highly
reliable in repeated measurements (32). The frequency at the maxi-
mum point of the spectral density curve in the LF and HF ranges for
the aforementioned variables was also identified.

Paired t-tests were used to assess differences between normother-
mic and heat stress conditions for all variables. P values �0.05 were
considered significant. Values are expressed as means � SE.

RESULTS

Whole body heating significantly increased Tsl, skin blood
flow, sweat rate, and heart rate (Table 1). These data verify the

Fig. 2. Examples of autospectra of MSNA,
R-R interval (RRI), systolic BP (SBP), and
Resp in normothermic (A) and heat stress (B)
conditions in a representative subject. See
Table 2 for average heat stress-induced
changes in spectral power of these variables.

H1103MSNA RHYTHMICITY IN HYPERTHERMIA

AJP-Heart Circ Physiol • VOL 286 • MARCH 2004 • www.ajpheart.org

 on M
ay 20, 2005 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org


subjects were in a heat-stressed condition. In addition, MSNA
(expressed either as burst rate or total activity) increased signifi-
cantly during whole body heating (Table 1 and Fig. 1). Mean
blood pressure was unaffected by heat stress whereas respiratory
rate was slightly, but significantly, elevated (Table 1).

Examples of the autospectra of MSNA, R-R interval, SBP,
and respiratory activity from a representative subject are shown
in Fig. 2. Whole body heating did not change total power or the
LF oscillatory component of MSNA, whereas HF oscillatory
component of MSNA was significantly elevated (Table 2). The
combination of these responses resulted in the LF/HF ratio of
MSNA oscillatory components being significantly reduced by
the heat stress.

For R-R interval variability, the spectral power of both LF
and HF oscillatory components, as well as total power, were
significantly reduced by whole body heating, whereas the
LF/HF ratio was elevated (Table 2). Moreover, spectral power
of the LF and HF oscillatory components of SBP was signif-
icantly attenuated by the heat stress (Table 2).

The peak frequency of the LF spectral component for
MSNA, R-R interval, and SBP was not altered by whole body
heating, whereas the peak frequency of the HF oscillatory
components of these variables increased in the heat stress
condition. This elevated HF component is a reflective of the
slight elevated respiratory rate during the heat stress.

DISCUSSION

The primary purpose of this study was to identify the effects
of whole body heating on spectral characteristics of MSNA
relative to spectral characteristics of SBP. The present data
show that whole body heating increases the HF oscillatory

component of MSNA, does not change the LF component, and
significantly decreases the LF/HF ratio of this variable. In
contrast, whole body heating significantly reduced the LF and
HF components of SBP. Taken together, these data show that
heat stress-induced changes in MSNA do not parallel changes
in SBP variability.

Consistent with previous observations (4, 6, 7, 20), in the
present study, MSNA increased during the heat stress (see
Table 1). In addition, heat stress reduced both R-R interval and
SBP variability within the LF and HF ranges and increased the
LF/HF components of R-R interval variability, which is con-
sistent with our prior observation (5). Combined with the
increase in MSNA, prior and present data suggest the sympa-
thetic outflow to muscle and heart is elevated under heat stress
conditions. However, it should be emphasized that effects of
heat stress on spectral characteristics of recorded sympathetic
nerve activity are limited to sympathetic activity innervating
muscle. It is possible that spectral characteristics of sympa-
thetic nerve activity to other organs, such as the heart, may
respond differently to heat stress relative to direct recordings of
MSNA.

As evident by this and our prior study (5), whole body
heating reduces SBP variability within the LF range. Because
heat stress increases mean MSNA, when expressed either as
burst rate or total activity, the reduction in LF oscillation of
SBP is unlikely to reflect a reduction in sympathetic modula-
tion of vasomotor tone, as proposed by others (16, 21, 23). A
possible mechanism for reduced LF oscillations in SBP could
be due to reduced LF oscillations in MSNA despite an increase
in mean MSNA with heating. However, in the present study,
the LF component of MSNA variability did not significantly
change after whole body heating. Therefore, the reduction in
LF oscillation of SBP was not due to reduced LF oscillations
of MSNA.

Under normothermic conditions, the LF component of SBP
variability shows close correlation with the LF component of
MSNA variability (23). However, during heat stress, this
correlation deteriorates because there is an uncoupling between
the LF components of MSNA and SBP variability under heat
stress condition (see Table 2). One possible mechanism for this
observation may be related to the effects of heat stress on
postsynaptic adrenergic responsiveness. Previous studies (15,
17) demonstrated that vasoconstrictor responses to constant
and bolus infusions of adrenergic agonists are impaired in heat
stressed rats. Consistent with these findings, in humans, whole
body heating attenuates systemic (7) and cutaneous (34) �-ad-
renergic vasoconstrictor responsiveness. Thus heat stress-in-
duced impairment of vasoconstrictor responsiveness for a
given neural signal (i.e., MSNA) may result in a reduction in
LF spectral power of blood pressure despite a lack of change in
LF spectral power of MSNA.

