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Human sympathetic outflows to skin and muscle target
organs fluctuate concordantly over a wide range of
time-varying frequencies
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Non-technical summary Traffic carried over two branches of the sympathetic nervous system can
be recorded in cooperative human subjects, with fine needles inserted directly into leg nerves. We
made simultaneous recordings of sympathetic activity with two needles inserted into nerve tracts
supplying skin and muscles, and used a mathematical method, wavelet phase coherence, to obtain
insights into how the brain regulates neural oscillations. Our results document continuously
varying and coherently coupled human skin and muscle sympathetic nerve oscillations over time
(suggesting that they are driven by other central frequency generators).

Abstract Frequency-domain analyses of simultaneously recorded skin and muscle sympathetic
nerve activities may yield unique information on otherwise obscure central processes governing
human neural outflows. We used wavelet transform and wavelet phase coherence methods to
analyse integrated skin and muscle sympathetic nerve activities and haemodynamic fluctuations,
recorded from nine healthy supine young men. We tested two null hypotheses: (1) that human
skin and muscle sympathetic nerve activities oscillate congruently; and (2) that whole-body
heating affects these neural outflows and their haemodynamic consequences in similar ways.
Measurements included peroneal nerve skin and tibial nerve muscle sympathetic activities;
the electrocardiogram; finger photoplethysmographic arterial pressure; respiration (controlled
at 0.25 Hz, and registered with a nasal thermistor); and skin temperature, sweating, and
laser-Doppler skin blood flow. We made recordings at ∼27◦C, for ∼20 min, and then during room
temperature increases to∼38◦C, over 35 min. We analysed data with a wavelet transform, using the
Morlet mother wavelet and wavelet phase coherence, to determine the frequencies and coherences
of oscillations over time. At 27◦C, skin and muscle nerve activities oscillated coherently, at
ever-changing frequencies between 0.01 and the cardiac frequency (∼1 Hz). Heating significantly
augmented oscillations of skin sympathetic nerve activity and skin blood flow, arterial pressure,
and R-R intervals, over a wide range of low frequencies, and modestly reduced coordination
between skin and muscle sympathetic oscillations. These results suggest that human skin and
muscle sympathetic motoneurones are similarly entrained by external influences, including those
of arterial baroreceptors, respiration, and other less well-defined brainstem oscillators. Our study
provides strong support for the existence of multiple, time-varying central sympathetic neural
oscillators in human subjects.
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Introduction

Two sympathetic neural outflows, to skin and skeletal
muscles, can be recorded directly in conscious cooperative
human volunteers. The ability to record traffic travelling
in two anatomically distinct nerve fascicles to two
functionally distinct target organs opens the possibility
that such human recordings might be analysed
creatively, to better understand central neurophysiological
rhythm-generating mechanisms. Although the number
of studies of either skin or muscle sympathetic nerve
activities of humans is large, there are only a few
publications reporting simultaneous recordings of skin
and muscle sympathetic nerve activities, in individuals
(Delius et al. 1973; Wallin et al. 1973; Bini et al. 1981; Jänig
et al. 1983; Fagius et al. 1985; Vissing et al. 1991), or in
small groups of subjects (Saito et al. 1990; Takeuchi et al.
1994; Kodama et al. 1998).

With one exception (Fagius et al. 1985), all studies
of simultaneously recorded human skin and muscle
sympathetic nerve activities employed time-domain
analysis methods. These studies indicate that sympathetic
bursts occur at different times in the two neural outflows,
and are not obviously coordinated. Skin sympathetic
nerve activity may be only loosely coupled to respiration
(Hagbarth et al. 1972; Wallin et al. 1974; Boczek-Funke
et al. 1992), but muscle sympathetic nerve activity is
strongly coupled (Delius et al. 1973; Eckberg et al. 1985).
Skin sympathetic nerve activity is not as obviously coupled
to cardiac (and presumably, baroreceptor) activity as
muscle sympathetic nerve activity. However, Macefield
& Wallin (1999) documented cardiac rhythmicity in
single-fibre skin sympathetic neurograms with R-wave
triggered averages, and Cui et al. (2006) showed that skin
sympathetic nerve spectral power covers a wide frequency
range which extends to the cardiac frequency. In addition,
Bini et al. (1981) and Jänig et al. (1983) reported the
emergence of a cardiac rhythm in skin sympathetic neuro-
grams during heating.

The study by Fagius et al. (1985) characterized
simultaneously recorded skin and muscle sympathetic
nerve activities in one subject with power spectral
analysis, in association with anaesthetic blockade
of the glossopharyngeal and vagus nerves in the
neck. This unique article reports that before local
anaesthesia, visual inspection of the time series identified
no obvious coordination between skin and muscle
sympathetic nerve activities. After neck anaesthesia,
however, power spectra of skin and muscle neuro-
grams were similar. This provocative observation
suggests that fluctuations of human skin and muscle
neural outflows are generated or modulated by a
common central oscillator. Under usual circumstances,
however, coordination of skin and muscle sympathetic
oscillations is obscured by strong arterial baroreceptor

influences that affect muscle, but not skin sympathetic
motoneurones.

