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Cold exposure may decrease the efficiency of voluntary mo-
tor activity due to a decrease of muscular temperature, and
to involvement of the motor system in thermoregulatory
motor behaviour and shivering thermogenesis. Traditionally,
shivering thermogenesis is believed to comprise two pat-
terns – 1) thermoregulatory muscle tone (or preshivering
tone) and 2) cold shivering itself (Burton, Bronk, 1937).
Since it was observed in animal experiments, this classifica-
tion has been proved to be practical in human measure-
ments. Shivering thermogenesis is aimed to prevent hypoth-
ermia by increasing heat production. Shivering and voluntary
movements compete for common neural circuits
(Kleinebeckel, Klussmann, 1990), and this may affect fine and
gross performance. Mechanical tremor and elevated muscle
tone during shivering may also influence accuracy of move-
ments. This review focuses on the mechanisms of interaction
between shivering thermogenesis and exercise and on the
mechanisms which may compensate for this interaction.

P a t t e r n s  o f  c o l d - i n d u c e d  a c t i v i t y
o f  t h e  m o t o r  s y s t e m
According to the 2nd edition of “Glossary of terms for ther-
mal physiology (Pflügers Archive, 1987) thermoregulatory
muscle tone is “the increase in electrical activity of the skele-
tal musculature of a resting tachymetabolic regulator during
moderate cooling”. Thermoregulatory muscle tone is seen as
a low-amplitude continuous stable pattern of electromyo-
gram (EMG). During more intensive cooling, thermoregula-
tory muscle tone is superimposed by microvibrations and
eventually by shivering tremor.

Cold shivering is defined as ”involuntary tremor of skele-
tal muscles as a thermoeffector activity for increasing meta-
bolic heat production” (Pflügers Archive, 1987). In human in-
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vestigations cold shivering may clearly be subdivided into a
burst-like pattern and a pattern with clustering of EMG.
Bursts of cold shivering occur 6-12 times/min and are pre-
sented as slow amplitude modulations on EMG (Israel, Po-
zos, 1989). EMG clustering occurs  in humans with the fre-
quency 4-8 Hz (Meigal et al., 1993). The clustering of EMG
coincides with the most intensive tremor, and it probably
corresponds with “shuddering” or “shaking”, first described
by Denny-Brown et al. (1935) as a ”maximum development
of shivering”. These two different patterns of cold shivering
(with burst-like EMG and grouping discharges on EMG)
were also documented for animal species (Kleinebeckel,
Klussmann, 1990).

T h e r m a l  a n d  n o n - t h e r m a l  s t i m u l i
f o r  t h e r m o r e g u l a t o r y  m u s c l e  t o n e
a n d  c o l d  s h i v e r i n g
The more rapidly  the mean skin temperature decreases,
the earlier is the onset of cold shivering. When near naked
subjects were exposed to moderate cold (Ta=10ºC) gener-
alised continuous shivering started within 15-45 min (Tikui-
sis et al., 1999; Meigal et al., 1997; Hurley et al., 1963; Go-
lenhofen, 1965; Spurr et al., 1957), when mean skin temper-
ature decreased from 32-33ºC to 27-28ºC, but core tem-
perature was still not affected or was only slightly de-
creased. During severe cold (Ta=-3 to 5ºC) shivering star t-
ed within 4-15 min after entering cold chamber, while core
temperature was unchanged (Israel, Pozos, 1989; Bawa et
al., 1987; Muza et al., 1986; Horvath et al., 1956).

However, there are data that decrease of core tempera-
ture during body cooling is necessary for maximum devel-
opment of shivering or heat production (Meigal et al., 1993;
Mitleman, Mekjavic, 1991). Cold shivering may be induced in
man with thermoneutral skin temperature by cold saline in-
fusion (Frank et al., 1997) or breathing cold air (Buguet et
al., 1976). In high spinal patients shivering occurs when core
temperature fall to approximately 35.6°C (Downey, 1984).
At 30°C shivering stops (Pozos, Wittmers, 1981). Most
likely, both peripheral and deep body temperature sensors
are involved in the control of shivering thermogenesis, and
in different circumstances the one or the other influence may
be dominant (Bligh, 1973).

Several studies provide evidence that initiation of shiver-
ing might be related either to change of muscle and tendon
receptor sensitivity during cooling (Schafer 1973; Lupandin,
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1983), or to the activation of γ-motoneurones (Sato, 1981;
Lupandin, 1979).

