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Residual effects of short-term whole-body cold-water immersion on the
cytokine profile, white blood cell count, and blood markers of stress

Milda Eimontea, Henrikas Paulauskasa , Laura Daniuseviciuteb, Nerijus Eimantasa, Astra Vitkauskienec,
Gintare Dauksaitea, Rima Solianika and Marius Brazaitisa

aInstitute of Sport Science and Innovations, Lithuanian Sports University, Kaunas, Lithuania; bFaculty of Social Sciences, Arts and
Humanities, Kaunas University of Technology, Kaunas, Lithuania; cDepartment of Laboratory Medicine, Medical Academy, Lithuanian
University of Health Sciences, Kaunas, Lithuania

ABSTRACT
Background: One of the most challenging environmental extremes is immersion in cold/icy water,
and consequent common assumption is that even a brief exposure to cold can lead to cold-related ill-
nesses. The increase in the concentrations of the stress hormones cortisol, epinephrine (Epi), and nor-
epinephrine (NE) in response to acute cold stress are thought to suppress the release of
proinflammatory cytokines. No previous study has explored the residual consequences of whole-body
short-term cold-water immersion (CWI; 14 �C for 10min) on the immune response in healthy non-accli-
mated young adult men (aged 20–30 years).
Materials and methods: In the current study, we tested the hypothesis that short-term acute whole-
body CWI would induce high blood levels of cortisol, NE, and Epi, which in turn would increase circu-
lating leukocyte numbers and delay the production of proinflammatory cytokines (tumor necrosis fac-
tor a (TNF-a), interleukin 1b (IL-1b), and IL-6).
Results: Short-term whole-body CWI produced a stressful physiological reaction, as manifested by
hyperventilation and increased muscle shivering, metabolic heat production, and heart rate. CWI also
induced the marked release of the stress hormones Epi, NE, and cortisol. The change in IL-6 concentra-
tion after CWI was delayed and TNF-a production was decreased, but IL-1b was not affected within
48 h after CWI. A delayed increase in neutrophil percentage and decrease in lymphocyte percentage
occurred after CWI.
Conclusion: These findings suggest that, even though CWI caused changes in stress and immune
markers, the participants showed no predisposition to symptoms of the common cold within 48 h after
CWI.
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Introduction

Accidental falls into cold/icy water are relatively common in
some recreational and occupational activities. The worldwide
popularity of wintertime recreational activities, open cold-
water swimming, and cold/icy water immersion immediately
after acute exercise has led to an increase in the total num-
ber of people exposed to extreme cold environments [1–5].
In non-cold-adapted people, initial head-out cold-water
immersion (CWI) at a water temperature below 15 �C is a
physiologically stressful event that induces a response known
as the “cold shock” response, which can be particularly haz-
ardous [2,6,7]. This response occurs exclusively via stimula-
tion of low-temperature-sensitive receptors (e.g. TRPM8 and/
or TRPA1) in cutaneous nerve endings [8–10], which evokes
inspiratory gasps, hyperventilation, tachycardia, peripheral
vasoconstriction, and increased blood pressure.

Interestingly, respiratory cold shock is maximal during
naked immersion at a water temperature of 10–15 �C but is

no greater during immersion in water at 5 �C [11]. Cold shock
subsides during the first 2–3min after the initial peak, after
which there is a gradual thermoregulatory activation shift via
a decrease in discharge frequency of cold-sensitive fibers to
a less stressful physiological condition, which can be toler-
ated for hours [7,12]. The available evidence suggests that
even brief exposure to acute cold stress leads to increased
circulatory levels of the catecholamine hormones norepin-
ephrine (NE) and epinephrine (Epi), and the glucocorticoid
hormone cortisol [13,14]. Immersion in 10 �C water for only
2min produces a large (2-fold) increase in plasma NE con-
centration [13].

Low levels of glucocorticoids are generally permissive or
stimulatory, whereas higher levels of glucocorticoids are
inhibitory, of physiological processes [15]. The increase in the
concentrations of NE, Epi, and cortisol has been proposed to
suppress the production of proinflammatory cytokines tumor
necrosis factor a (TNF-a), interleukin 1b (IL-1b), and IL-6
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[16–18]. These immune-specific inflammation-modifying cyto-
kines are essential for the optimal activation of host defenses
and survival in response to infection [19,20]. However, expos-
ure to a dangerous combination of proinflammatory cyto-
kines (e.g. TNF-a and IL-1b) [21] and dysregulated
overexpression of these cytokines can lead to capillary leak-
age, shock, and tissue damage [22,23].

