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Abstract The consequences of a prolonged total body im-
mersion in cold water on the muscle function have not been
documented yet, and they are the object of this French Navy
research program. Ten elite divers were totally immerged
and stayed immobile during 6 h in cold (18 and 10°C)
water. We measured the maximal voluntary leg extension
(maximal voluntary contraction, MVC) and evoked com-
pound muscle potential (M wave) in vastus lateralis and
soleus muscles at rest, after a submaximal (60% MVC)
isometric extension allowing the measurement of the en-
durance time (Tlim). The power spectrum of surface elec-
tromyograms (EMG) was computed during 60% MVCs.
MVCs and 60%MVC maneuvers were repeated four times
during the immersion. Data were compared with those
obtained in a control group studied in dry air condition
during a 6-h session. Total body cooling did not affectMVC
nor Tlim. The M wave duration increased in the coolest
muscle (soleus), but only at 10°C at rest. There were no
further fatigue-inducedMwave alterations in both muscles.
During 60% the MVCs, a time-dependant increase in the
leftward shift of the EMG spectrum occurred at the two
temperatures. These EMG changes were absent in the con-
trol group of subjects studied in dry air. The plasma lactate
concentration was elevated throughout the 18 and mostly
the 10°C immersion conditions. Throughout the 18°C

immersion study, the resting potassium level did not sig-
nificantly vary, whereas at 10°C, a significant potassium
increase occurred soon and persisted throughout the study.
Thus, total body immersion in cold water did not affect the
global contractile properties of leg muscles during static
efforts but elicited significant alterations in electromyo-
graphic events which may be related to the variations of
interstitial fluid composition.

Keywords Total body cooling . Maximal voluntary
contraction . Isometric contraction . M wave .
EMG spectrum

Introduction

Temperature greatly influences the functional properties of
most of the biological systems. The first reported observa-
tions on the influence of temperature on muscle function
were made in 1868 by Marey [31] and Shmulewitsch [39].
Since then, a lot of studies have focused on the muscle
performances at a lowered temperature.

The data concerning the effects of cold on maximal mus-
cle performances are often contradictory. Davies et al. [14]
reported that local cooling to 24°C of the triceps surae
reduced its maximal voluntary contraction (MVC). Holewijn
and Heus [26] also observed a fall in the maximal grip force
after 30 min of local cooling (15°C), and Oksa et al. [36]
found reduced maximal muscle performances during dy-
namic exercise performed at a lowered room air temperature
(10–5°C). By contrast, Meigal et al. [33, 34] reported that
exposure to cold (10°C) room air for 30 min did not impair
MVC during isometric elbow flexion or handgrip, despite
the occurrence of a thermoregulatory muscle tone and cold
shivering. Edwards et al. [19] also showed that local muscle
cooling did not modify MVC and even prolonged an iso-
metric voluntary contraction sustained until fatigue occurred.

Apart from the effects of cold on MVC, which involves
the cortical motor drive and the motivation of the subjects,
cooling may affect the muscle machine itself through the
altered metabolic pathways and/or the impaired muscle
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membrane excitability and excitation–contraction coupling.
Cooling may also modify the reflex pathways controlling the
voluntary contraction.

Previous human data gave evidence that muscle cooling
in water at 10–12°C (intramuscular temperature=28°C)
significantly increased the glycolysis from glycogen in both
the red and white muscles, leading to a rapid accumulation
of lactate during exercise [8]. Because the local vasocon-
striction in tissues exposed to cold is likely to reduce the
oxygen supply, modifying the metabolic pathways at the
same time, muscle cooling also decreased the oxygen
extraction and impaired the oxidative reactions [38].

It is well known that the temperature is negatively
correlated with the duration of muscle action potentials [5,
10] and positively correlated with the muscle action potential
conduction velocity [24]. Thus, decreasing the temperature
would affect the propagation of the action potentials along
the muscle fibers. In this line, Bigland-Ritchie et al. [6]
showed that lowering the temperature to 25°C in the first
dorsal interosseous reduced the neuromuscular transmission
(lengthened duration of the compound-evoked muscle po-
tential, M wave) and lengthened both the contraction time
and half-relaxation time of twitches.