We report wavelet phase coherence analysis of
simultaneously recorded skin and muscle sympathetic
nerve activities in a group of young men studied at
normal room temperature and during whole-body (room)
heating. This new method of treating human micro-
neurography signals has major advantages over time-
and frequency-domain approaches used previously, in
that it yields ongoing high-resolution characterizations
of interactions among neural and haemodynamic signals
over time, and provides robust, statistically quantifiable
indications of both the frequencies of oscillations – low,
as well as high – and their coherences. We tested the
null hypotheses that human skin and muscle sympathetic
nerve activities oscillate congruently, and that whole-body
heating affects these neural outflows, their coordination,
and consequences in similar ways.

Methods

Subjects

We studied nine young men whose ages averaged (±SEM)
22 ± 1 years, heights 174 ± 2 cm, and weights 64 ± 2 kg.
Each subject gave his written informed consent to
participate in the study, which was approved by the Human
Research Committee, Research Institute of Environmental
Medicine, Nagoya University, Nagoya, Japan, and which
conformed with the provisions of the Declaration of
Helsinki. All subjects were healthy, and none were taking
medications.

Measurements

We simultaneously recorded multiunit postganglionic
sympathetic nerve activities with insulated tungsten
microelectrodes inserted into a skin fascicle of a peroneal
nerve, and a muscle fascicle of an ipsilateral tibial nerve.
Skin sympathetic bursts were identified by their irregular
occurrence and apparent lack of cardiac synchronicity;
appearance (with widely varying durations); accentuation
by mental activity, somatosensory (sound, pain, light
or electrical) stimuli, and deep breathing; and their
elicitation of increased sweating or reduced skin blood
flow in the innervated area (Hagbarth et al. 1972; Bini
et al. 1981). Muscle sympathetic bursts were identified
by their position within muscle nerve fascicles; obvious
pulse-synchronicity; modulation by respiration (Eckberg
et al. 1985); and accentuation by held-expiration (Badra
et al. 2001) or Valsalva straining (Delius et al. 1973;
Smith et al. 1996). Neural signals were amplified, filtered
(bandwidth: 500–5000 Hz), rectified, and integrated by a
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resistance–capacitance network with a time constant of
0.1 s, to obtain mean voltage displays.

We recorded the electrocardiogram with a bio-electric
amplifier (AB-621G, Nihon Kohden, Tokyo, Japan);
arterial pressure with a finger photoplethysmograph
(Finapres, Ohmeda, Louisville, KY, USA); and respiration
with a nasal thermistor. We identified the region of
skin innervated by the impaled nerve fascicle by lightly
stroking the skin to elicit cutaneous mechanoreceptor
discharges. We measured skin blood flow velocity with
a laser-Doppler probe (ALF21, Advance, Tokyo, Japan),
and sweating with a capacitance hygrometer (Hidrograph
AM-2, Fourtion, Nagoya, Japan) placed on the dorsum
of the foot in the innervated area. Tympanic membrane
and skin temperatures were registered with thermistors.
All signals were recorded by a multi-channel FM recorder
(KS-616U, Sony Precision Technology, Tokyo, Japan), and
were digitized (Spike2, Cambridge Electronics Design,
Cambridge, UK) for off-line processing.

Protocol. All experiments were performed with subjects
in the supine position in a sound-, light-, temperature-,
and humidity-controlled artificial climate room. Subjects
breathed at 0.25 Hz with a metronome. Tidal volume was
neither measured nor controlled. We recorded data for a
minimum of 20 min at an ambient temperature of ∼27◦C,
and then for 30–40 min as room temperature increased
to ∼38◦C.

Analyses

All analyses of nerve traffic were made from normalized
integrated neurograms. Before analysis, the mean value of
the signal was subtracted and then the signal was divided
by its standard deviation.

Wavelet transform

We used wavelet transforms with the Morlet mother
wavelet to analyse data in the time–frequency domain
(Stefanovska et al. 1999). This method (described in
detail in the Appendix and in references cited below)
characterizes the dynamics of signals over a wide frequency
range, from 0.0095 to 2 Hz, with logarithmic resolution.
Wavelet power spectra quantify the power of specific
oscillatory components, and wavelet phase coherences
(Bandrivskyy et al. 2004) identify concordant frequency
fluctuations between pairs of neural signals.

Wavelet transforms are projections of signals from
the time to the time–frequency domain. Unlike Fourier
transforms, which use a window of constant length to
calculate spectra, wavelet transforms adjust the length of
wavelets during the calculations. Thus, high-frequency
components are analysed with short wavelets, and

low-frequency components are analysed with long wave-
lets; this is achieved by shortening or lengthening the
wavelets in time. In this way, each frequency component
is selectively analysed according to its corresponding
period. Use of Morlet wavelet with its complex Gaussian
sinusoids yields excellent localizations of oscillations and
their coherence in both time and frequency.

Before calculations of wavelet transforms were made,
time series were resampled at 10 Hz, and their spectra
below 0.0095 Hz were removed by subtracting a moving
110 s average. Use of longer wavelets for lower frequencies
(more data samples) enhances the amplitudes of the wave-
let transforms at low, compared with high, frequencies.
This enables easier identification of low-frequency
oscillations, which usually have lower power than high
frequency oscillations. Information regarding the strength
of particular components is obtained by calculating the
wavelet spectral power.