Whole-body CWI at 14 �C for 60–170min maintains at nor-
mal level the responses of these cytokines despite evoked
stress [24–27]. Suppressed cytokine response may be
explained by the observation that exposure to cold stress for
more than 40min decreases body temperature, which then
delays and prolongs cytokine expression at a higher level
[28] and causes the release of cortisol, Epi, and NE [24,26].
Cortisol then binds to the glucocorticoid receptors and Epi
and NE bind to the b2-adrenoceptors [29], which suppresses
the synthesis of proinflammatory cytokines via interference
with the function of the proinflammatory transcription acti-
vator nuclear factor kappa-light-chain-enhancer of activated
B-cell signaling (NF-jB) [30].

Adrenalectomy, which eliminates the glucocorticoid and
catecholamine stress response, also eliminates the stress-
induced increase in cell-mediated immunity [30], which sug-
gests an important role of these stress hormones in immuno-
modulation. Glucocorticoid [31] and catecholamine [32]
hormones induce rapid and significant changes in leukocyte
distribution [33]. These findings suggest that immune cells
can be affected by acute stress. Therefore, it is reasonable to
suggest that the return of these stress hormones to normal
levels after cold stress may gradually (re)activate the expres-
sion of proinflammatory cytokines.

The research performed to date on the effects of whole-
body short-term acute CWI on the natural physiological
stress and immune responses is limited to observations of
participants who were experienced (adapted) cold-water
swimmers, athletes who had exercised acutely in the cold, or
athletes who were immersed in cold/icy water as recovery
after acute exercise [2,5,34–39]. Given these complex condi-
tions, it is not possible to separate the effects of, for
example, acute exercise and cold adaptation [2,40]. Both
exercise and cold cause physiological stress, and their com-
bined effects might exceed the individual effects of
either [40].

The extent to which acute whole-body short-term CWI
alone triggers a residual immune response based on a sys-
tematic cascade of blood markers has not been studied in
healthy nonacclimated young adults. Therefore, the purpose
of this study was to investigate the 48 h kinetics of stress
and markers of innate and specific immunity in response to
10min of CWI at 14 �C in young healthy adult men. The time
and temperature were chosen because they correspond to
the most hazardous aspect of CWI (i.e. likely to induce cold
shock). Given the relationship between changes in body tem-
perature, stress hormone levels, complete blood count, and
proinflammatory cytokines, short-term acute CWI may signifi-
cantly affect the post-CWI kinetics of these markers of stress
(cortisol, Epi, and NE levels), and innate immunity (leukocyte,
neutrophil, lymphocyte, and monocyte counts and

distribution), and specific immunity (TNF-a, IL-1b, and IL-6
levels). We hypothesized that CWI would induce high circu-
lating levels of cortisol, NE, and Epi, which in turn would
increase circulating leukocyte numbers and delay the pro-
duction of proinflammatory cytokines.

Materials and methods

Participants

Participants were excluded from this study if they smoked or
had Raynaud’s syndrome, asthma, a neurological pathology,
or another condition that could be worsened by acute
exposure to cold (14 �C) water. The inclusion criteria were as
follows: i) men; ii) age between 20 and 30 years; iii) no exces-
sive regular sport activities (i.e. <3 times per week and
�150min of moderate intensity or �75min of vigorous
intensity activity per week); iv) no involvement in any tem-
perature-manipulation program or extreme temperature
exposure for �3months; v) no medications and dietary sup-
plements that could affect experimental variables; vi) no
blood/needle phobia; and vii) had a regular sleep schedule
(7–9 h of sleep per night). Considering that most workers at
risk of cold-water exposure (fishermen, sailors, military per-
sonnel, ice road truckers, etc.) are male, we chose to include
only male subjects. Twelve men met the inclusion criteria
and agreed to participate in this study. The physical charac-
teristics of the participants are presented in Table 1. Written
informed consent was obtained from all participants after
explanation of all details of the experimental procedures and
the associated discomforts and risks. All procedures were
approved by the Human Research Ethics Committee and
were conducted according to the guidelines of the
Declaration of Helsinki. The participants were in self-reported
good health, and this was confirmed by a medical history
and physical examination.

Experimental design

The study comprised a control (CON) trial and an experimen-
tal (EXP) trial involving whole-body CWI (14 �C for 10min).
These trials were performed in a balanced random order
(cross-over design) at least 1week apart. We used the IBM
Statistical Package for the Social Sciences (SPSS) for Windows
version 22.0 (IBM Corp., Armonk, NY, USA) to determine
which trial each participant underwent first. The experiment
was designed to evaluate the residual effects (within 48 h
after cold exposure) on immune and blood markers of stress
after acute short-term whole-body CWI.

Table 1. Physical characteristics of the participants
in the study.