Cooling also modifies the neuromuscular adjustments
during voluntary contractions. A decrease in the median
frequency (MF) of the power spectrum of electromyogram
(EMG) during voluntary contractions was measured when
lowering the room air temperature to 0°C [29, 35] or
reducing the intramuscular temperature by a local applica-
tion of cold water [33]. These authors attributed the MF
decline to the reduced nerve conduction velocity, an effect
of cold well documented by Bolton et al. [9] and Schieppatti
and Nardone [37].

Unfortunately, all the aforementioned studies never
explored the consequence of cooling on a voluntary contrac-
tion sustained until exhaustion, a condition eliciting a reflex
adaptation of the motor control to muscle, called the “muscle
wisdom” [32]. This reflex response induces a shift of the
EMG power spectrum toward the lower frequencies that often
indicates a decrease in the motor unit discharge rate [7, 20, 22,
23, 27, 42]. Fatigue strongly activates the group IV
(metabolosensitive) muscle afferents [13, 20, 22, 27] but, in
parallel, it also markedly reduces the discharge rate of those of
groups I–II (mechanosensitive) [22, 27]. Schieppati and
Nardone [37] have already shown that local cooling (11°C) of
the limbs slows down the conduction velocity of the group II
spindle afferents. There is no assessment of cold-sensitive
muscle receptors [35], but we may suppose that the cold-
induced changes in muscle metabolism, accentuating the an-
aerobic pathway, may activate the group IV muscle afferents
which are highly sensitive to lactic acid [15, 35].

Most of the aforementioned protocols were limited to
either the local application of cold water on the skin covering
the contractingmuscles or lowering the room air temperature
during exercise. We found no observation on the conse-
quence of a prolonged total body immersion in cold water on
the muscle function, a condition which could affect not only

the efficiency of the muscle machine but also the sensori-
motor control of voluntary motion.

The aim of the present study was to explore in highly
experimented military divers the consequences of a 6-h
period of total body immersion in cold water at two different
temperatures (18 and 10°C) on the functional properties of
two limbmuscles (a mixed muscle, the vastus lateralis, and a
predominantly red muscle, the soleus) [28]. This protocol
was limited to the study of the consequences of cold ex-
posure on performances at work in divers staying immobile
for a long period, and thus, only static efforts were performed
and analyzed.

Materials and methods

Subjects

Two groups of healthy volunteers participated in the study
conducted in the experimental French Navy diving center
(CEPHISMER, Toulon). Procedures were carried out with
the adequate understanding and written consent of the
subjects. The protocol was approved by the regional ethics
committee (CCPPRB Marseille 1). The whole body
immersion study in cold water was conducted in ten male
professional soldiers (mean age 33±3 years, mean weight
78±9 kg) who were required to be competitive at different
sports, including running, swimming, and fighting sports.
All were accustomed to dive at moderate depths.

Another age-matched group of five male subjects (mean
age 34±4 years, mean weight 74±6 kg) was studied in
normal ambient room air condition (temperature=23–
25°C) to test the reproducibility of MVC, M wave, and
EMG measurements throughout a 6-h period.

Preimmersion preparation

A catheter (Introcan-W Certo 18GA Becton Dickinson,
Sandy, UT, USA) was introduced into an antecubital vein.
The catheter was connected to a polyethylene extension
tube (Lectrocath 1155 Vygon, Ecouen, France), allowing
the use of the sample venous blood throughout the im-
mersion study. The diver’s diuresis was continuously mea-
sured throughout the immersion study using a Peniflex
catheter. Skin electrodes (EMG, muscle stimulation, ECG)
were then fixed and covered by adhesive plastic films,
which completely isolated them from water (Lumiderm
6000, Solvay Pharma, Suresnes, France). Then, only for the
immersion study, the subjects pulled a tailor-made two-
layers (3.5±5.5 mm) neoprene suit. This wet suit is
commonly used by the French Navy to facilitate the
thermo-insulation during operations in cold water. As
assessed by more than 15 years of practice, this wet suit
does not induce any movement hindering in navy combat
swimmers. Fig. 1 depicts a photograph of a diver just
before the immersion phase.