Wavelet phase coherence

Wavelet phase coherence identifies consistent phase
relationships, and provides inferential evidence regarding
causality between signals. In contrast with cross-spectra,
significant phase coherence between signals can be
identified even when their common powers are low. This
is particularly meaningful for low-frequency components,
which make important, but not necessarily large
contributions to total power.

To quantify wavelet phase coherences between signals,
we first calculated their wavelet transforms. Use of
the complex Morlet wavelet permits extraction of
instantaneous phase differences at each position in time
and frequency. The relative phase differences are then
calculated and their variations in time yield wavelet phase
coherences (Bandrivskyy et al. 2004; Sheppard et al. 2011),
which range between 0 (no coherence) and 1 (perfect
coherence). Application of wavelet analysis, including
cross-spectra and coherence, to study of time series, is
well-described by Torrence & Compo (1998), and Grinsted
et al. (2004) and Shiogai et al. (2010).

To investigate the effect of heating on the inter-
actions between pairs of signals, the phase coherence was
calculated for 1000 s segments before heating, and the last
1000 s segments during heating.

Statistical analysis

Since many data sets were not distributed normally
(Kolmogorov–Smirnov test), we report medians, ranges,
and individual values, and we use a non-parametric
statistical test to identify significant coherences and
significant changes with heating. With wavelet trans-
forms, each signal is decomposed into specific oscillations
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by using different window lengths. With each window
a specific part of the signal is targeted and the
strength of a particular oscillation is extracted. Therefore,
wavelet decomposition yields observations which are
independent, even though they are extracted from the
same time series.

We used the paired signed rank test to compare
group data over two types of frequency ranges. First, we
divided the logarithmic frequency range, 0.0095–2 Hz,
into 115 segments for statistical analysis. These 115
comparisons were made to determine if phase coherences
from the original data are significantly higher than their
corresponding surrogate values (see below). In the graphs,
a red vertical line is drawn at each of the 115 frequency
ranges where the paired test showed a significant difference
from surrogate values; where many contiguous frequencies
show significant effects, these lines are confluent, and
appear as a continuous red colour.

Second, we evaluated different, fixed frequency ranges
to obtain results that could be compared with data
published by others. These frequency ranges were
0.0095–0.021, 0.021–0.052, 0.052–0.145, 0.145–0.6 and
0.6–2 Hz (Stefanovska & Bračič, 1999; Shiogai et al. 2010).

The method used to determine the significance of
wavelet phase coherences represents a special case.
Obviously, over finite-length, non-stationary cardio-
vascular time series, low-frequency components are
represented by fewer periods than high-frequency
components. Consequentially, less variation of phase
differences occurs at low frequencies, and this is
reflected in higher coherence values for low than
high frequencies. To identify a floor which demarcates
truly significant coherence for all the frequencies, we
employed surrogate analysis (Schreiber & Schmitz, 1996).
Amplitude-adjusted Fourier transform (AAFT) surrogate
signals were generated by shuffling the phases of the
original time series to create new time series with
the same means, variances, autocorrelation functions
(and therefore, the same power spectra) as the original
sequences, but without their phase relations. We averaged
100 wavelet phase coherences calculated from surrogate
signals, and considered that wavelet coherences from the
original recordings were statistically significant when they
were 2 standard deviations above the mean surrogate
coherence values.

In all statistical tests, P < 0.05 was considered
significant.

Results

Before heating

Figure 1 shows recordings made from Subject 3 at
a room temperature of 26.7◦C. This subject, and all
others controlled respiratory rates well, at 0.25 Hz

Figure 1. Recording at room temperature from Subject 3
Respiration was controlled well by this and other subjects, who
breathed with a metronome at 0.25 Hz.

(one breath every four s, Fig. 1C). Skin sympathetic
nerve activity (Fig. 1E) occurred as irregular bursts
whose durations, amplitudes, and appearances varied
widely. Skin sympathetic nerve activity bore no obvious
relation to either cardiac or respiratory activities. Muscle
sympathetic nerve activity (Fig. 1F) occurred as volleys
of narrow-waisted bursts, which appeared to fluctuate
systematically, at low (∼0.1 Hz) and cardiac (∼1 Hz)
frequencies.

Figure 2 shows a wavelet transform of skin sympathetic
nerve activity from the same subject whose data are
depicted in Fig. 1. Figure 2A shows the average wave-
let transform, and indicates that the skin sympathetic
nerve activity signal comprises spectral components which
extend over a wide frequency range, from 0.01 Hz to the
cardiac frequency. The most prominent periodicity in this
subject (Fig. 2A) is at the respiratory frequency (0.25 Hz).
The contour and three-dimensional plots shown in Fig. 2B
and C indicate that the spectrum, depicted by the average
wavelet transform in Fig. 2A, vastly obscures the richness
of the frequency and power variability occurring over time.
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Figure 2. Wavelet transform of skin sympathetic nerve activity from Subject 3
A, the average wavelet transform of skin sympathetic nerve activity for the recording period. B and C, a contour
plot (B) and a three-dimensional plot (C) of the wavelet transform. The strongest periodicity, shown in yellow, is
at the respiratory frequency (0.25 Hz). B and C illustrate the complexity of this subject’s skin sympathetic rhythms,
whose occurrence, frequency and strength were highly variable. The average data shown in A mask the major
ongoing fluctuations present in the time series.