Age, yr 23 ± 4
Height, cm 184.67 ± 3.32
Mass, kg 80.89 ± 7.95
Body mass index, kg m�2 23.67 ± 1.85
Body fat, % 14.60 ± 3.25
Mean skinfold thickness, mm 10.46 ± 3.78
Body surface area, m2 2.03 ± 0.11

The values are means ± SD.
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One week before the experiment, the participants were
familiarized with the laboratory setting and test procedures.
They were instructed to sleep for >8 h the night before the
experiment and to refrain from strenuous exercise, alcohol,
and caffeine for at least 24 h before the experiment. It is
established that sleeping less than 7 h per night is associated
with impaired immune function [41]. Thus, any participant
who mentioned that he had slept less than 7 h the night
before the experiment was excluded from participation. To
avoid the effect of diet-induced thermogenesis, the partici-
pants fasted from 10 h before the onset of the trial [42] until
2 h after the cold exposure.

The experiments began in June and continued for
6months. A schematic representation of the experimental
design is presented in Figure 1. In the EXP trial, the acute
cold-stress procedure was performed in the morning
(08:00–10:00 AM). The participant donned swimming briefs
covering the genitals and buttocks (�7% of body surface
area [43]) and self-inserted a rectal probe, after which the
strap used for recording heart rate (HR) was attached to the
chest. Next, for blood sampling, a 20-gauge 32mm intraven-
ous catheter was inserted into the right antecubital vein and
covered with waterproof protector while the participant sat
quietly at rest. Catheter patency was maintained by flushing
the device with heparinized saline (10U/ml). The participant
was then asked to lie in the semirecumbent position for
30min at an ambient temperature of 24 �C and 60% relative
humidity. The resting pulmonary gas exchange values and
HR were recorded during the last 20min of this period. The
resting preimmersion values of skin (Tsk), muscle (Tmu), and
rectal (Tre) temperatures were measured, and blood samples
were collected and stored for later analysis.

An electromyography (EMG) sensor was attached to the
pectoralis muscle, and the CWI procedure began (Figure 1).
The participant was fully immersed in a semirecumbent pos-
ition up to the level of the manubrium in a 14 �C stirred-
water bath. The water bath temperature was adjusted with
the addition of 8 �C water. Tre, pulmonary gas exchange val-
ues, and HR were recorded continuously throughout CWI.
After 10min of immersion, the participant exited from the

bath and was towel dried, Tsk, Tre, and Tmu were measured,
and blood samples were collected. The participant then lay
in the semirecumbent position for 1 h in a controlled labora-
tory environment at ambient (24 �C) temperature. Resting Tre
was measured, and HR, pulmonary gas exchange values, and
thermoregulatory muscle activation (EMG) were recorded
every 5min. Tsk was measured 5, 15, and 30min, and 1 h
after CWI, and Tmu was measured 1 h after CWI. Each partici-
pant was asked to evaluate his subjective perception every
5min throughout the immersion and recovery period. The
blood samples were collected at 15 and 30min, and 1, 2, 4,
6, 12, 24, and 48 h after CWI. The participants were fed a
light meal (warm soup and fresh green salad) 2 and 6h
after CWI.

In the CON trial, the participant remained at an ambient
temperature of 24 �C and 60% relative humidity without CWI
for 10min, and all aspects related to nutrition, time of day,
and time points of blood sampling, temperature, EMG-based
measurement, pulmonary gas exchange, and HR measure-
ments were the same as those used in the EXP trial.

Experimental measurements

Anthropometric measurements
Body mass and body fat were measured, and the body mass
index was calculated. Body mass was measured as the nude
body mass using a body composition analyzer (Tanita, TBF-
300, Arlington Heights, IL). Body surface area was estimated
in m2 according to the formula 128.1�weight 0.44 � height
0.60 [44]. Skinfold thickness was calculated as the average
thickness of 10 skinfold sites (chin, subscapular, chest, side,
suprailium, abdomen, triceps, thigh, knee, and calf) [45] using
a medical skinfold caliper (Seahan, SH5020, Masan, South
Korea).

Body temperature measurements
Tre was measured before CWI and then every 5min until 1 h
after CWI (Figure 1). Tre was measured using a thermocouple
(Rectal Probe; Ellab, Hvidovre, Denmark; accuracy, ±0.01 �C)

Figure 1. Schematic representation of the experimental trial design.
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inserted to a depth of 12 cm past the anal sphincter. The rec-
tal thermistor sensor was placed by each participant. Tsk was
measured before, immediately after, and 5, 15, 30, and
60min after CWI with thermistors (Skin/Surface Probe,
DM852, Ellab; accuracy, ±0.01 �C) taped at three sites: back,
thigh, and forearm. The mean Tsk was calculated using the
Burton [46] equation as Tsk ¼ 0.5back þ 0.36thigh þ 0.14forearm.
Tmu was measured before, immediately after, and 1 h after
CWI with a needle microprobe (Intramuscular Probe, MKA,
Ellab; accuracy, ±0.01 �C) inserted at a depth of �3.5 cm
under the skin covering the lateral portion of the gastrocne-
mius muscle in the right leg. For skin preparation before
each Tmu measurement, the skin was shaved and disinfected
before and after the insertion of the microprobe using a cot-
ton wool pad soaked with medicinal alcohol. No local anes-
thesia was administered before insertion. After the first
measurement, the insertion area was marked with a circle
with a diameter of 0.5 cm to ensure that the same insertion
point was used in later measurements.