ECG recording

ECG leads were fixed on the thorax to analyze the cardiac
activity in a companion investigation. Only one ECG lead
was used in our experiment to measure the heart rate (HR)
at rest, then its maximal increase (HRmax) during sub-
maximal leg extension sustained until exhaustion. HRmax
value, expressed in percentage of the predicted HRmax
(220−age), gave an approach of the global exercise cost in
each individual.

Temperature measurements

A rectal catheter (15 cm length) supporting on its tip a
temperature probe allowed to measure the central temper-
ature. On the contralateral thigh and leg, surface temper-
ature sensors were fixed at the same levels as the EMG
electrodes placed on the exercising limb.

Force measurement

The subject was comfortably seated on a steel device
specially built for the experiment. Both the seat and feet
supports were fixed on the metal frame. The back of the
seat could be inclined (90–45° angle), and the seat moved
toward the feet supports to vary the knee angle in each
individual. The bottom part of the feet supports was fixed
on the metal frame, and their inclination could indepen-
dently vary from 90° to 45°. Prior to the start of the
experiment, both the angles of the seat back and feet
supports and also the seat position were adjusted to pro-
duce maximal force during the leg extension. The MVC
was developed when the knee angle was 120° and the ankle
angle 90°. A force transducer (SCAIME model 2000, AS
Technologies, Langlade, France), linear from 0 to 2,000 N,
fixed on the back of the foot support, measured the thrust of

the foot extremity when pushing against the rigid support.
It was indifferently fixed on the back of each pedal to
explore the dominant leg (only one among the ten divers
was left-handed). The subject was given a visual feedback
from the strain gauge display to keep the preset force level
targeted at 60% of MVC. The endurance time to fatigue
(Tlim) was measured from the onset of the plateau con-
traction to the fall in force during the leg extension.

EMG recording and analysis

Bipolar (10 mm diameter) Ag–AgCl surface electrodes
(Dantec, 13 L 20) were used to measure EMG voltage from
the vastus lateralis and soleus muscles on the dominant side
of the body. The electrodes were placed between the motor
point and the proximal tendon. Interelectrode distance was
always 2 cm, and their impedance was kept below 2,000 Ω
by careful skin shaving and abrasion with an ether pad. The
EMG signal was amplified (Nihon Kohden, Tokyo, Japan),
with a common mode rejection ratio=90 dB, input im-
pedance=100 MΩ, gain=1,000 to 5,000, frequency band
ranging from 5 to 1,000 Hz, and then displayed on a
magnetic tape recorder (TEAC Corporation, Tokyo, Japan)
for further analyses. As in our previous studies [3, 4, 12,
17, 21], the analysis of EMG was performed in a time and
frequency domain by calculating the power spectrum
density (PSD) distribution. The EMG signal recorded
during the 60% MVC maneuvers was digitized with a
sampling frequency of 2,000 Hz using a data acquisition
card mounted in the computer. PSD analysis started at the
beginning of the muscle contraction and covered the whole
muscle contraction. The MF, defined as the frequency that
divided the power density spectrum into two regions of
equal power, was calculated from averaged power spectra
obtained from 128-ms window epochs, overlapping each
by over half their length for a total segment of 10 s. PSD
analysis also allowed to calculate EMG energies in two

Fig. 1 Photography of an
equipped diver just before the
immersion period



separate equal bandwidths of low (EL 10–50 Hz) and high
(EH 80–200 Hz) frequencies and the corresponding EH/EL
ratio. Indeed, we have already shown that the changes in
EH/EL ratio during sustained efforts were higher than those
of MF [3, 4, 17]. The changes in MF and EH/EL
throughout each 60% MVC maneuver were expressed in
percentage of data measured during the first 10 s of con-
traction. They were measured after 60 s of contraction and
just before it stopped (Tlim).