Figure 3 depicts a wavelet transform of muscle
sympathetic nerve activity from Subject 2. The average
wavelet transform in Fig. 3A indicates that the muscle
sympathetic nerve activity signal contains oscillations
at cardiac (∼1 Hz), respiratory (0.25 Hz), ∼0.1 Hz, and
lower frequencies. As in Fig. 2, the contour (Fig. 3B) and
three-dimensional (Fig. 3C) plots dramatically illustrate
the complexity of human sympathetic neural oscillations.
In this ostensibly ‘steady-state’ resting subject, the
occurrence, level and frequency of wavelet aggregations
varied widely over time (this variability is seen most
convincingly at frequencies below the breathing frequency,
lower two-thirds of Fig. 3B). The wavelet plots shown in
Figs 2 and 3 make a compelling case that average power
(however measured) in time series (whatever signal)
provides a poor indication of the ongoing physiological
oscillations that are present in healthy resting humans

(Eckberg & Kuusela, 2005; Westerhof et al. 2006). Note
that wavelet transforms are presented, rather than wavelet
powers, to illustrate lower frequency components in both
signals.

Figure 4 shows median (red) and individual (grey)
skin and muscle sympathetic wavelet power spectra
for all subjects. Skin sympathetic nerve power was
strongest at the breathing frequency (0.25 Hz), but was
also well represented at the cardiac frequency (∼1 Hz).
(The peak at 0.5 Hz (arrow) is the second harmonic
of the breathing frequency, which resulted from the
regular, non-sinusoidal modulation introduced by paced
breathing.) Muscle sympathetic nerve power was strongest
at cardiac frequencies, but was also distinct at respiratory
and ∼0.1 Hz frequencies. Median power in the lowest
frequency ranges (components seen in the wavelet trans-
form in Fig. 3) was very low.

Figure 3. Wavelet transform of muscle sympathetic nerve activity from Subject 2
A, the average wavelet transform of the muscle sympathetic nerve activity. B and C, contour and three-dimensional
plots of the same data. As with the analysis of skin sympathetic nerve activity (Fig. 2), the occurrence, frequency
and strength of oscillations varied in major ways during the recording. This is particularly evident in the ∼0.1 Hz
rhythm, which appeared and disappeared at highly variable rates. The average data shown in A do not accurately
represent these ongoing fluctuations.
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Figure 4. Median (red) and individual (grey) wavelet power
spectra of skin and muscle sympathetic neurograms before
heating
The strongest periodicity in skin sympathetic nerve activity (A) was at
the respiratory frequency. A rhythm at the cardiac frequency was
present, but was not prepossessing. The arrow points to the second
harmonic of the respiratory frequency. The strongest periodicity in
muscle sympathetic activity (B) was at the cardiac frequency. These
median data also show oscillations at the respiratory frequency and
∼0.1 Hz.

We used wavelet phase coherence to identify inter-
actions between skin and muscle sympathetic nerve
activities, and to determine the frequency regions where
such interactions occur. Figure 5A shows median wavelet
phase coherence between skin and muscle sympathetic

recordings at normal room temperature for all sub-
jects. In this panel, the leftmost line (black) indicates
median coherence (that is, the median value of the nine
black relations shown in Fig. 5B), and the rightmost
line in Fig. 5A (grey) indicates median surrogate values.
Significant differences in the median and individual
relations among the 115 frequency regions (see Methods)
are denoted by the confluent red coloured areas beneath
the median lines, and significant differences within the five
fixed frequency ranges are denoted by the asterisks.

Figure 5B shows that skin and muscle sympathetic nerve
phase coherences for all nine subjects were significant over
a wide range of low frequencies, as well as respiratory and
cardiac frequencies. These analyses indicate that, just as the
average sympathetic nerve wavelet transform spectra from
individual subjects (Figs 2A and 3A) obscure ongoing,
time-varying frequencies and spectral powers over time,
the average coherence from a group of subjects obscures
the variability that is present in individual subjects.

During heating

Table 1 lists median and inter-quartile (25th and 75th
percentiles) temperatures and haemodynamic data before
and during heating, and the statistical significance of the

Figure 5. Median (A) and individual phase coherences (B) between skin and muscle sympathetic nerve
activities for all subjects
The heavy black lines indicate median (A) and individual (B) phase coherences; the grey lines indicate average
surrogate values (see Methods), and the red areas indicate coherence which was significantly different (greater
than 2 standard deviations above) from the surrogate values. The asterisks indicate frequency ranges within
which skin and muscle coherences were significant. In all subjects, skin and muscle sympathetic nerve activities
were significantly coherent over a broad range, including cardiac frequencies (extreme right of individual data
panels). The group median data (A) obscure the significant narrow frequency ranges over which skin and muscle
sympathetic nerve activities are coherent in individuals.
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Table 1. Median responses to heating

Before heating During heating P

Room temperature (oC) 27.2 (26.4, 28.4) 37.7 (37.3, 38.1) 0.01
Skin temperature (oC) 31.5 (30.7, 32.8) 33.1 (34.8, 37.0) 0.01
Tympanic membrane temperature (oC) 38.4 (37.1, 38.6) 38.6 (38.1, 38.8) 0.01
Sweating (AU) 0.043 (0.004, 0.097) 0.155 (0.060, 0.284) 0.01
Systolic pressure (mmHg) 135 (130, 138) 138 (127, 142) 0.95
Diastolic pressure (mmHg) 81 (72, 86) 80 (69, 86) 0.64
R-R interval (s) 0.96 (0.93, 1.01) 0.89 (0.87, 0.92) 0.25

Median values and their inter-quartile range (25th and 75th percentiles). P values were
derived with the paired signed rank test.

changes. Systolic and diastolic pressures and R-R intervals
did not change significantly during heating.