Spirometry and HR measurements
A mobile spirometry system (Oxycon Mobile, Jaeger/VIASYS
Healthcare, Hochberg, Germany) was used to measure
changes in ventilation (VE), oxygen consumption (VO2) and
carbon dioxide production (VCO2) on a breath-by-breath
basis. Automatic calibration of the gas analyzer and delay
time was performed before the measurements, as described
by the manufacturer; a calibration gas at 180 kPa (15.2% O2,
5.02% CO2, and 79.62% N2) was supplied to attain gain, off-
set, and delay times within 1%. Metabolic heat production
(MHP) (in W) was calculated from the respiratory gas
exchange measurements of VO2 (in l/min) and the respiratory
exchange ratio (RER¼VCO2/VO2) according to Peronnet and
Massicotte [47] as MHP ¼ (281.65þ 80.65� RER) � VO2. HR
was measured at rest, throughout CWI, and during the 1 h
post-CWI recovery period using an HR monitor (S-625X, Polar
Electro, Kempele, Finland).

EMG-based measurement of thermoregulatory muscle
activation
Because heat-generating muscle activation is pronounced in
the chest region, we measured EMG signals in the pectoralis
major muscle [48,49] during CWI and during the 1 h post-
CWI recovery period (Figure. 1). After careful preparation of
the skin (shaving, abrading, and cleaning with alcohol wipes)
to obtain a low impedance (<10 kX), a surface EMG sensor
(SX230W, Biometrics Co., Ltd., Gwent, UK) with integrated
bipolar Ag–AgCl electrodes (diameter, 10mm; center-to-cen-
ter distance, 20mm) and a differential amplifier (gain, 1000;
input impedance, 100MX; input noise, <5 mV; common-
mode rejection ratio, >96 dB) was placed on the right pec-
toralis major muscle. The ground electrode (R206, Biometrics
Co., Ltd.) was positioned on the wrist of the right hand. The
EMG sensor and ground electrode were connected to a port-
able data-acquisition unit (DataLOG P3X8, Biometrics Co.,
Ltd.). Before the measurements, the channel sensitivity was
set to 3 V, and the excitation output was set to 4600mV, as

recommended by the manufacturer. The EMG signals were
digitized, and files were stored on a computer for subse-
quent analyses of the root mean square (RMS, in mV) and
mean frequency (MnF, in Hz) using dedicated software
(Biometrics DataLOG, Gwent, UK).

Subjective ratings
The method described by Cernych et al. [50] was used to
measure subjective ratings for thermal and shivering sensa-
tions. Thermal sensation ratings ranged from 1 (very cold) to
5 (being neutral). Shivering ratings ranged from 4 (being
neutral) to 7 (vigorously shivering). Subjective ratings were
recorded at the same time points as the Tre and HR
measurements.

Blood variables

Venous blood samples were collected before, immediately
after, 15 and 30min after, and 1, 2, 4, 6, 12, 24, and 48 h
after CWI (Figure 1).

Blood samples were collected by venipuncture into vac-
uum tubes (EDTA-K3, 3ml), mixed gently by inverting 8–10
times, and kept at room temperature until the analysis of dif-
ferential white blood cell counts of leukocytes and subgroups
neutrophils, lymphocytes, and monocytes. Blood samples
were analyzed 1–2 h after blood collection using an auto-
mated hematology analyzer (XE-5000, Sysmex Corp., Kobe,
Japan).

Blood samples for the measurement of Epi and NE concen-
trations were collected in vacuum tubes using EDTA as an
anticoagulant (EDTA-K3, 3ml), mixed gently by inverting 8–10
times, and kept at 2–8 �C until centrifugation. Blood samples
were centrifuged at 1200� g for 15min within 30min of
blood collection. Plasma samples were separated as soon as
possible (maximum, 10–15min) from the red blood cells after
centrifugation and kept at �70 �C until analysis. The NE and
Epi concentrations were measured in duplicate using a
CatCombi enzyme-linked immunosorbent assay (ELISA) kit
(Gemini Analyzer, Stratec Biomedical GmbH, Birkenfeld,
Germany).