The compound muscle action potentials (M waves) were
evoked simultaneously in both muscles by direct muscle
stimulation, using the monopolar technique. A constant-
current neurostimulator (Grass S88, Quincy, MA, USA)
delivered supramaximal shocks with 0.1-ms rectangular
pulses through an isolation unit at a frequency of 1 Hz. One
negative silver electrode was applied on the main motor
point of the muscle, and a positive silver electrode was
placed on the opposite side of the thigh or the leg. The main
motor point of each muscle was identified as the location of
the cathode, yielding the strongest contraction with the
lowest pulse amplitude. The stimulation was defined as
supramaximal when the pulse intensity level was about
15% above the level, yielding an M wave of maximal
amplitude. The same stimulation intensity was used for all
trials on a specific subject. The subjects were instructed to
be relaxed during the stimulations. The two EMG signals
were fed to an oscilloscope (Gould model DSO 400,
Ballainvilliers, France), permitting to average the M waves
from eight successive potentials and to calculate for each
muscle the peak M wave amplitude and duration and the
conduction time which is the time between the stimulus
artifact and peak.

Biochemical analyses

Plasma potassium and lactate concentrations were mea-
sured by an automated Hitachi 912 analyser (Roche Kit,
Meylan, France).

Protocol

Each of the ten divers underwent twice the same protocol
during which they were immersed in 18 or 10°C cold water.
One week elapsed between the immersion sessions, half of
the subjects beginning with the 18°C temperature and the
others with the 10°C one.

Figure 2 shows a scheme of the experimental protocol.
For each session, the protocol consisted in measurement of
MVC from three reproducible measurements sustained for
5 s. MVC measurement was followed by a bout of
sustained contraction targeted at 60% MVC and continued
until exhaustion. The whole challenge (3 MVCs followed
by a sustained 60% MVC bout) was repeated four times
during the 6-h immersion period (18 or 10°C) (I1: 30 min
after the beginning of immersion, I2: 120 min, I3: 220 min,
and I4: 340 min). For I2, I3, and I4 sessions, sustained
efforts were targeted at the 60%MVC level measured at I1.
M waves were recorded in each muscle prior to the start of
each sustained 60% MVC, then immediately when the
contraction had stopped (R0), and at 5 (R5), 10 (R10), and
20 (R20) min during the recovery period. Blood samplings
were performed 180 min prior to the beginning of the
study, at 60, 180, and 360 min during the immersion
period, and finally 90 min after the immersion had ended.
Plasma potassium and lactate concentrations were always
measured at rest and at distance (20–60 min) of any 60%
MVC, allowing a complete recovery of exercise-induced
variations in muscle pH and inorganic phosphates already
assessed by 31P-MRS studies [4].

In a preliminary study conducted in dry (air) condition,
we studied the reproducibility of MVCs, M wave, and
EMGmeasurements throughout a 6-h period, during which
the subjects stayed on the device used in the immersion
study. The electrodes for EMG recordings and muscle
stimulation were also covered by the plastic film used to
isolate the skin from water. The protocol was exactly the
same with the immersion studies: three MVCs followed by
a sustained 60% MVC bout, the sessions being repeated

 I1 30 min I2 120 min I3 220 min    I4 340 min
T°rectal
T°thigh 
T°calf 
Diuresis

M-waves:     Rest           R0  R5   R10   R20 min

MVCs
60% MVC

Tlim

Blood samples:
Pre-immersion 60 min          180 min 360 min

Fig. 2 Scheme of the experi-
mental protocol showing the
four successive sessions (I1, I2,
I3, I4) during the 6-h immersion
period, during which rectal and
skin (calf and thigh) tempera-
tures (T) and diuresis were
continuously measured; the in-
stants of venous blood samples
and the detail of an exercise
bout with M wave recording
were also recorded



four times during the 6-h period at the same epochs as
during the immersion study. In two control subjects
wearing the neoprene suit, we repeated the measurements
of MVC and Tlim and recorded M waves from soleus and
vastus lateralis muscles.

Statistical analysis

A two-way repeated measures ANOVA allowed to depict
significant variations in all the variables throughout the 6-h
immersion period at both temperatures, and also during and

Table 1 Maximal voluntary
contraction (MVC) and endur-
ance time (Tlim) of sustained
60% MVC measured throughout
a 6-h period in dry condition
(ambient room air temperature)
and the immersion study

The statistical analysis did not
reveal any time-dependent vari-
ation, and there was no signifi-
cant difference between the two
temperatures during immersion

