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1. Heart rate variability is modulated by multiple
control systems, including autonomic and hormonal
systems. Long-term variability, Le, the very low
frequency band of the power spectra, has been postu
lated to reflect thermoregulatory vasomotor control,
based upon thermal entrainment experiments. How
ever, the relationship between thermoregulatory re
sponses (vasoconstriction and shivering) and heart
rate variability has not been studied.
2. We performed two distinct protocols in a series of
human subjects. In the first protocol, core tempera
ture was reduced by intravenous infusion of cold
saline, while skin temperature was unchanged. The
second protocol involved skin-surface warming and
cooling until shivering developed. Power spectral
analysis was performed using a fast Fourier transfor
mation, and the area in three distinct band-widths
was determined.
3. Very low-frequency power (0.0039-0.04 Hz)
increased significantly in response to core cooling,
peripheral vasoconstriction and sbivering, wbile botb
very low- and low- (0.04-0.15 Hz) frequency power
increased in response to skin-surface cooling. Heart
rate decreased during core cooling-induced vaso
constriction, suggesting a direct tbermal response,
and increased in relation to the metabolic demands
associated with shivering.
4. Our results suggest tbat very low-frequency power
is modulated by tbermal stimuli wbicb result in core
hypothermia and thermoregulatory activity, wbile
skin-surface cooling witbout core bypothermia does
not selectively modulate this frequency band.

INTRODUCTION
Heart rate is controlled by the interaction of

multiple homoeostatic mechanisms [1-3]. The
presence of beat-to-beat or heart rate variability
(HRV) has been associated with cardiovascular
health [4]. In contrast, lack of variability has been
associated with morbid events [5-7]. Heart rate
pattern can be evaluated. by multiple methods,
including the use of Fourier analysis, and three

distinct frequency bands can be recognized: (i) the
high-frequency peak, centred around 0.2 Hz, (ii) the
low-frequency peak, centred around 0.1 Hz, and (iii)
the very low-frequency band, described as the power
between 0.0039 and 0.04 Hz [5]. Several investi
gators have proposed that discrete frequency com
ponents of HRV correlate with different components
of the autonomic nervous system [2, 3, 8]. In
general, short-term HRV (high frequency) is thought
to be controlled by the parasympathetic nervous
system, while intermediate variability (low fre
quency) is under the control of the sympathetic and
parasympathetic systems, and may reflect the
activity of Mayer waves [2]. The ratio of low/high
frequency power has been proposed as a measure of
sympathovagal balance [9]. Control of long-term
variability (very low frequency) is less well de
scribed, but is thought to reflect an interaction of
the renin-angiotensin system and thermoregulatory
vasomotor control [8, 10-12]

The physiological importance of the very low
frequency range remains unclear. The natural con
tractile oscillations of the smooth muscle of the
peripheral vascular bed undergo spontaneous fluc
tuations with a periodicity of 10s [13]. It has been
demonstrated that the oscillations of cutaneous
blood flow can be synchronized to skin or vascular
blood temperature. Kitney and co-workers [II, 12,
14] demonstrated thermal entrainment of the very
low-frequency power of both blood pressure and
HR V to the frequency of alteration of a subject's
hand in warm and cold water baths. However, the
hypothesis that thermal synchronization of blood
flow and heart rate occurs with oscillation of cuta
neous skin temperature has not been uniformly
accepted [15]. Additionally, thermal entrainment. at
frequencies between 0.01 and 0.1 Hz (encompassmg
both the very low- and low-frequency band) pre
dominantly increased the 0.10 Hz periodic HRV;
however, the 0.01-0.12 Hz frequency band oscilla
tions did not increase significantly [16]. Therefore,
the basis for a thermoregulatory component to the
very low-frequency HRV power remains contro
versial.
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Although the above studies evaluated the effect of
external temperature entrainment on HRV, no study
directly evaluated the relationship of HRV to acti
vation of thermoregulatory responses. We hypo
thesized that if thermoregulation was related to the
very low-frequency component of HRV then it
would be related to thermoregulatory vasoconstric
tion during core hypothermia and not to peripheral
cold stimulus, which has a much less significant
effect on thermoregulation [17]. To determine the
influence of thermoregulation on HRV, we studied
human volunteers subjected to different types of
cold challenge. These stimuli included the effects of
two methods of systemic warming and cooling
sufficient to provoke sweating, vasoconstriction and
shivering.