Blood samples for the measurement of total cortisol and
proinflammatory cytokine IL-1b, IL-6, and TNF-a concentra-
tions were collected by venipuncture into vacuum tubes for
serum separation using a gel separator (5ml). Blood samples
were collected in the morning (8:00–8:30 AM) about 1 h after
awakening when the cortisol concentration in the blood was
expected to be close to the peak of the natural cortisol cycle
[51]. Blood samples were allowed to clot, and the serum was
separated by centrifugation at 1200�g for 15min. The serum
samples were aliquoted and stored at �70 �C until analysis.
The concentrations of IL-1b, IL-6, and TNF-a were measured in
duplicate using an ELISA (Gemini Analyzer, Stratec Biomedical
GmbH, Birkenfeld, Germany), and cortisol concentration was
measured in duplicate using an automated enzyme immuno-
assay analyzer (AIA-2000; Tosoh Corp., Tokyo, Japan).
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Statistical analysis

The data were tested for normality using the Shapiro–Wilk
test before parametric statistical analyses, and all data were
found to be normally distributed. Descriptive data are pre-
sented as mean± standard deviation (SD). Two-way analysis
of variance (ANOVA) for repeated measures was used to ana-
lyze the effects of the two temperature conditions (EXP vs.
CON) as the between-trial factors and the 11 sampling time
points (before and immediately after, 15 and 30min after,
and 1, 2, 4, 6, 12, 24, and 48 h after CWI) as the within-sub-
ject factors on the dependent blood variables. Two-way
ANOVA for repeated measures was also performed to study
the effects of the two temperature conditions (EXP vs. CON)
as the between-trial factors and appropriate time points as
the within-subject factor on changes in body temperature,
EMG muscle activity, HR, and spirometry markers. When sig-
nificant main effects were found, Sidak’s post hoc adjustment
was used for multiple comparisons across a set of conditions
within each repeated-measures ANOVA. The nonparametric
Wilcoxon’s signed-rank test for two related samples (preim-
mersion value vs. values obtained at 5, 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60, 65, and 70min) was used to compare
changes in subjective ratings of cold perception (thermal
sensation and shivering). The partial eta squared (gp

2) was
estimated as a measure of the condition and time effect size.

Statistical significance was set at p< 0.05. Statistical analyses
were performed using IBM SPSS Statistics software (v. 22).

Results

Spirometry and HR responses

In the EXP trial, the initial first minute of whole-body immer-
sion in 14 �C water resulted in �2.5-fold increase in VO2
(p< 0.001; gp

2 ¼ 0.42; Figure 2(A)), �3.5-fold increase in VCO2
(p< 0.001; gp

2 ¼ 0.54; Figure 2(B)), �3-fold increase in MHP
(p< 0.001; gp

2 ¼ 0.46; Figure 2(C)), and �4-fold increase in
VE (p< 0.001; gp

2 ¼ 0.64; Figure 2(D)). The trial� time inter-
action was significant for all variables (p< 0.001; gp

2 > 0.5;
Figure 2). Participants adjusted to this initial cold shock
response within a few minutes of immersion, as shown by a
lower spirometry activity response during the remaining
(1–10min) CWI time. However, this value remained signifi-
cantly higher than the preimmersion value (p< 0.001; gp

2 >

0.35). During the post-CWI recovery period, compared with
the preimmersion values, none of the spirometry parameters
returned to their preimmersion level within the 1 h recovery
period in the thermoneutral environment (p< 0.05; gp

2 >

0.25; Figure 2). HR increased in response to CWI, with a sig-
nificant trial� time interaction effect (p< 0.001; gp

2 ¼ 0.52;

Figure 2. Time-dependent changes in oxygen consumption (VO2) (A), carbon dioxide production (VCO2) (B), metabolic heat production (MHP) (C), and ventilation
(VE) (D) in the experimental (EXP) and control (CON) trials. The black-outlined yellow dots represent the data during cold-water immersion (CWI). Immediately after
CWI, 5–7min was needed to obtain the body temperature measurements, take blood samples, transfer the participant to the chair, and restart and set the gas ana-
lyzer; therefore, respiratory gas exchange measurements were not taken during this period. �p< 0.05 compared with the preimmersion value; #p< 0.05 compared
with the CON trial. The data are expressed as the mean ± SD.
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Figure 3(B)) and returned to the preimmersion value 15min
after CWI (p> 0.05; gp

2 < 0.1).