30 min 120 min 220 min 340 min

Dry condition (25°C), n=5
MVC (kg) 206 213 220 200

15 10 9 14
Tlim (s) 123 129 112 107

18 13 9 11
Immersion, n=10 in each situation
MVC (kg) 18°C 230 229 220 222

7 6 8 6
10°C 217 227 228 226

10 9 8 11
Tlim (s) 18°C 109 107 102 111

6 10 5 10
10°C 111 115 114 108
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Fig. 3 M wave measurements during the preimmersion study in dry
condition at room air temperature. In the control group (five
subjects), the M wave characteristics (conduction time, peak
amplitude, and duration), measured in the soleus and vastus lateralis

muscles at rest and at 0, 5, 10, and 20 min after a static contraction
sustained at 60% of maximal voluntary contraction (MVC), never
varied from the beginning (T 30 min) to end (T 340 min) of the 6-h
period



after each sustained 60%MVC trial for EMG andMwaves.
When the normality test failed, we used the pairwise
multiple comparison procedure (Holm–Sidak method).
Significance was accepted if p<0.05. Data were given as
their mean±one standard error (SE).

Results

Preimmersion study

Table 1 shows the reproducibility of MVC and Tlim mea-
surements throughout the 6-h period in subjects studied in air
condition. Although the recording and stimulating electrodes
were covered by adhesive plastic sheets which could elicit
some impedance changes due to humidification by sudation,
there was no variation of the conduction time, amplitude, and
duration of theMwave measured in the twomuscles at rest as
well as after 60% MVCs (Fig. 3). Moreover, the EMG
analysis during 60%MVC did not reveal any changes in MF
and EH/EL valuesmeasured at the end of the sustained efforts.

In experiments repeated in two control subjects wearing
the neoprene suit, no changes in MVCs, Tlim, and M wave
were measured throughout the 6-h period.

Immersion study

Changes in rectal and skin temperatures Fig. 4 indicates
that both temperature conditions elicited near the same fall
in rectal temperature. However, the reduction of the thigh
and mostly the calf temperature was significantly higher
during immersion at 10°C than at 18°C, the calf temperature
being inferior to 23°C after 220 min of immersion at 10°C.

MVC and Tlim measurements As shown in Table 1, immer-
sion at 18°C and even 10°C did not elicit any significant
modification of MVCs and Tlim values. Continuous HR
measurements at rest and during sustained 60% MVCs
indicated that the maximal HR increase was the same
throughout the 6-h immersion period and the two temper-
ature conditions (ΔHR, expressed in percent of predicted
maximal value=49–55%).

M wave measurements at rest The M wave characteris-
tics measured at rest (prior to the beginning of the 60%
MVC trials) are reported in Fig. 5. The 6-h immersion at
18°C did not affect the conduction time nor the amplitude
and duration of the M wave in vastus lateralis and soleus
muscles. Throughout the whole period of immersion at
10°C, both the conduction time and M wave duration in
the vastus lateralis were significantly less compared to those
measured at 18°C. In the soleus only, we measured a
progressive significant lengthening of the M wave duration
which culminated at I4 (340 min).

M wave measurements after exercise In the two temper-
ature conditions, the sustained 60% MVCs never induced

significant changes in the conduction time and in M wave
amplitude and duration in the two muscles.

EMG changes First, we searched for the occurrence of
shivering and/or tonic contractions in response to cooling
because they may have some consequences on the EMG
changes during the 60% MVCs. These measurements were
limited to the EMG recordings in the vastus lateralis muscle
due to the high quality of the tracings compared to those
obtained in the soleus. Fig. 6 clearly indicates that shivering
as well as tonic contractions occurred soon (I2=120 min) at
10°C and persisted until the immersion ended, whereas at
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Fig. 4 The changes in rectal and skin temperatures recorded in front
of the vastus lateralis (thigh) and soleus (calf) throughout the 6-h
immersion at 18 and 10°C (mean±standard error of 10 measure-
ments in each situation). Asterisks show significant variations
compared to the preimmersion measurements. Dollar symbol is used
to indicate that at 10°C, the skin temperature was significantly
reduced compared to 18°C. One symbol: p<0.05, two symbols:
p<0.01, three symbols: p<0.001)



18°C, the muscle response to cooling was only measured at
the end of the experiment (I4=340 min). Second, we
analyzed the EMG changes during sustained efforts
(Fig. 7). The EMG response to the two temperatures can
be only studied in vastus lateralis in which the quality of the
tracings was always high. In the soleus, EMG analysis was
limited to the 18°C condition. This disadvantage should be
minor because at 10°C, the marked slowing of neuromus-
cular transmission (lengthened M wave duration) would
bias any power spectrum analysis.