METHODS AND MATERIALS

Volunteers were studied under two circumstances,
as part of a larger study of anaesthetics and thermo
regulatory changes [17]. The first protocol reduced
core temperature while maintaining constant skin
temperatures, while the second reduced both skin
and core temperatures. Since respiratory rate can
affect the frequency of the 'parasympathetic' band,
as well as influence the power in all frequency
bands, we measured respiratory rate in order to
ensure that it was greater than 12breaths/min in all
protocols [18].

Protocol I: core cooling

With approval from the Committee on Human
Research at the University of California, San
Francisco, we studied six male volunteers between
the ages of 25 and 35 years. These volunteers were
not conditioned athletes. None was obese, taking
medication or had a history of thyroid disease.

The volunteers were advised to eat lightly before
arriving at the laboratory. They were minimally
clothed during the protocol and rested supine on a
standard operating room table. A 16-g catheter was
inserted into the superior vena cava via the right
internal jugular vein. A circulating-water mattress
and forced-air cover were used to maintain skin
temperature (weighted average of 15 sites) between
32 and 34C. However, mean skin temperature in
individual volunteers was nearly constant through
out the study.

Volunteers were then cooled by central venous
infusion of lactated Ringer's solution at 3°e, as
previously described [19, 20]. The solution was
cooled by passing it through an aluminium cardio
pulmonary bypass heat exchanger immersed in an
ice-and-water slurry. The rate of infusion was
initially 10ml/rnin and was adjusted at I-min inter
vals to maintain a core cooling rate near 1.6'C/h.
Core cooling was continued until sustained shiver
ing was identified (approximately 1.5-2.51). Respira-

tory rate did not significantly change during the
course of the study.

Protocol 2: skin surface cooling

With approval from the Committee on Human
Research at the University of California, San
Francisco, five male volunteers were studied. As in
protocol I, these volunteers were not conditioned
athletes. None was obese, taking medication or had
a history of thyroid disease.

The volunteers were advised to eat lightly before
arriving at the laboratory. They were minimally
clothed during the protocol and rested supine on a
standard operating room table. Mean skin tempera
ture was initially increased to 37°C by a circulating
water mattress and forced-air warmer. After sweat
ing was observed, the temperature of the circulating
water mattress and forced-air cover was gradually
decreased until vasoconstriction and then shivering
were triggered. Respiratory rate did not significantly
change during the course of the study

Measurements (for both protocols)

Core temperature was measured in the distal
oesophagus using disposable Mon-a-Therm thermo
couple probes (Mallinckrodt Medical, Inc., St Louis,
MO, U.S.A.). Optimal insertion length of the
oesophageal probe was calculated using the formula
of Mekjavic and Rempel [21]. The aural probes
were inserted by the volunteers until they felt the
thermocouple touch the tympanic membrane;
appropriate placement was confirmed when the
volunteers easily detected a gentle rubbing of the
attached wire. The probe was then securely taped
in place, the aural canal occluded with cotton and
a gauze bandage positioned over the external ear.
We have previously demonstrated that distal
oesophageal and tympanic membrane temperatures
are virtually identical under the circumstances of
this study [22].