Body temperature response

At the end of CWI, Tsk (p< 0.001; gp
2 ¼ 0.71; Figure 3(C)) and

Tmu (p< 0.001; gp
2 ¼ 0.48; Figure 3(D)) decreased, with a sig-

nificant trial� time interaction (p< 0.001; gp
2 > 0.45), but Tre

remained unaffected (p> 0.05; Figure 3(B)). Interestingly, Tmu

and Tre decreased progressively in the post-cooling thermo-
neutral environment as measured during the 1 h recovery
after CWI (trial� time interaction effect: p< 0.001; gp

2 >

0.48). Tsk showed a trend toward recovery, but its values did
not reach the preimmersion level 1 h after CWI (p< 0.01; gp

2

> 0.3).

EMG-based heat-generating muscle activation response

As shown in Figure 4(A,B), the muscle EMG root mean square
(RMS) and EMG mean frequency (MnF) activity changed dur-
ing and after CWI, with a significant trial� time interaction
(p< 0.001; gp

2 > 0.45). During the post-CWI recovery period,
the EMG RMS was lower and the muscle EMG MnF was
higher than their respective values obtained during CWI
(main time effect: compared with the 1, 5, and 10min time
points during CWI: p< 0.05; gp

2 > 0.25).

Perception score response

At 5 and 10min of CWI, the thermal sensation score (Figure
4(C)) was lower (p< 0.01) and the shivering perception score
(Figure 4(D)) was higher than their respective preimmersion
values (p< 0.01). The participants reported “slightly cool”
and “slightly shivering”, respectively. The thermal sensation
score returned to the preimmersion value (i.e. neutral) 5min
after CWI, after which, in parallel with the post-CWI decrease
in Tre, the participants reported feeling “slightly cool” from
40 to 60min after CWI (compared with the pre-CWI value:
p< 0.05). The perception of “slightly shivering” persisted
throughout the post-CWI recovery period (compared with
the preimmersion value: p< 0.05).

Blood markers

The baseline concentrations of all blood markers measured
in this study did not differ between the CON and EXP tri-
als (p< 0.05).

Stress hormones
The preimmersion concentration of cortisol was measured at
the expected diurnal peak (8:00 AM). CWI triggered an
increase in cortisol concentration and prolongation of this
diurnal peak until 2 h after cold exposure, with a significant
trial� time interaction (p< 0.05; gp

2 ¼ 0.22; Figure 5(A)). A

Figure 3. Time-dependent changes in rectal (A), skin (C), and muscle (D) temperatures (T), and heart rate (B) in the experimental (EXP) and control (CON) trials.
The black-outlined yellow dots represent the data during the cold-water immersion (CWI). �p< 0.05 compared with the preimmersion value; #p< 0.05 compared
with the control (CON) trial. The data are expressed as the mean ± SD.
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significantly higher concentration of cortisol was also
observed at 12 h after CWI (compared with CON trial:
p< 0.01; gp

2 > 0.21). Thereafter, cortisol returned to the
value expected for the natural diurnal cycle.

In the EXP trial, CWI resulted in �1.5-fold increase in Epi
(Figure 5(B)) and �2.5-fold increase in NE (Figure 5(C)) con-
centrations immediately after CWI (time effect: p< 0.001; gp

2

> 0.5), with a significant trial� time interaction (p< 0.001;
gp

2 > 0.4). Epi and NE concentrations were restored to their
preimmersion levels 1 and 4 h after CWI, respectively.
However, a second peak of Epi was observed at 24 h and a
second peak of NE at 48 h after CWI (p< 0.01; gp

2 > 0.25).

White blood cell count
The leukocyte count (Figure 6(A)) and monocyte percentage
(Figure 6(D)) were not significantly affected by cold exposure.
However, CWI increased the neutrophil percentage and
decreased the lymphocyte percentage, with a significant tri-
al� time interaction (p< 0.01; gp

2 > 0.3). The peak changes

in these two markers were observed 1 and 2 h after CWI.
Both markers returned to the diurnal cycle 4 h after CWI.

Cytokines
The TNF-a response showed a significant interaction of CWI
in the EXP trial� time period (p< 0.01; gp

2 ¼ 0.27; Figure
7(A)). The TNF-a concentration decreased from 15min to
24 h after CWI (main time effect: p< 0.01; gp

2 ¼ 0.27). The
peak release of IL-6 was observed at 6 and 12 h after CWI,
with a significant trial� time interaction (p< 0.05; gp

2 ¼ 0.21;
Figure 7(B)). The IL-6 concentration recovered to the preim-
mersion level 24 h after CWI. IL-1b concentration was
unaffected by short-term CWI (p> 0.05; Figure 7(C)).