RELATION OF COLD SHIVERING TO POSTURE
AND MOVEMENT

There are several lines of evidence showing that exercise
and cold shivering are analogous processes with regard to
neural circuits, EMG and mechanical characteristics.

C o l d  s h i v e r i n g  a n d  p h y s i o l o g i c a l
t r e m o r
Cold shivering (cold-induced tremor) is believed to be a
manifestation of physiological tremor (Hemingway, 1963;
Lupandin, 1981), namely of its enhanced (“activated”) form
(Freund, 1983). The “activated” physiological tremor, i.e. the
essential tremor, is distinguished from the regular physiolog-
ical tremor by higher amplitude, lower frequency, and distinct
clustering of EMG, and it is based on the long-term synchro-
nisation of discharges of motor units due to common exci-
tatory input from proprioceptors (Freund, 1983; Findley,
Koller, 1987). The analogy between shivering and physiolog-
ical tremor is evidenced by similar characteristics of tremor
and EMG (Pozos, Iaizzo, 1991), by demonstration of long-
term synchronisation of motor units during cold shivering in
humans (Meigal et al., 1993), and by the fact that deafferen-
tation of muscles destroys the rhythmicity and decreases the
intensity of cold shivering (Stuar t et al., 1966).

The alternative approach explains mechanical oscillations
during physiological tremor as a result of unfused asynchro-
nous activity of several motor units (Allum et al., 1978).
However, this possibility has been demonstrated by Lupan-
din (1983, 1979), who documented asynchronous activity of
motor units at firing rates 4-12 ips during cold tremor in
cats.

N e r v o u s  c o n t r o l  o f  s h i v e r i n g
Microelectrode technique allowed to trace in animals the
“efferent tract of shivering”, which includes ventromedial and
dorsomedial hypothalamus, nucleus caudatus, putamen, glo-
bus pallidus, substantia nigra, red nucleus, mesencephalic re-
ticular formation, lateral portion of reticular formation of
pons and medulla oblongata (Morimoto, Murakami, 1988;
Amini-Sereshki, 1977). It means that activity of the central
nervous system related to cold shivering utilises the struc-
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tures responsible for control of muscular tonus and rhythmi-
cal stereotyped movements. The command to star t shiver-
ing descends to spinal cord through rubro- and reticulospi-
nal pathways (Hemingway, 1963).

S p i n a l  m e c h a n i s m s  o f  s h i v e r i n g
In spinal cord VII, VIII and IX laminas of Rexed are responsi-
ble for cold shivering (Klussmann, Kleinebeckel, 1990). In ac-
cordance with Hennemann’s size principle γ-motoneurones
are activated first during local cooling of the spinal cord of
the cat, but with further cooling α-motoneurones are driven
into activity, while at such temperature γ-activity is de-
pressed again (Lupandin, 1981; Sato, 1981; Klussmann et al.,
1969). Within the group of α-motoneurones the smaller
tonic α-motoneurones are activated earlier than the larger
cells of the phasic type (Klussmann et al., 1969),  which is
consistent with earlier development of thermoregulatory
muscle tone in comparison to shivering.

The behaviour of human motor units, which comprise of
the α-motoneurone, its axon and all muscle fibres it controls,
during cold shivering has been reported in few studies (Mei-
gal et al., 1993; Petajian, Williams, 1972). Thermoregulatory
muscle tone, seen at the initial stage of cooling, was shown
to be generated by continuous asynchronous discharges of
low-threshold MU:s at rates of 4-16 s-1, with relatively high
standard deviation of mean interspike interval. These motor
units may correlate with slow, fatigue-resistant motor units,
which are active during weak isometric contraction or pos-
ture. Bursts of cold shivering coincided with the periods of
activity of higher-threshold, probably fast motor units, which
were usually recruited at lower rates. This is consistent with
the fact that in bantam cocks aerobic (slower) muscles are
involved in cold shivering prior to the anaerobic (faster)
ones (Aulie, Toien, 1988). Clustering of discharges on EMG,
which coincided with fast decrease of core temperature,
appeared to rely on mechanism of long-term synchronisa-
tion of motor unit discharges (Meigal et al., 1993).