Sweating was continuously quantified on the left
upper chest using a ventilated capsule. A sustained
sweating > 40 g h ~ 1 m ~ 2 was considered significant.
Vasoconstriction was monitored using forearm
minus fingertip skin-temperature gradients. This
measure correlates well with absolute finger blood
flow as determined by volume plethysmography
[23]. As in previous investigations, a gradient
exceeding 4"C identified significant vasoconstriction
[23, 24]

Shivering was evaluated using oxygen consump
tion (Deltatrac; SensorMedics Corp., Yorba Linda,
CA, U.S.A.). The system was used in canopy-mode,
and measurements were averaged over I-min inter
vals and recorded every 5 min. A sustained 30%
increase in oxygen consumption identified significant
shivering; this increase was identified by an observer
blinded to treatment, as well as core and skin
temperatures. The core temperatures triggering sig-
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nificant sweating, vasoconstriction and shivering
identified the thresholds for each response.

Power spectral analysis

VO.lunteers were monitored by a calibrated
amplitude-modulated AECG monitor (SpaceLabs
ambulatory ECG model 90205. Redmond, WA,
U.S.A.) with modified bipolar lead V5 and modified
bipolar lead VI or V3. The AECG recordings were
analysed at the end of the monitoring period using
lead V5 on a computerized analysis system (Space
Labs FT3000a). The peak of the QRS was identified
for each beat by a computer algorithm and beat
identification was confirmed by an investigator,
Those periods in which beat identification was poor
were excluded from the analysis. Hour-long files
containing successive R-R intervals were created.
Shiver~ng did not interfere with the ability of the
analysis system to accurately identify the QRS peak
and determine R-R interval length.

The power spectral density for representative R-R
in~erval series was determined by investigators
blinded to temperature. A series of R-R intervals
were reviewed visually for R-wave determination
and ectopic beats. Each series contained fewer than
five ectopic beats. The intervals surrounding ectopic
beats were removed and the average R-R interval
for the previous three beats was inserted to
eliminate the effects of ectopy on the Fourier
transformation.

The method of analysis of the power spectrum
was adapted from Berger et al. [25]. Initially, the
time series of interest was reviewed to ensure
stationariness. Fourier time-series analysis requires
evenly spaced values. Therefore, the R-R interval
data were plotted as a function of length in milli
seconds and resampled at 4 Hz (using a cubic spline
function) to obtain an evenly spaced series of 4 min
of instantaneous heart rates (four instantaneous
heart rates per second). The mean heart rate was
then subtracted and a Hanning window was
applied.

Po.wer spectral density plots were obtained by
plotting the square of the amplitude of the fast
Fourier transformation of the time series against
frequency (Hz) for both 4 and 15min datasets
during a 15min steady-state period of core tempera
ture and after each of the thresholds of sweating,
shivering and vasoconstriction were reached (Space
Labs FT3000a analysis system and MatLab 4.0 for
Macintosh). Power (ms2/band-width) in high fre
quency (0.125-0.5 Hz) and low frequency (0.05-0.125
Hz) was determined by integrating the area under
the power spectral density plots for the initial 4
min-long datasets for each study period. Power in
the very low-frequency (0.0039-0.05 Hz) band was
determined by integrating the area under the power
spectral density plots for the 15-min-long datasets
for protocols I and 2, since analysis of very low
frequency power requires longer datasets. The coeffi-

dent of variance for each 15min series was calcu
lated by dividing the SD by the mean R-R interval
since it has been suggested as a means of assessing
HRV independent of heart rate.

Statistical analysis

The results of core temperature, heart rate and
measure~ents of HRV are expressed as meant
SEM . .olfferenc~s over time were determined using
analysis of vanance for repeated measures with
P <0.05 considered significant (SuperAnova v1.11,
Abacus Concepts). Differences between two time
pe~iods within. one group were compared using a
paired t-test WIth P < 0.05 considered significant.