Discussion

Perhaps one of the most challenging environmental
extremes is immersion in cold/icy water, which is frequently
encountered by athletes, workers in extreme environments,
and soldiers [52–54]. CWI causes the release of stress

Figure 4. Time-dependent changes in the root mean square (RMS) (A) and mean frequency (MnF) (B) of electromyography (EMG)-based pectoralis major muscle
activity in the experimental (EXP) and control (CON) trials, and subjective thermal (C) and shivering (D) sensations in the EXP trial. The black-outlined yellow dots
represent the data during the cold-water immersion (CWI). The dashed line represents the mean baseline value. Immediately after CWI, 5–7min was needed to
obtain the measurements, take blood samples, and transfer the participant to the chair; therefore, EMG activity was not measured during this period. �p< 0.05
compared with the preimmersion value; †p< 0.05 compared with the immersion time points (1, 5, or 10min); #p< 0.05 compared with the CON trial. The data are
expressed as the mean ± SD.
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hormones [13,55]. Dhabhar [33] argues that short-term stress
readies the immune system to deal with injury or infection.
Accordingly, in the present study, we examined whether
short-term whole-body immersion (for 10min) in cold water
(14 �C) is a sufficient noninfectious stimulus to modulate the
residual kinetic responses of markers of stress and innate

and specific immunity within 48 h after cold exposure. We
found that short-term whole-body CWI produced a stressful
physiological reaction, which was manifested as hyperventila-
tion, increased muscle EMG-based shivering, MHP, and HR. In
addition to these stressful physiological responses, CWI
induced the marked release of the stress hormones Epi, NE,
and cortisol. We found a delayed increase in IL-6 concentra-
tion after CWI and a decrease in TNF-a level; however, IL-1b
concentration was not affected within 48 h after CWI. A
delayed increase in neutrophil percentage and decrease in
lymphocyte percentage was also found.

Cortisol, NE, and Epi strongly alter the release of proin-
flammatory cytokines. The transcription factor NF-jB is a cru-
cial regulator of proinflammatory cytokines, and the
glucocorticoid and b2-adrenergic receptors expressed on a
variety of immune cells appear to play prominent roles in
the regulation of NF-jB activity [56,57]. The release of corti-
sol and Epi/NE activates glucocorticoid and/or b2-adrenergic
receptors by increasing the release of cAMP, which increases
NFKBIA gene expression and, in turn, reduces NF-jB activa-
tion, thus leading to attenuated synthesis of the proinflam-
matory cytokines IL-6, IL-1b, and TNF-a [28,29,58]. In the
current study, immersion of the whole body in cold water
(14 �C) for 10min increased cortisol, Epi, and NE release,
which most likely delayed the response of IL-6 and TNF-a
cytokines, possibly via attenuation of NF-jB activation. These
results are consistent with those of a study that reported
that exposure to circulating 15 �C water for 15min after an
intense bout of resistance exercise (6-fold increase in lactate
concentration) resulted in a suppressed and delayed acute
(within 60min) IL-6 and TNF-a cytokine response compared
with passive recovery under a thermoneutral condition [5].

In our study, the return of cortisol, Epi, and NE concentra-
tions to preimmersion levels and/or to the natural diurnal
cycle kinetics did not parallel the post-CWI cytokine kinetic
responses. In addition to cortisol, Epi, and NE, body (cell)
temperature itself can regulate NF-jB activity [28,58]. For
example, in human peripheral blood mononuclear cells
studied in vitro, NF-jB activation at 33 �C was delayed by
1.5 h after stimulation with lipopolysaccharide, which in turn
delayed proinflammatory cytokine production compared
with that observed at 37 �C [28]. Intriguingly, our findings
provide the first evidence that, although Tsk showed a signifi-
cant trend during recovery to the preimmersion level, Tre
and Tmu continued to decrease by about 0.5 �C and 3.0 �C,
respectively, within 60min after CWI. An afterdrop in Tre and
Tmu may have occurred because of conductive and convect-
ive (via the blood) transfer of cold from the periphery to the
core [59–63].

This continued decrease in deep body temperatures after
CWI was accompanied by elevated (vs. preimmersion value)
MHP and VE, perceptions of increased subjective thermal
stress and shivering, and muscle EMG-based activity.
Considering that we measured post-CWI body temperatures
for only 60min, we can only speculate that when stress hor-
mone levels, body temperature, and metabolic activity began
to return to the baseline (or to the natural circadian cycle
kinetics), a gradual increase in NF-jB activation [58] through

Figure 5. Time-dependent changes in cortisol (A), epinephrine (B), and nor-
epinephrine (C) concentrations in the experimental (EXP) and control (CON) tri-
als. �p< 0.05 compared with the preimmersion value; #p< 0.05 compared
with the CON trial. The data are expressed as the mean ± SD.
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the activation of the canonical pathway of the NF-jB signal-
ing pathway [64] may have increased synthesis and release
of IL-6 cytokine within 6–12 h after CWI. Although mostly
regarded as a proinflammatory cytokine, IL-6 also has many
regenerative and anti-inflammatory activities [65].
Endogenous IL-6 has been shown to play a crucial anti-
inflammatory role in both local and systemic acute inflamma-
tory responses by controlling the level of proinflammatory
cytokines [66]. Moreover, IL-6 plays important roles as a myo-
kine in metabolism, browning of white fat, bone formation,
hypertrophy, and tumor growth [67].

