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following damaging exercise7,18, consistent with that reported following a single exercise session8. Research inves-
tigating the effects of repeated WBC on immune and inflammatory responses are limited, with regular WBC 
being reported to increase7, decrease18, or have no effect21 on circulating cortisol concentrations, and dampen 
the post-exercise inflammatory response7. Daily WBC for a period of up to 14 days has also been reported to 
attenuate exercise-induced increases in ratings of exertion9, to improve sleep quality9, and to improve antioxi-
dant status17. Taken together, these studies demonstrate that regular WBC may be a worthwhile strategy to help 
maintain exercise performance and recovery status, while concomitantly preventing fatigue accumulation and the 
exacerbation of muscle damage during short-term training periods9.

An important limitation to date is the lack of research investigating the effects of regular WBC on physiologi-
cal and performance adaptive responses to extended periods of exercise training (i.e., ≥4 wk). This is particularly 
pertinent considering recent research identifying regular post-exercise cryotherapy, in the form of cold-water 
immersion (CWI), as a novel method to promote certain alterations towards a more aerobic phenotype22. For 
example, regular post-exercise CWI during ~4 weeks of high-intensity interval running training has been 
reported to augment the exercise-induced increase in some proteins associated with mitochondrial biogenesis22. 
These alterations were hypothesized to be at least partially mediated by repeated cold-induced β-adrenergic acti-
vation22, a mechanism by which WBC is also hypothesized to assist in the recovery from exercise1. Although CWI 
may be more effective in reducing muscle temperature23, WBC has been reported to elicit comparable reductions 
in tissue and core temperatures as compared with CWI24, implicating it as an alternate method by which to poten-
tially promote mitochondrial biogenesis25. Regular WBC may also aid the adaptive response to exercise training 
via improvements in skeletal muscle recovery3 and preservation of sleep quantity9, thereby improving subsequent 
training quality. Given the increasing popularity of WBC within training regimes, clarification of its merit in 
promoting favourable adaptations to exercise training is warranted.

We investigated, for the first time, the effects of regular post-exercise WBC on physiological and performance 
adaptations to endurance exercise training. It was hypothesized that repeated WBC after exercise training would 
promote favourable adaptations to a number of parameters implicated in short-term exposures to WBC, includ-
ing hormonal balance and sleep patterns. Considering the equivocal findings with other forms of regular cry-
otherapy application25, we also investigated whether regular WBC may serve as a novel stimulus to augment 
training-induced aerobic adaptations, as measured by an improvement in endurance exercise performance.

Results
Training.  Both groups performed similar volumes of the prescribed HIT over the four weeks (4.96 ± 0.97 MJ 
and 5.10 ± 1.15 MJ for CON and WBC, respectively; P = 0.379). Participants performed 97.0 ± 12.7% of the target 
volume (work completed) during the entire 4-week training period.

GXT and Tmax.  There was a main effect of time (P < 0.001) for Ppeak (Fig. 1a), which increased by 6.3 ± 3.7% 
(ES = 0.71 ± 0.23) and 5.9 ± 4.9% (ES = 0.83 ± 0.37) in the CON and WBC groups, respectively. Similarly, there 
was a main effect of time for V O2peak (P < 0.001; Fig. 1b), which increased by 5.0 ± 5.6% (ES = 0.34 ± 0.21) and 
8.0 ± 7.9% (ES = 0.56 ± 0.30) in the CON and WBC groups, respectively. There were no interaction effects for 
Ppeak (P = 0.988) or V O2peak (P = 0.402).

There was no main effect of time nor an interaction effect for Tmax (P = 0.850 and 0.111, respectively), which 
increased by 3.9 ± 29.0% and 25.6 ± 50.2% (ES = 1.22 ± 1.41, CON vs. WBC) in the CON and WBC groups, 
respectively. Similarly, there was no main effect of time nor an interaction effect for WTmax (P = 0.192 and 0.244, 
respectively), which increased by 2.7 ± 26.3% and 19.4 ± 50.7% (ES = 1.01 ± 1.20, CON vs. WBC) in the CON 
and WBC groups, respectively (Fig. 1c,d).

20-km Time trial (TT20).  There was a main effect of time for TT20 mean power (P = 0.002), which increased 
by 8.4 ± 7.0% (ES = 0.50 ± 0.23) and 6.9 ± 7.5% (ES = 0.54 ± 0.35) in the CON and WBC groups, respectively. 
There was no main effect of time for TT20 duration (P = 0.153), nor interaction effects for either TT20 power 
(P = 0.644) or duration (P = 0.765) (Fig. 1e,f).