RESULTS

Protocol I: core cooling

The core temperature thresholds for vasoconstric
tion and shivering were 36.6± 0.2°C and
36.1 ± 0.1DC, respectively (Fig. 1). Heart rate was
67 ± 3 beats/min at baseline, decreased significantly
with vasoconstriction (63 ± 3 beats/min, P < 0.01)
and then increased significantly over baseline with
the onset of shivering (72 ± 4 beats/min, P < 0.05).
The coefficient of variance was 0.074+0.008 at
baseline, 0.089 ± 0.009 with vasoconstriction and
~.126±0.013 with shivering and significantly
increased overall (P < 0.05). However, it did not
significantly increase between each temperature
phase, i.e. from baseline to vasoconstriction or
vasoconstriction to shivering. Very low-frequ~ncy
power increased significantly at the time vaso
constricti?n .occurred (P < 0.05), and was higher
w~en shivering was observed (P not significant)
(FIg. 2). Low-frequency power remained unchanged
with vasoconstriction and increased non
significantly with shivering (P =0.13). High
frequency power remained relatively constant over
the temperature ranges evaluated in the protocol.
The ratio of low/high-frequency power was
unchanged with vasoconstriction and increased with
borderline significance with shivering (P = 0.055)
(Fig. 3). When the time series were evaluated, long
duration oscillations (2 min) were greater during
vasoconstriction (Fig. 4).

Protocol 2: skin-surface cooling

Sweating occurred when body temperature
increased O.5°C from baseline values. Thermoregula
tory vasoconstriction occurred at a core tempera
ture of 37.1±O.I°C and skin temperature of
33.0±0.4°C (Fig. 1). Shivering occurred at a core
temperature of 37.1 ± 0.1°C and skin temperature of
29.9±0.4°C. Heart rate was 68±7 beats/min at
baseline, increased to 78±7 beats/min with sweating
and returned to near-baseline with vasoconstriction
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baseline.

As opposed to the work described previously, we
evaluated the thermoregulatory response effects on
the power spectra by independently manipulating
core and skin temperature. Core cooling, which
triggered thermoregulatory vasoconstriction, selec
tively increased power in the very low-frequency
band, which was associated with no change in the
ratio of low/high power and a significant decrease in
average heart rate. In contrast, peripheral cooling
selectively increased power in the low-frequency
band, with no significant change in power in the
very low-frequency band or in heart rate. These
findings suggest that the change in particular fre
quency bands of the power spectra depends upon
the mode of thermoregulatory challenge, and not
thermoregulation per se.
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protocol I) and skilHurfacf cooling (b, protocol 2). Core coaling was
associated with a significant decrease in core temperature at the onset of
vasoconstriction and shivering. Skin-surface temperature was unchanged.
Skin-surface cooling was associated with a significant increase in skin
temperature with sweating. and a Significant decrease when shivering
occurred. Core temperature was unchanged. Statistical significance:
'p < 0.05 compared with baseline.

(63±5 beats/min) and shivering (60 ±4 beats/min).
The coefficient of variance was 0.078 ±0.018 at
baseline, 0.072 ±0.009 with sweating, 0.102 ±0.013
with vasoconstriction and 0.119 ±0.021 with shiver
ing and significantly increased overall (P < 0.0 I). The
only discrete period during which the coefficient
increased significantly was from sweating to vaso
constriction (P < 0.0 I). Power in all frequency bands
decreased in value between baseline and sweating.
Very low-frequency power did not change signifi
cantly during sweating nor increase significantly
from baseline with either vasoconstriction or shiver
ing (Fig. 5). Neither the ratio of low/high-frequency
power nor high-frequency power changed signifi
cantly between the different states. Low frequency
increased between baseline and vasoconstriction
(P=0.055) and increased significantly with shivering
(P < 0.05) When power values in the frequency
bands during vasoconstriction and shivering were
compared with those during sweating, both very
low-frequency and low-frequency power were shown
to increase significantly.