Whole body heating significantly decreased the ratio of
LF/HF components of MSNA variability. The mechanism(s)
resulting in the observed changes in MSNA spectral charac-
teristics during the heat stress remain unknown. Previous
studies (11, 23) show that sympathetic activation induced by
vasoactive agents (e.g., nitroprusside) or head-up tilt is accom-
panied by a shift in the MSNA spectral power distribution
toward the LF range, whereas sympathetic inhibition induced
by phenylephrine infusion is accompanied by a MSNA spectral
power shift toward the HF range (23). These findings led to the

Table 2. Spectral measurements of MSNA and hemodynamic
variability in normothermia and heat stress conditions

Normothermia Heat Stress

MSNA
Total power, au2 63.5�8.3 80.6�9.0
LF, au2 18.3�1.8 21.1�2.0
Freq, Hz 0.10�0.01 0.11�0.01
HF, au2 40.5�6.5 55.1�6.7*
Freq, Hz 0.27�0.01 0.32�0.02*
LF/HF 0.49�0.04 0.41�0.04*

RR interval
Total power, ms2 2,509�364 803�135*
LF, ms2 1,511�285 608�106*
Freq, Hz 0.09�0.01 0.10�0.01
HF, ms2 908�162 156�35*
Freq, Hz 0.29�0.01 0.33�0.02*
LF/HF 1.71�0.30 6.08�1.38*

Systolic pressure
Total power, mmHg2 17.2�2.6 11.0�1.6*
LF, mmHg2 14.6�2.5 9.4�1.5*
Freq, Hz 0.09�0.01 0.10�0.01
HF, mmHg2 2.2�0.4 1.3�0.2*
Freq, Hz 0.29�0.01 0.33�0.02*

Respiration
HF, au2 1,177�85 1,532�120*
Freq, Hz 0.28�0.01 0.34�0.02*

Values are means � SE. LF, low frequency; HF, high frequency. The
absolute value of each component was computed as the integral of oscillatory
components in LF (0.03–0.15 Hz) and HF (0.15–0.45 Hz) ranges. LF/HF, LF
to HF ratio; Freq, the peak frequency for the component. *P � 0.05,
significantly different from normothermia condition.
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conclusion that changes in LF component of MSNA variability
are positively correlated with the change in sympathetic activ-
ity (11). However, in contrast to these observations, in the
present study increases in mean MSNA due to whole body
heating were not associated with increases in LF spectral
power of MSNA, while HF spectral power of MSNA in-
creased. Moreover, patients with heart failure have elevated
MSNA (14) and reduced, or even absent, LF oscillations (1,
31). Thus it is likely that the aforementioned positive correla-
tion between mean MSNA and LF spectral power (11, 23) is
limited to acute baroreceptor loading and unloading in healthy
individuals. Importantly, differences in the relationship be-
tween LF spectral power and mean MSNA in the present study
relative to the aforementioned studies (11, 23) suggest that
elevations in MSNA during heat stress are likely mediated by
mechanisms other than baroreflexes; a finding consistent with
our prior observation (4).

The present results show that whole body heating increases
MSNA variability within the HF range. A possible mechanism
resulting in this occurrence may be related to heat stress-
induced alterations in respiration (3, 19). Respiratory rate
increased slightly but significantly as a result of whole body
heating (Table 1). Although tidal volume was not measured,
spectral power of normalized respiratory trace increased sig-
nificantly with the heat stress. Moreover, a prior study dem-
onstrated that tidal volume increases in heated subjects (12).
Thus both frequency and tidal volume is likely enhanced in
heat stress conditions (3, 12, 19). Because respiration affects
oscillations in MSNA via central mechanisms (2), changes in
respiratory responses during heating may lead to the observed
increase in HF spectral power of MSNA. Another possible
explanation for this observation may be related to respiratory
gating of sympathetic outflow (8, 9). This gating phenomenon
is most apparent when sympathetic outflow is at an “usual
level,” whereas it is weak or absent at the extremes of stimu-
lation (8). In the normothermic condition, when MSNA burst
frequency is relatively low, respiratory rhythms in MSNA may
be weak or even absent in some individuals. However, when
baseline MSNA increases, as is the case for the heat stress, the
gating of MSNA by respiration may be intensified resulting in
an elevated HF power of the MSNA.

In conclusion, this study shows that whole body heating
does not alter the LF spectral component of MSNA, despite
significant reductions in the LF spectral component of SBP and
increases in mean MSNA. Moreover, heat stress increases the
HF MSNA spectral component resulted in a significant reduc-
tion in the LF/HF ratio of MSNA variability. These changes in
MSNA variability do not parallel changes in either SBP or
heart rate variability. Two conclusions can be derived from
these observations. First, the reduction in LF spectral compo-
nent of SBP during a heat stress is unlikely related to spectral
changes in MSNA. Second, when combined with the findings
of others (11, 23), the present data support the hypothesis that
increases in MSNA during a heat stress is unlikely to be
entirely due to baroreceptor unloading.
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