Figure 6 shows median group coherences between skin
and muscle sympathetic nerve activities before (Fig. 6A)
and during heating (Fig. 6B), and their comparison
(Fig. 6C). Red areas and asterisks in Fig. 6A and B indicate
frequencies and frequency ranges at which coherences
between the neural oscillations were significantly greater
than surrogate values (P ≤ 0.05). Before heating (Fig. 6A)
skin and muscle nerve activities were coherent over a
broad range, from ∼0.05 to >1.0 Hz. During heating
(Fig. 6B), significant coherence persisted over this range,

Figure 6. Median skin and muscle sympathetic activity
wavelet phase coherence before and during heating
The black lines in A and B indicate median group coherences, the
grey lines indicate average surrogate values, and the red shaded
areas indicate coherences in 115 frequency ranges which are greater
than 2 standard deviations above the surrogate values. Asterisks
indicate conventional frequency ranges, in which the mean
coherences are significantly above the mean surrogate values. C
compares coherences before and during heating. Note that in C, the
scale is narrower than in A and B. The only frequency range over
which this reduction is significant is the cardiac frequency (∗).

and extended also to the next lower frequency range. (In
this range, the differences were very small, but significant.)
Figure 6C shows a comparison of coherences before
and during heating. Heating modestly, but significantly,
reduced coherence between skin and muscle sympathetic
wavelet powers in the 115 individual frequencies, and in
the highest (cardiac) frequency range (asterisk).

Figure 7 depicts room and skin temperatures, skin blood
flow, and the wavelet transform of blood flow at the
cardiac, ∼1.1 Hz, and respiratory (0.25 Hz) frequencies,
from Subject 4 during heating. Note that the subject’s
skin temperature reflects his response to heating, not the
temperature stimulus that provoked the response. The
blood flow signal in the time domain (middle panel)
does not show obvious changes with heating. The wave-
let transform, however, which allows for a decomposition
of the signal into specific frequency components and an
independent tracing of their changes in time, identifies
a steady increase of respiratory and cardiac frequency
fluctuations during heating (lower panel).

Figure 8 shows the influence of heating on wave-
let power spectra of neural and haemodynamic signals.
Median wavelet powers for the group are shown as a black
line, before heating and as a red line, during heating. Red
shaded areas indicate specific frequencies at which the
effect of heating is significant (as indicated, a paired signed
rank test was applied to wavelet power values at each of
the 115 frequencies within the entire frequency range).
Asterisks indicate frequency ranges at which the effect of
heating was significant.

Heating significantly increased skin sympathetic nerve
wavelet power at ∼0.1 Hz and lower frequencies (Fig. 8A,
inset), and decreased the power of oscillations at the
breathing frequency (Fig. 8A, red shaded area); however,
the difference was not significant for the entire breathing
frequency range. Heating did not alter muscle sympathetic
nerve wavelet power (Fig. 8B), but significantly augmented
R-R interval, blood pressure, and skin blood flow wave-
let powers, predominantly at low frequencies (Fig. 8C–E,
shaded areas and asterisks). R-R interval power at
the respiratory frequency (0.25 Hz, Fig. 8C) declined

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Figure 7. Skin blood flow responses of
Subject 4 to heating
The blood flow signal (B) does not show
obvious changes with heating in the time
domain. The wavelet transform, which
decomposes the signal into several oscillatory
components and their variation in time
documents a steady increase of the amplitudes
of oscillatory components at cardiac and
respiratory frequencies with heating (C).

significantly; however, the decline was not significant for
the entire respiratory frequency range.

Discussion

We made simultaneous recordings of skin and muscle
sympathetic nerve activities in healthy supine young men
before and during whole body heating, and analysed
results with wavelet phase coherence. Our findings
treat the fundamental nature of human sympathetic
rhythmicity: both skin and muscle sympathetic outflows
(which travel in different nerve fascicles to different target

organs) oscillate in a coordinated fashion over a wide range
of frequencies. Our study provides strong support for the
existence of multiple, time-varying central sympathetic
neural oscillators in human subjects.

Strengths of our study

Our study may have several unique features. First, the
number of subjects, nine, may be the largest group studied
with simultaneous skin and muscle sympathetic nerve
recordings. Second, we analysed long data segments,
ranging from 17 to 35 min; such long analysis periods

Figure 8. Influence of heating on wavelet power spectra of neural and haemodynamic signals
Wavelet power spectra of signals are compared before and during heating. Red shaded areas indicate significant
effect of heating at specific frequencies and asterisks indicate significances within the frequency ranges. Skin
sympathetic nerve wavelet power increased significantly during heating at low frequencies (A, inset), but muscle
sympathetic nerve wavelet power (B) was not affected by heating. R-R interval, blood pressure, and skin blood
flow wavelet powers were significantly increased by heating, primarily at low frequencies.
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allow us to deal confidently with rhythms as slow as
0.01 Hz. Moreover, we carried our analyses to frequencies
above the cardiac frequency; this enabled us to define
frequencies higher than those considered in most human
research. Third, we used wavelet phase coherence – the first
use of this approach with dual human sympathetic micro-
neurographic signals. As we indicate in the Introduction,
this analytical method is particularly well-suited to study
of very low frequency rhythms. Fourth, we compared our
measurements with surrogate values; this permitted us
to move beyond simple descriptions and determine actual
statistical probability. Fifth, our experimental preparation,
conscious, minimally invaded cooperative human sub-
jects, may be simpler than those used in animal research,
with potential confounds introduced by anaesthesia and
surgical manipulation.