Thermoregulation and R-R variability 101

t

t
•

1000

o .....__.......--~--....,.--......,..._-

8000

i 7000

t6000
l5000
e
ii.fOOO

f3000
-2000

$'000
0..L.........,r----~--....,.--......,..._-

8000

7000

16000
[5000
t-.fOOO
c

~3000r
1 2000
~ 1000

0 ...........,...------......-----
8000 -

7000

!:6OOO
[5000
~.fOOO

~3000
f

1..2000
:f

ShiveringVasoconstrictionBaseline

8 (0)

7

.§ 6

~5
~

f ..
~

f~
I

0 ...-..,..----1""""'----.---

Baseline Sweating Vasoconstriction Shivering

8 (b)

7
.S!
i! 6

~ 5
~

f ..
::!;

f~
I

0...._---......---.---__.......-

Fia. 3. The ratio of low/hi......requency power for core coolllll (.)
and skllHUrface coolllll(b). The ratio increased with borderline signifI
cance with sweating during core hypothermia (/'= 0.055), while no change
was observed with skilHurface cooling.

Sweating Vasoconstriction ShiveringBaseline

Fla. 5. Power In the very low-, low- and hl......requency bands
associated with skllHUrface coolllll. Shivering was associated with
significant increases in low-frequency power. but not very low-frequency
power. When compared with the lower power observed during sweating,
both very low- and low-frequency power increased significantly. Statistical
significance: '/' < 0.05 compared with baseline, tP < 0.05 compared with
sweating.

1200

1000
rw"WIII'Mrul...,.~ ...'l,I.lw.M.."\R~AlJI,I.Wd.

800

1200

1000

800

R-R interval
(ms)

R-R interval
(ms)

Beat number

Fla. 4.TworepresentatlYe R-R time seriesof 10 minduration from
one volunteer In protocol I. An increase in the amplitude and compo
nents of HRV, particularly long-term oscillations, can be noted from
baseline (0) to a period ofcore hypothermia and cutaneous vasoconstriction
(b). R-R interval duration significantly increased from 905 ±57 (SO) ms at
baseline to 1027 ±81 ms with vasoconstriction.

Several investigators have suggested that thermo
regulatory control systems alter arterial blood pres
sure, causing spontaneous oscillations characteristic
of non-linear systems [8, 26]. Such systems are
subject to selective entrainment, whereby the oscilla
tory frequency changes in response to an applied
stimulus. Hyndman et al. [13] applied a thermal
stimulus by placing one hand alternately in two
different temperature baths, with the frequency con-

sidered as the time in the bath for a complete cycle.
When the stimulus was varied in the range of 8 to
120s, the heart rate and blood pressure power
spectrum showed a dominant peak at the stimulus
frequency, which is different from the peak observed
in the spontaneous situation. When the stimulus
lasted for more than 2 min, selective entrainment did
not occur. The frequencies in which selective
entrainment of thermoregulatory challenges occur
coincide with the very low-frequency band of the
heart rate power spectra.

Lindqvist et al. [27] have attempted to replicate
previous work by studying selective entrainment of
the power spectra using cutaneous temperature
challenges. They performed alternating rhythmic
warm and cool immersion of different skin areas at
different frequencies and water temperatures. When
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the frequency of the thermal stimulation was
between 0.013 and 0.096 Hz, forearm skin blood
flow oscillations synchronized to the thermal stimu
lation. When periodicity of heart rate was evaluated,
thermal oscillating stimulation resulted in an
increase of the low-frequency periodic HRV. In
contrast, non-specific sham stimulation significantly
modified the frequency distribution of the low
frequency periodic HRV without changes in the
total low-frequency power compared with sponta
neous conditions. The authors concluded that both
thermal stimulation and non-specific central nervous
influences induced significant and reproducible
interactions with HRV.