Sub-maximal test (SM120).  There were significant effects of duration and time for RER, with RER progres-
sively decreasing during the SM120 (P < 0.001) and significantly higher post-training (P = 0.030). There were no 
interaction effects for RER during the SM120 (P = 0.983) or as a result of training (P = 0.551) (Fig. 2a). There was 
a significant effect of duration for fat oxidation rates, which progressively increased during the SM120 (P < 0.001). 
However, there was no effect of time for fat oxidation rates as a result of training (P = 0.845). There were also 
no interaction effects for fat oxidation rates during the SM120 (P = 0.980) or as a result of training (P = 0.767) 
(Fig. 2b). There were significant effects of duration for CHO oxidation rates, which progressively decreased dur-
ing the SM120 (P < 0.001) and were significantly higher post training (P < 0.001). There were no interaction effects 
for CHO oxidation rates during the SM120 (P = 0.998) or as a result of training (P = 0.684) (Fig. 2c).

Blood markers.  There was no main effect of time nor an interaction effect for basal adrenaline concentration 
(P = 0.296 and 0.180, respectively), which increased by 39.3 ± 68.6% and 25.1 ± 86.2% (ES = 0.69 ± 1.33, CON 
vs. WBC) in the CON and WBC groups, respectively (Fig. 3a). Similarly, there was no main effect of time nor 
an interaction effect for basal noradrenaline concentration (P = 0.455 and 0.655, respectively), which increased 
by 8.4 ± 34.2% and 2.1 ± 24.9% (ES 0.46 ± 0.87, CON vs. WBC) in the CON and WBC condition, respectively 
(Fig. 3b). In addition, there was no main effect of time nor an interaction effect for basal cortisol concentration 
(P = 0.215 and 0.345, respectively) which increased by 12.1 ± 41.2% and 14.3 ± 24.3% (ES = 0.59 ± 0.77, CON vs. 
WBC) in the CON and WBC groups, respectively (Fig. 3c).
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Sleep.  There were no main effects of time for bed time (P = 0.797), get up time (P = 0.413), time in bed 
(P = 0.184), sleep duration (P = 0.131), sleep latency (P = 0.325), sleep efficiency (P = 0.838), or moving time 
(P = 0.677). There were also no interaction effects for bed time (P = 0.988), get up time (P = 0.446), time in bed 
(P = 0.558), sleep duration (P = 0.367), sleep latency (P = 0.325), sleep efficiency (P = 0.408), or moving time 
(P = 0.575) (Table 1).

Discussion
The main finding of this study was that four weeks of HIT improved peak aerobic power, VO2peak, and cycling 
time-trial performance, and also increased carbohydrate oxidation rates and RER. However, regular WBC per-
formed after each training session had no effect on training-induced changes in these parameters.

Consistent with previous research26, the results of the current study support that HIT performed at intensities 
of Ppeak and durations of 60% of Tmax is an effective means to increase Ppeak, VO2peak, and time-trial performance 
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Figure 1.  Peak aerobic power (Ppeak; a) and peak oxygen uptake ( VO2peak; b) achieved during the graded 
exercise test (GXT), time-to-exhaustion duration (Tmax; c), time-to-exhaustion work completed (WTmax; d), and 
20 km time trial (TT20) duration (e) and mean power (f) for the control (CON, n = 11) and whole-body 
cryotherapy (WBC, n = 11) conditions, before (Pre) and after (Post) the 4-week training period. *Significantly 
higher Post, as compared with Pre. Values are presented as mean ± SD.

https://doi.org/10.1038/s41598-019-48518-1


4Scientific Reports |         (2019) 9:12013  | https://doi.org/10.1038/s41598-019-48518-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

in already well-trained cyclists. Although the fitness of the participants in the current study was less than cyclists 
previously recruited by Laursen et al.26 (Ppeak, 319 vs. 439 W; VO2peak, 59.6 vs. 66.5 mL.kg−1.min−1; WTmax, 91 vs. 
121 kJ), training-induced increases in Ppeak (6.1 vs. 4.7%), absolute V O2peak (6.5 vs. 5.4%), and endurance perfor-
mance (7.5 vs. 5.2%) were of similar magnitudes. As previously described, performance improvements as a result 
of incorporating HIT into the already high training volume of the well-trained athlete are likely to have occurred 
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Figure 2.  Respiratory exchange ratio (RER) (a), fat oxidation (b), and carbohydrate oxidation (c) during the 
120-min submaximal cycling test (SM120) for the control (CON, n = 11) and whole-body cryotherapy (WBC, 
n = 11) conditions, before (Pre) and after (Post) the 4-week training period. *Significantly higher Post, as 
compared with Pre; +Significant duration effect during SM120. Values are presented as mean ± SD.
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in parallel with a number of physiological adaptations, including improvements in muscle buffer capacity27, the 
ventilatory threshold28, the lactate threshold29, and motor unit recruitment30.