The nature of human sympathetic rhythmicity

We found that both skin and muscle sympathetic
nerve activities oscillate over broad, generally similar
frequency ranges, from 1 cycle per 100 s to the cardiac
frequency, ∼1 Hz (Fig. 4). The earliest frequency-domain
analysis of human muscle sympathetic neurograms
(Eckberg et al. 1985) also documented a similar broad
frequency range. Our time–frequency analyses with their
logarithmic frequency resolution yield new insights into
the breadth of human sympathetic spectra: the broad, not
well-differentiated frequency ranges in individual subjects
(Figs 2A and 3A) are broad because the discrete frequencies
that go into their making fluctuate. As in experimental
animals (Chang et al. 1999), the frequencies of sympathetic
oscillations, skin and muscle, drift. Moreover, the average
wavelet spectrum of the group of subjects we studied is
broad because the discrete frequencies from individual
subjects that go into its making differ greatly (Fig. 5).

Simultaneous recordings of human skin sympathetic
nerve traffic travelling to the right and left sides of the body
are remarkably similar, both in the timing and appearance
of bursts (Bini et al. 1980). This indicates that bilateral
skin outflows are driven by a common central oscillator.
The same conclusion holds true for muscle sympathetic
outflows (Sundlöf & Wallin, 1977). Our study extends
understanding of these central mechanisms by showing
that the two disparate, anatomically distinguishable
(Dampney & McAllen, 1988) motoneurone pools, whose
outflows travel in different nerve fascicles to different
target organs, skin and muscle, also are influenced by the
same central generator(s). Coordination between skin and
muscle sympathetic oscillations is not limited to a small
number of frequency ranges, but covers a broad range of
frequencies, which differ from subject to subject (Fig. 5B).

In early human microneurographic studies, one feature
used to distinguish skin from muscle sympathetic nerve

outflows was that skin sympathetic activity lacks cardiac
periodicity (Hagbarth et al. 1972; Wallin et al. 1974). Sub-
sequent research, however, showed that a cardiac rhythm
can be detected in skin sympathetic neurograms, with no
intervention (Macefield & Wallin, 1999; Cui et al. 2006)
or with heating (Bini et al. 1981; Jänig et al. 1983). Our
results confirm and extend these earlier observations; we
document unmistakable coordination between skin and
muscle sympathetic nerve activities at cardiac frequencies,
in all subjects under baseline conditions, with no inter-
vention (Fig. 5). Our data (Figs 2, 4 and 5) also confirm
the presence of respiratory periodicity in skin sympathetic
recordings, a finding that has been remarked since the
earliest human neurograms were published (Hagbarth
et al. 1972; Wallin et al. 1974; Bini et al. 1980). Our study
is new in its documentation (Fig. 5B) of significant skin
and muscle sympathetic coordination over a wide range
of low frequencies, below 0.1 Hz.

These results are not consistent with a model based
upon a single central sympathetic oscillator, since we
identified not one, but many frequencies of neuronal
oscillation (Figs 2, 3 and 5). By the same token, our
results are not consistent with a model based upon
two fixed sympathetic oscillators, since skin and muscle
oscillations are broadly coherent (Fig. 5). The firing
patterns we identified point towards the existence of
multiple oscillators with time-varying frequencies that
influence and modulate skin and muscle motor neuro-
nes in a coordinated fashion.

Responses to heating

We used one intervention, strictly controlled whole-body
heating in an artificial climate chamber, as a means
to distinguish skin from muscle sympathetic nerve
oscillatory behaviour. Heating had no effect on
muscle sympathetic nerve rhythms (Fig. 8B). This
stands in contrast to the effect heating had on skin
sympathetic rhythms: heating increased low-frequency
skin sympathetic rhythms significantly (Fig. 8A). The
differential effect that heating exerts on skin and muscle
sympathetic nerve rhythms suggests that skin sympathetic
motoneurones have central inputs that are not shared
by muscle sympathetic motoneurones. Heating reduced
coordination between skin and muscle sympathetic firing,
but only at higher frequencies, and only to a small extent
(Fig. 6C).