White blood cells are the first line of defense against
many pathogens and tissue damage and have been shown
to react promptly (within minutes) to psychologically and
physically stressful events. These cells are an important part
of the innate immune system [68]. Cytokines are produced
by neutrophils, monocytes, and lymphocytes. These cells are
the main source of cytokines upon initial contact with poten-
tially pathogenic organisms, and cytokines are thought to
play a critical role in immunomodulation [68]. Acute short-
term stress induces an initial increase, followed by a
decrease, in blood lymphocyte and monocyte counts, as well
as an increase in blood neutrophil count [7,69]. Soon after
the beginning of stress, the glucocorticoid and catechol-
amine stress hormones induce the body’s leukocytes to exit
the spleen, lung, marginated pool, and other organs, and to
enter the blood vessels and lymphatics [69]. In contrast to

long-term (60–170min) CWI [24,26,27], short-term (10min)
CWI in the current study did not alter the leukocyte count or
monocyte percentage. However, in agreement with other
reports, short-term CWI increased the neutrophil percentage
and decreased the lymphocyte percentage. These differences
between short- and long-term CWI suggest a dose-depend-
ent effect on the white blood cell count. Considering that
the monocyte count was unchanged and that the lympho-
cyte and neutrophil counts recovered completely within
6–12 h after CWI, it is likely that the decrease in lymphocyte
percentage and increase in neutrophil percentage reflects a
redistribution of immune cells from the blood to other
organs rather than the destruction of these cells [70].
Interestingly, the recovery of lymphocyte and neutrophil per-
centages paralleled to some extent the changes in TNF-a
cytokine synthesis and release, which may indicate a reduc-
tion in the number of available sources of cytokines.

One common assumption is that even a brief exposure to
cold can lead to cold-related illnesses. To date, the effect of
cold exposure on the predisposition to illness remains poorly
understood, and better understanding of the immune
responses during cold exposure and its residual effects may
explain an organism’s susceptibility to infection. A previous
study supports the notion that induction of proinflammatory
cytokines may correlate with an increased risk of upper
respiratory infection [71]. Another study reported that
increased cortisol secretion may also increase the

Figure 6. Time-dependent changes in leukocyte count (A) and neutrophil (B), lymphocyte (C), and monocyte (D) percentages in the experimental (EXP) and control
(CON) trials. �p< 0.05 compared with the preimmersion value; #p< 0.05 compared with the CON trial. The data are expressed as the mean ± SD.
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susceptibility to upper respiratory infection [72]. The findings
of our present study suggest that even though CWI caused
changes in stress and immune markers, there was no predis-
position to symptoms of the common cold in the partici-
pants within 48 h after CWI.

This study has some limitations. The number of partici-
pants is small, and the results are limited to only young
(aged 20–30 years) healthy men. The anatomical, physio-
logical, and functional differences between men and women

[73–76] and children [77], and the weakened thermoregula-
tory response to temperature extremes in older people
[78,79] suggest that the results of the present study may not
be directly applicable to women, children, or older people.
Another possible limitation is that we used static (i.e. without
human movement) CWI. As in most published research, our
set water temperature (14 �C) did not include the full range
of temperatures routinely encountered in open water by
workers or athletes during the winter months [40]. In add-
ition, there may be differences in the responses to static CWI
and cold-water swimming because exercise and cold inde-
pendently impose stress on the human body, and, therefore,
multiple stressors applied together may have a combined
effect on immunomodulation. Moreover, an accidental fall
into cold/icy open water would induce strong survival
(panic)-related stress [2], which may further modify the neu-
roendocrine and immune responses. Notably, no analysis of
NF-jB activation was performed in this study, which weakens
the direct-evidence-based interpretation of the data
presented.

In conclusion, we have shown that immersion of the
whole body in cold water (14 �C) for 10min led to changes
in thermoregulation, stress hormone levels, immune cell pro-
file, and cytokine levels. We found a delayed change in IL-6
concentration after CWI and that the blood TNF-a level
decreased but the IL-1b cytokine level was not affected
within 48 h after CWI. Short-term CWI resulted in a delayed
increase in neutrophil percentage and decrease in lympho-
cyte percentage. Whether and to what extent these changes
affect the infectious processes in healthy people is unclear
and should be examined in future studies.
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