In vastus lateralis, MF and EH/EL values measured at the
onset (first 10 s) of the 60% MVC remained stable
throughout the 6-h period of immersion at 18 and 10°C
(Fig. 7), despite the thigh skin temperature felt below 27°C
when the immersion temperature was 10°C. In the soleus
after 220 min of immersion at 18°C, both MF and EH/EL
values measured at the onset of exercise were significantly
lowered, although the calf skin temperature was also around
27°C.

As shown in Fig. 7, cold (10 and also 18°C) water
accentuated the maximal leftward shift of EMG power
spectrum (decreased MF and EH/EL values) at the end of
the 60% MVCs in both muscles, the effects being already
significant after 220 min of immersion. For examples, at
18°C, MF went down from 71 Hz (contraction onset) to
68 Hz (end of 60% MVC) at I1 compared to 73 to 61 Hz at
I4, the variations being accentuated at 10°C (I1: 67–62 Hz,
I4: 68–52 Hz).

30 120 220 340 min

50

100

150

200

250

300

350

18°C
10°C

30 120 220 340 min

S
h

iv
er

in
g

 (
8 

- 
15

 H
z)

, %
 I1

50

100

150

200

250

300

***

**
**

**

*
**

Vastus lateralis

*

**

T
o

n
ic

 E
M

G
 a

ct
iv

it
y 

(2
0 

- 
20

0 
H

z)
, %

 I1

Fig. 6 Root mean square computation of the vastus lateralis EMG
signal at rest during immersion at the two temperatures (18 and
10°C). The two frequency bands allow to separate EMG activities
associated with shivering (8–15 Hz) from those due to tonic
contraction between 60% MVC maneuvers (20–200 Hz). Asterisks
indicate significant variations of the EMG signal compared to values
measured at rest during the first 30 min of immersion (% I1)
(*p<0.05, **p<0.01). (Mean±standard error of 10 measurements in
each situation)

30 120 220 340 min

C
o

n
d

u
ct

io
n

 t
im

e,
 m

s

0,0

0,5

1,0

1,5

2,0

2,5

3,0

30 120 220 340 min

M
 w

av
e 

d
u

ra
ti

o
n

, m
s

0

2

4

6

8

10

12

14

*

$

30 120 220 340 min

M
 w

av
e 

am
p

lit
u

d
e,

 V

0

2

4

6

8

10

12

14

16

VL 18°C
VL 10°C
SOL 18°C
SOL 10°C

*

$

$

$

Fig. 5 M wave measurements in resting muscles (VL vastus
lateralis, SOL soleus) throughout the immersion study (mean±
standard error of 10 measurements in each situation). Whatever the
experimental condition, both conduction time and M wave duration
were significantly higher in the soleus than in vastus lateralis (*$:
p<0.05). At the beginning of the 10°C immersion study, there was a
significant shortening of conduction time and M wave duration in
the two muscles, then a further increase in M wave duration
occurred in the soleus only (*p<0.05)



Changes in plasma potassium and lactate concentrations
Fig. 8 shows that the resting potassium level did not signif-
icantly vary throughout the 18°C immersion study, whereas at
10°C, a significant potassium increase (+1.0 mmfsol) oc-
curred soon (at 60 min) and persisted throughout the study.
The potassium concentration recovered its control (preimmer-
sion) level 90 min after the immersion had ended. The plasma
lactate concentration was elevated throughout both the 18

and 10°C immersion conditions, the elevated lactate con-
centration being significantly accentuated at 10°C (Fig. 8).
The preimmersion plasma lactate level was measured
again 90 min after the immersion period had ended.