R-R interval responses to heating deserve special
mention. In her seminal study of conscious dogs,
Solange Axelrod and her colleagues discussed mechanisms
responsible for heart rate fluctuations in three frequency
ranges (Akselrod et al. 1981). She reported that
renin–angiotensin blockade increases spectral power in
the very low-frequency range (below ∼0.05 Hz). We
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confirmed this observation in an earlier study of healthy
human subjects (Taylor et al. 1998); however, we failed
to define a discrete frequency; rather, renin–angiotensin
blockade increased R-R interval spectral power over a
broad low-frequency range. Axelrod also cited speculation
(Sayers, 1973) regarding a thermoregulatory role for very
low-frequency rhythms. Our study (Fig. 8C) may provide
the most convincing evidence to date for this possibility.
However, as with the renin–angiotensin blocking study
(Taylor et al. 1998), heating increased low-frequency R-R
interval rhythms broadly; the effect was not restricted to a
discrete low-frequency range. A third mechanism involved
in very low-frequency haemodynamic oscillations is end-
othelial reactivity (Kvandal et al. 2003; Shiogai et al. 2010;
Sheppard et al. 2011), whose influence on R-R interval
oscillations might profitably be explored.

Mutability of human sympathetic rhythms

We found great variability in the occurrence, frequency,
and strength of human skin and muscle sympathetic
rhythms. Although many discrete areas of the
brain subserve specific functions, the connections
among brain areas are myriad, and this anatomical
organization provides a rich substrate for ongoing,
ever-changing, long-recognized (Sherrington, 1913)
functional organization and reorganization. The most
prominent periodicity in human muscle sympathetic
neurograms is at the cardiac frequency (Eckberg et al.
1985; this study, Fig. 4). Cardiac rhythmicity is not a fixed
feature of human sympathetic rhythms, however: cardiac
periodicity in muscle sympathetic outflow is abolished by
anaesthesia of baroreceptor (and other) nerves in the neck
(Fagius et al. 1985); by non-REM sleep (Takeuchi et al.
1994; Kodama et al. 1998) and syncope (Iwase et al. 2002);
and by reduction of baroreceptor input by intense lower
body suction (Cooke et al. 2009). Similarly, respiratory
periodicity in muscle sympathetic neurograms also is
not fixed: muscle sympathetic rhythms follow breathing
frequency (Stankovski et al. unpublished), and are absent
during apnoea (Badra et al. 2001) and during upright
tilt, when the level of arterial baroreceptor stimulation is
diminished (Cooke et al. 1999).

In animal studies, brainstem rhythms can be changed
by altering blood pressure (Barman et al. 1994; Barman &
Gebber, 1997); denervating arterial baroreceptors (Taylor
& Gebber, 1975); changing heart (Morrison & Gebber,
1982; 1984) or breathing (Chang et al. 1999) rate; and
blocking neurotransmitters in areas anatomically remote
from known sympathetic premotor areas (Orer et al. 1999;
Kenney et al. 2001). These and the present results under-
score the richness and complexity of the dynamic control
of central rhythm-generating mechanisms. Although
whole-body heating increases brain temperature (Baldwin
& Ingram, 1998), to our knowledge, the possibility that

isolated brain heating (not associated with whole-body
heating) alters sympathetic rhythms directly has not been
studied.

Limitations

Our study may have real or potential limitations. First,
although we report what we believe to be the largest series
of simultaneous human skin and muscle sympathetic
nerve recordings (n = 9), we cannot exclude the possibility
that negative results reflect a beta-statistical error. Second,
although the instrumentation of our volunteers was
comprehensive (see Methods), we did not measure
respiratory carbon dioxide concentrations. We can say,
however, that if control of breathing led to hypocapnia,
the effects on our measurements were likely to be small
(Trzebski et al. 1995; Henry et al. 1998). We make no
claim that the data we analysed were stationary; as we
argue elsewhere (Eckberg & Kuusela, 2005), stationarity is
a construct that enjoys no meaningful existence in healthy,
conscious human subjects.

Our study involved only one intervention, whole-body
heating; therefore, we cannot speculate about how other
interventions which raise or lower sympathetic nerve
activity might have influenced the rhythms we studied.
Similarly, since our volunteers were all healthy young men,
we cannot speculate about how other populations might
have responded. We can say, however, that although levels
of muscle sympathetic nerve activity are high in patients
with heart failure, hypertension, obesity and renal failure,
levels of skin sympathetic nerve activity in these patients
are not different from those in healthy populations (Grassi
et al. 1998, 2003; Park et al. 2008).

We followed established precedent (Wallin &
Charkoudian, 2007) and analysed integrated, rather than
raw, sympathetic nerve activity, and used the same
time constant, 0.1 s, to integrate both skin and muscle
sympathetic activities. Since single unit studies show that
both skin and muscle nerve firings occur within bursts
(Macefield et al. 1994; Macefield & Wallin, 1996), our
studies of integrated neurograms should be appropriate
to identify rhythms and their coordination. Moreover,
our signal-to-noise ratios were high in all recordings
(Fig. 1), and since we used the entire integrated nerve
signal (we did not attempt to identify individual bursts),
oscillations involving very small numbers of firings and
small bursts were included in the analyses. Moreover,
wavelet phase coherence is calculated from phase rather
than amplitude dynamics. As phase dynamics are less
affected by integration than amplitude dynamics, the
phase coherences probably would differ minimally if
signals were integrated with slightly longer, or shorter,
time constants (such as 0.2 or 0.05 s). We cannot exclude
the possibility that the 0.1 s time constant we used excluded
oscillations above the cardiac frequency, if such exist.
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In conclusion, we recorded skin and muscle sympathetic
nerve activities simultaneously in young men before and
during whole-body heating, and analysed results with
wavelet transform and wavelet phase coherence methods.
We tested two null hypotheses: that human skin and
muscle sympathetic nerve activities oscillate congruently,
and that whole-body heating affects these neural outflows,
their coordination, and consequences, in similar ways. We
validated the first hypothesis and showed that skin and
muscle sympathetic neural outflows oscillate coherently
over a 100-fold range of frequencies. Importantly, we
show that human sympathetic rhythms drift – they are
unstable and mutable. We rejected the second hypothesis
and showed that the intervention we used, whole-body
heating, differentially affects skin and muscle sympathetic
nerve rhythms. Skin sympathetic oscillations (and R-R
intervals) increased over a wide low-frequency range,
but muscle sympathetic oscillations were not affected
by heating. Our study provides strong support for the
existence of multiple, time-varying central sympathetic
neural oscillators in human subjects.