In contrast to the changes in very low-frequency
power seen with core cooling, the low/high ratio did
not initially change in response to thermoregulatory
vasoconstriction, but increased with the onset of
shivering. Although several investigators have sug
gested the usc of this ratio to indicate sympatho
vagal balance, others have demonstrated that the
changes in the power spectrum depend on factors
other than cardiac sympathetic nerve firings, and do
not directly relate to cardiac noradrenaline spillover
[28]. Malik and Camm [29] have suggested that
the heart rate power spectrum does not directly
measure sympathetic activity but more accurately
reflects the modulation of the autonomic nervous
system at the level of the heart. Therefore, the
changes in the low/high ratio suggest that post
synaptic sympathetic modulation of heart rate does
not occur with core hypothermia until lower body
temperatures are reached and the increased meta
bolic demands of shivering are induced. Vaso
constriction was associated with a decrease in heart
rate in both protocols. The response to cold chal
lenge involves afferent input of temperature infor
mation to the hypothalamic centres, central process
ing of this information and an efferent response
[30]. This efferent response is characterized by
peripheral sympathetic activation as indicated by
increased noradrenaline, but no adrenal medullary
or cortical activation as determined by adrenaline
and cortisol [24, 31]. The peripheral sympathetic
activation is marked by profound vasoconstriction,
as demonstrated by an increase in the forearm
fingertip temperature gradient [23]. The increase in
peripheral vascular resistance resulting from core
cooling may have been balanced by a reflex increase
in vagal tone; however, this was not supported by
the power spectral analysis. Studies in isolated rat
atrial preparations demonstrate a linear relationship
between atrial rate and temperature between 35.6°C
and 38'C [32]. This suggests that the bradycardia
observed with core cooling may have been a direct
effect of temperature on the sino-atrial node. Shiver
ing was associated with a marked increase in heart
rate and an increase in the low/high ratio of
borderline significance. Shivering is associated with
a two- to three-fold increase in oxygen consumption
[33]. This increase in metabolic demand is met by

an increase in cardiac output; results suggest that
the increase in heart rate associated with shivering
is a result in part of an increase in sympathetic
'tone' to compensate for the increased metabolic
demand.

Skin-surface cooling results in different changes in
the heart rate power spectra than core cooling.
Sweating resulted in a decrease in HRV with an
increase in heart rate, suggesting that the increase in
heart rate is not autonomically mediated. The initial
tachycardia may be a direct thermal effect on the
sino-atrial node [32]. The difference in heart rate
power spectra between peripheral and core cooling
most probably reflects the fact that core tempera
tures are unchanged by peripheral cooling. How
ever, if changes in frequency ranges of the power
spectra were compared with those during sweating,
as opposed to baseline, then power in both the very
low- and low-frequency ranges increased signifi
cantly, while heart rate decreased. This most prob
ably reflects the profound peripheral vaso
constriction associated with this degree of skin
surface cooling. The lack of a specific response in
the very low-frequency range, as observed during
core cooling, suggests that these changes reflect a
generalized peripheral vasoconstriction, and not a
specific thermoregulatory change.

There are several limitations to the current study.
Firstly, our subjects were spontaneously breathing.
Several investigators have demonstrated that both
the respiratory rate and tidal volume can influence
the peak frequency and amplitude of the high
frequency power [34, 35]. As described in the
methods, we attempted to minimize this effect by
observing respiratory rate and determining that all
subjects breathed at greater than 12 breaths/min,
which should result in the respiratory peak being
greater than 0.125 Hz. Additionally, our primary
observations regarded the very low-frequency com
ponent, which should not be significantly affected by
these factors.

Secondly, the sampling frequency of our equip
ment was 120 Hz. Merli et at. [36] have suggested
that this sampling rate is the minimal acceptable
rate for calculating the power spectrum of heart
rate. In order to accurately detect the very low
frequency component, longer data series are
required. We used a 15min data series in the first
two protocols, which should allow us to detect
changes in the frequency band of interest.

Thirdly, our volume of cold infusion in protocol 1
may have been sufficient to change cardiopulmon
ary volumes and pressures. However, a similar
volume of warm saline was not shown to change
blood pressure, heart rate or H RV [31]. Therefore,
it is unlikely that the effect we observed was due to
the fluid infusion, but rather due to the change in
core temperature.

In summary, we observed a specific thermoregula
tory influence on the very low-frequency component
of HRV related to core hypothermia, while skin-
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surface temperature changes were associated with
less specific HRV changes. Further studies are
required to determine how the thermoregulatory
component modulates HRV and its importance in
relation to cardiovascular morbidity.
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