Diuresis obviously continued throughout the 6-h im-
mersion period and, due to the absence of water intake, the
water loss was substantial but did not significantly differ
between the 18°C (1,766±225 ml) and 10°C (1,797±
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Fig. 7 Power spectrum analysis of vastus lateralis and soleus EMGs
during static contraction sustained at 60% of maximal voluntary
contraction (MVC) and repeated at 18 and 10°C during the 6-h
immersion. The median frequency (MF) and the ratio of EMG
energies (root mean square) sampled in two frequency bands (EH/
EL) were measured at the onset (first 10 s) and end (Tlim) of each

60% MVC, then MF and EH/EL values were expressed in
percentage of respective values measured at the onset of contraction.
Asterisks indicate significant variations compared to values mea-
sured at the beginning of immersion (*p<0.05, **p<0.01). (Mean±
standard error of 10 measurements in each situation)



136 ml) conditions. Thus, the relative variations of plasma
volume due to dehydration may affect the absolute values
of lactate and potassium concentrations. Taking into account
the relative variations of plasma volume computed from the
equation by Dill and Costill [16], we corrected lactate and
potassium variations at the two temperatures. These cor-
rections did not modify the significance of elevated lactate
and potassium concentrations during immersion in cold
water.

Discussion

To the best of our knowledge, this is the first report on the
neuromuscular consequences of a 6-h period of total body
immersion in cold water. Although we measured a marked
fall of the skin temperature in the thigh and mostly the calf,
there was no significant modification of the maximal
(MVC) and submaximal (sustained 60% MVC) perfor-

mances during isometric leg extension. The high tolerance
to fatigue during the sustained efforts was associated with a
compression of the EMG power spectrum toward low
frequencies. Thus, the calf muscle, i.e., the coldest but also
the slowest one, was predominantly affected by immersion
in cold water.

Possible consequences of neoprene suit
on muscle performance

The tight equipment may affect the muscle performance
through an impaired venous drainage and also hinder the
movements. Our experiments under dry air condition (pre-
immersion study) in control subjects wearing the neoprene
suit for a 6-h period showed that this equipment had no con-
sequence on their maximal force, endurance time, and resting
Mwave characteristics.Moreover, this neoprene suit was used
by French navy combat swimmers since more than 15 years,
and the divers never complained of any decrease in their
performances.

Neuromuscular characteristics at rest

At rest, some modifications of the M wave characteristics
during immersion could be attributed to the effects of cold
on the conduction properties of the surface electrodes and
Ag/AgCl gel. Indeed, there was no clear explanation for the
paradoxical reduction of conduction time and M wave
duration measured soon in both muscles after 30 min of
immersion at 10°C (I1); these effects persisted throughout
the whole study in vastus lateralis only. This early effect of
cold on the M wave signal would more likely result from
the changes in impedance of the skin electrodes. Indeed,
any biological effect indicating an improved neuromuscu-
lar transmission would be rather surprising in these
conditions. In the soleus only, we measured a secondary
increase in M wave duration (and not in conduction time),
which developed throughout the 6-h period. This altered
neuromuscular conduction may result from the muscle
cooling, which prevailed in the soleus. Bigland-Ritchie et
al. [6] already reported such a lengthened M wave duration
in locally cooled finger muscles when the muscle temper-
ature felt below 28°C, a condition reproduced in our study
when the temperature of the skin covering the soleus
decreased below 25°C after 220 min of exposure to 10°C.

We did not measure in vastus lateralis any significant
variation of MF and EH/EL values at the onset of the iso-
metric contractions, even when the subjects were immersed
at 10°C. By contrast, even at 18°C in the soleus, MF and
EH/EL values decreased after 220 min of cold exposure. In
this calf muscle, theses changes in EMG spectrum occurred
independently from any M wave alterations which were
only measured at 10°C. As previously showed by Marsden
et al. [32], we supposed that in the coolest muscle, the
leftward shift of EMG spectrum at the beginning of vol-
untary efforts corresponded to a slowing of motor unit
discharge. In response to direct electrical muscle stimula-
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Fig. 8 Plasma concentration of lactate (LA) and potassium (K+)
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the immersion study at the two temperatures. Asterisks indicate
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sion (***p<0.001). Symbol Dollar symbol is used to depict any
significant difference between the two temperature conditions (*$:
p<0.001). (Mean±standard error of 10 measurements in each
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tion, Davies et al. [14] have already reported that local
cooling impaired the recruitment of high frequency units by
repetitive electrical stimulation.