Appendix

Wavelet transform

Wavelet transforms analyse signals with windows of
variable length. The procedure begins with a window
function, the mother wavelet ψ(u). This function
introduces a scale (the width of a window function)
into the analysis. Commitment to any particular scale is
avoided by using not only ψ(u) but also different scalings
of ψ(u). The mother wavelet is also translated within
the signal to achieve time localisation. Thus, a family of
non-orthogonal basis functions is obtained:

ψs,t = |S|−p ψ

(
u − t

s

)
,

where s is the scaling parameter, determining the factor
by which the mother wavelet is stretched (s > 1) or
compressed (s < 1). Changing the scale (lengths of the
wavelets) selects the frequency components of the signal
to be analysed. Parameter t shifts the wavelet within the
original signal and allows tracing the spectral properties of
the signal in time. Parameter p is an arbitrary non-negative
number. The prevailing choice in the literature is p = 0.5,
and in this case the norm of the wavelet and its energy are
unaffected by the scaling operator.

The continuous wavelet transform of a signal g(u) is
defined as:

g̃(s, t) =
∫ ∞

−∞
�̄s,t(u)g(u)du.

The wavelet transform g̃(s, t) is a mapping of the function
g(u) onto the time-scale plane; its interpretation depends

on the mother wavelet being used. Choice of a wave-
let well concentrated in both time and frequency allows
detection of the precise frequency content in a given time
interval. For our analyses, we used the Morlet mother
wavelet, a Gaussian function modulated by the sine
(cosine) wave:

ψ(u) = 1
4
√

π
e−i2π f 0ue−u2/2.

The shape of the Morlet wavelet in the frequency domain
is also a Gaussian function and thus this wavelet provides
good localisation in both time and frequency. The choice
of f 0 is a compromise between resolution in time and
frequency and by selecting f 0 = 1 we require that at least six
periods of each oscillation are considered in determination
of their strength. This is a reasonable compromise, since
it emphasizes detection of the frequency content of the
signal over isolated time events. Further, by choosing
f 0 = 1, a simple relation between the scale and frequency
is obtained: f = 1/s. In practice this means that with s = 1,
we analyse the 1 Hz component of the signal. Using scale
s = 2, the wavelet length is stretched by the factor 2
and the frequency to be analysed becomes 0.5 Hz. Scales
smaller than 1 compress the wavelet length for analysis of
frequencies higher than 1 Hz.

The relatively wide frequency range from 0.0095 Hz
to 2 Hz is analysed by using a logarithmic frequency
resolution. This is achieved by exponentially increasing the
scaling factor, and with it, the length of the wavelet. The
first scaling factor was set at 0.5 (corresponding to 2 Hz),
and all the succeeding factors were calculated from the pre-
vious ones by multiplying them by 1.05: sm+1 = sm × 1.05,
until the final scaling factor reached 105 (corresponding to
0.0095 Hz). The time resolution of the wavelet transform
is set at 1 s.

From the wavelet transform the energy density of
the signal in the time-scale plane is obtained, and the
wavelet power within the f 1:f 2 frequency range can be
calculated:

ε(f 1 : f 2) =
∫ 1/f 1

1/f 2

1

s2
|g̃(s, t)|ds.

Wavelet phase coherence

The complex nature of the Morlet wavelet (its real part is a
sine function and its imaginary part is a cosine function)
makes the wavelet transform a complex function with
complex values:

g̃(sk, tn) = g̃ k,n − ak,n + ibk,n.

For each time tn and scale sk the wavelet amplitude
is calculated as the absolute value of the wavelet
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coefficient |g̃ k,n| = (a2
k,n + b2

k.n)1/2 and its phase φk,n =
arctan(bk,n/ak,n) is the instantaneous frequency at (k,n).

To calculate the wavelet phase coherence between two
signals, the instantaneous phases of both signals, φ1k,n

and φ2k,n, are obtained from their wavelet transforms
and their relative phase difference is calculated: �φk,n =
φ2k,n − φ1k,n. Then the sine and cosine components of the
phase difference are calculated and averaged in time for
the whole length of the signal. Finally, the phase coherence
function is defined as:

Cφ(f k) =
√〈

cos �φk,n

〉2 + 〈
sin �φk,n

〉2
.

The phase coherence function, Cφ(f k), has a value between
0 and 1. For values around 0 there is no phase coherence
between the two signals while for values close to 1 the
signals are coherent at the selected frequency.
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