C o l d  s h i v e r i n g  a n d  m u s c u l a r  t o n u s
Several repor ts provide evidence  for a relationship be-
tween shivering and postural muscle tonus. Hohtola (1981)
reported that shivering in birds may  be temporarily sup-
pressed by tonic immobility – a phenomenon which is relat-
ed to regulation of postural muscle tonus. Meigal et al.
(1996) found that aftercontraction tone in human m. biceps
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brachii depends on ambient temperature: at T
a
=5ºC after-

contraction was doubled in its amplitude in comparison to
T

a
=22ºC, but it was two times less at T

a
=70ºC. Similarly, the

amplitude of pathological muscular tonus (rigidity) in Parkin-
son’s disease patients was found to decrease in heating con-
dition, but it increased in the cooling condition (Lupandin et
al., 1996; Antonen et al., 2001). Similarly, Meigal et al. (1996)
demonstrated that body and head position affect ther-
moregulatory muscle tone in deltoid muscles according to
tonic neck and labyrhyntine reflexes. Meigal and Kuzmina
(1989) found that EMG activity during thermoregulatory
muscle tone in m. triceps brachii was higher in standing posi-
tion with arms freely positioned along the trunk, while in the
sitting position with arms flexed at elbow and resting on the
thighs m. biceps brachii was predominantly active. In the cat
modulation of motor unit tonic activity by cold was evi-
denced for m. sphincter ani externus, m.levator ani (Gerasi-
mova, Kuzmina, 1996), and respiratory muscles (Burachev-
skaya, 1981), which may in the cold affect defecation and
breathing, respectively.

Lupandin (1979) has earlier shown in cats that pain and
cold stimuli evoke identical motor responses, namely, activa-
tion of flexor musculature. It was proposed that thermoreg-
ulatory muscle tone is activated via the afferents of flexor
reflex (AFR), represented by Aδ and C nerve fibres (Lupan-
din, 1983).

SKILLED MOTOR PERFORMANCE DURING
COLD SHIVERING

Shivering can generate heat in man at a rate of 10-15 kJ/min
(Shepard, 1985), thus causing a 2-3-fold increase of oxygen
consumption at Ta=-3ºC (Spurr et al., 1957; Horvath et al.,
1956), a 2-fold increase  at Ta=5ºC (Muza et al., 1986), and
a 1.5-fold increase at Ta=10ºC (Golenhofen, 1965; Hurley
et al., 1963). Shivering thermogenesis is supported by an
increase in the oxidation of fat (Weller et al., 1998; Tipton et
al., 1997), and it is generally believed to impair skilled perfor-
mance and to hasten the onset of fatigue and mental confu-
sion (Shephard, 1985).

It is known from several studies that cold shivering in
man can “co-exist” with voluntary exercise (Meigal et al.,
1998, 1997; Nadel et al., 1973; Stolwijk, Nadel, 1973).
Nadel et al. (1973) demonstrated that shivering contrac-
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This leaves central muscles free to shiver, thus allowing distal
muscles to contribute to fine control of hand joints and el-
bow joint during shivering.

CONCLUSIONS AND RESEARCH NEEDS

1. Man is able to perform accurate movements and to
keep posture at 10% of MVC under the condition of cold
shivering for at least 15 s (near naked man at Ta=10°C for 60-
90 min, with cold drinking, when core temperature declines as
much as 36.5°C, and mean skin temperature decreases to
27°C). However, it is still not known how long beyond 15 sec
man is able to perform accurate motor tasks, when fatigue
may influence accuracy of performance. It would be also impor-
tant to know how shivering and accurate performance interact
during exercise at MVC higher than 10%.

2. Mechanisms which compensate for cold shivering dur-
ing muscular performance may include voluntary and reflectory
suppression of cold shivering, cold-induced growth of vigilance
and attention, increased EMG amplitude, decreased rate of
motor unit firing. It is not known how shivering influences hu-
man performance when core temperature decreases to 35°C,
when shivering becomes maximally developed and is hardly
suppressed. Suppression of shivering may improve perfor-
mance, but it leads to hypothermia (Pozos, Wittmers, 1981). In
this connection, investigation of the relationship between cold
shivering, fine muscle performance and heat production is
needed in order to shed light on the balance between hypoth-
ermia-prevention measures and muscular performance.
3. The neural mechanisms which allow cold shivering to
co-exist with exercise in man are still poorly understood. With
regard to motor unit activity cold shivering and various types
of exercise may be assumed as analogous processes. However,
substrate utilisation during exercise and shivering at the same
oxygen consumption rate was reported to be strikingly differ-
ent (Tipton et al., 1997). There is also still no direct evidence as
to  whether motor units of different types, or different motor
units of the same type are involved to voluntary exercise and
cold shivering. It makes sense to trace, using needle EMG elec-
trode technique, behaviour of a single motor unit during shiver-
ing and to investigate its characteristics during voluntary exer-
cise at the same intensity of EMG.