Neuromuscular response to exercise

In all experimental conditions, the 60%MVC elicited a fall
in MF and EH/EL measured at Tlim. The maximal decline
of MF and EH/EL at the end of sustained submaximal static
efforts was significantly accentuated after 220 min of
immersion at 10°C (vastus lateralis) and also 18°C (vastus
lateralis and soleus), the changes in EH/EL occurring
earlier (120 min) in the soleus. The leftward shift of the
EMG power spectrum during fatiguing tasks could be
attributed to a slowing of muscle action potential conduc-
tion velocity or a decrease in motor unit discharge fre-
quency [29, 30, 41]. Because we found no effect of
exercise on M wave characteristics (i.e., conduction time,
duration, and amplitude), we can interpret the changes in
EMG power spectrum in terms of an adaptive response of
the central nervous system characterized by a slowing of
the motor unit discharge to prevent fatigue [20, 32]. Animal
[27] as well as human studies [7, 23, 42] attribute this
phenomenon to the activation of the group IV muscle
afferents by metabolites released in the fatigued muscle.
Moreover, animal [27] and human [22] studies also suggest
that the reduction of the discharge frequency of muscle
spindle during fatiguing efforts may participate in the
reduced recruitment of motoneurons. The accentuation of
the neuromuscular response to fatigue in cooled muscle
may have several origins. Total body cooling could be re-
sponsible for local hypoxia in limb muscles due to the
associated vasospasm. However, both acute [3, 4, 18] and
chronic [12, 21] hypoxemia reduced the leftward shift of
EMG spectrum during static efforts in humans, and animal
studies evidenced that acute [2] and chronic hypoxemia
[17] markedly reduced the fatigue-induced activation of the
group IV muscle afferents. The key stimulus for the acti-
vation of the group IV muscle afferents is the increased
potassium or lactate concentration in the interstitial fluid
[15]. Our study revealed a significant increase in the plasma
lactate concentration in both temperature conditions, the
changes being accentuated at the coldest temperature. The
increased lactate level could result from the accentuated
anaerobic muscle metabolism with muscle cooling. Indeed,
it is documented that cooling exerts direct metabolic effects
and also reduces the oxygen supply to contracting muscle
through the cold-induced peripheral vasoconstriction [8,
38]. Hyperlactatemia could also result from the thermo-
regulatory response, associating shivering and enhanced
tonic muscle activity. However, in our study, both the shiv-
ering and tonic EMG responses were mostly present during
the 10°C immersion condition and only occurred at the end of
the immersion at 18°C, whereas in this experimental con-
dition, the plasma lactate increase was measured soon at
60 min. We are likely to find an elevated lactate level in the
interstitial muscle fluid, and it should be enhanced when the
muscle sustained static efforts until exhaustion. This seems

sufficient to explain the accentuation of EMG changes during
the 60% MVCs performed in cold water. On the other hand,
the persistence of shivering and enhanced tonic muscle
activity at 10°C easily explains the elevated plasma potassium
level in this condition. Indeed, muscle contraction is al-
ways associated with a potassium efflux from the muscle
fibers [40]. The increased potassium level at 10°C,
probably also present in the interstitial muscle fluid,
should participate in the accentuation of the EMG re-
sponse to sustained contractions. Apart from the modifi-
cation of the muscle sensory pathways, local cooling
obviously activates the cold receptors in the skin which are
excited when temperature is below 30° C [1, 11]. How-
ever, the psychophysical assessments by Graven-Nielsen
et al. [25] have indicated that lowering locally the skin
temperature to 10° C does not elicit defense responses
involving the motor control to muscles. These limited
observations suggest that the EMG changes associated
with cooling did not probably result from the activation of
skin receptors.

We concluded that total body immersion in cold water
did not affect MVC and endurance to fatigue but altered the
neuromuscular transmission in the coolest muscle and
enhanced the fatigue-induced EMG changes in leg muscles.
The cold-induced changes in muscle metabolism could
have accentuated the reflex adaptation of the motor drive,
maintaining both MVC and tolerance to fatigue. However,
the present observations are limited to static maximal and
submaximal efforts. They cannot be extrapolated to dy-
namic contractions needed when swimming or palming
which would certainly modify the thermal exchanges in
cold water. This will be the aim of a further study.
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