An important aspect of this research was to determine for the first time whether regular WBC had any effect 
on training-induced gains in cycling performance. Despite increases in Ppeak and TT20 mean power, regular 
post-exercise WBC during 4 weeks of HIT had no significant effect on improvements in these markers of endur-
ance performance, nor Tmax or WTmax. This is consistent with the reported effects of regular CWI on cycling 
performance31,32, and thus supports the notion that regular cryotherapy during an endurance exercise training 
period has limited effect on augmenting training-induced changes in aerobic adaptations25. In the current study, 
the large (but not significant) differences between conditions following training for Tmax (3.9% for CON vs. 25.6% 
for WBC) and WTmax (2.7% for CON vs. 19.4% for WBC), as well as the larger inter-subject variability and poten-
tial type II error, suggests that further research is warranted to investigate the effects of WBC on exercise perfor-
mance. In particular, further research is required to determine if the large improvements for some participants in 
the WBC group is related to random measurement error or suggests that some individuals are more responsive to 
WBC following training; i.e., some individuals may have a more pronounced response to cold stimulation (e.g., 
thermogenesis) than others, and therefore a differing molecular and adaptive response to post-exercise WBC25.

Despite reports that repeated WBC can improve or maintain endurance exercise performance in the 
short-term19,20, this study provides evidence that regular WBC during 4 weeks of cycling HIT has limited influ-
ence on performance markers of endurance adaptations. A potential explanation for these discrepancies is that in 
these studies WBC was used daily as a method to limit the signs of overreaching9 or to speed up supercompensa-
tion during a taper in functionally overreached athletes20. Absence of a WBC-induced effect on exercise perfor-
mance in the current study is also supported by the lack of a significant difference between conditions for V O2peak, 
substrate utilization, or catecholamine concentrations (discussed below). Furthermore, these data support 
previously-published research investigating the effects of regular cold-water immersion following cycling train-
ing, whereby CWI performed regularly during 3 to 4 weeks of cycle training had no effect of performance adap-
tations in competitive cyclists33 or recreationally-active males31.

To understand the mechanisms surrounding the possible effects of WBC, humoral responses related to 
stress and inflammation are commonly investigated10. In the current study, we investigated the effects of regular 
post-exercise WBC during 4 weeks of high-intensity cycling on the basal concentrations of the adrenal hor-
mones cortisol, adrenaline, and noradrenaline. Consistent with previous research demonstrating no change in 
the response to endurance training34, basal cortisol levels were unchanged in the control group; this may reflect 
a lack of long-term training stress and overtraining35. Similarly, the additional stress imposed by repeated WBC 
also had no effect on training-induced changes in cortisol (Fig. 3c). This is not entirely unexpected considering 
the administration of repeated WBC has been reported to increase7, have no effect21, or decrease18 basal cortisol 
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Figure 3.  Adrenaline (a), noradrenaline (b), and cortisol (c) concentrations for the control (CON, n = 9) and 
whole-body cryotherapy (WBC, n = 11) conditions, before (Pre) and after (Post) the 4-week training period. 
Values are presented as mean ± SD.

Bed Time 
(h:min)

Get up time 
(h:min)

Time in bed 
(h:min)

Sleep duration 
(h:min)

Sleep latency 
(h:min)

Sleep 
Efficiency (%)

Moving time 
(min)

CON −0:01 ± 0:34 0:19 ± 0:59 0:20 ± 0:45 0:21 ± 0:37 −0:02 ± 0:05 0.84 ± 2.78 -1 ± 3

WBC −0:01 ± 0:32 0:06 ± 0:27 0:08 ± 0:40 0:05 ± 0:32 0:00 ± 0:05 −0.51 ± 3.59 0 ± 3

CON vs WBC

Difference in 
means ± 90% CI 0:00 ± 0:28 −0:13 ± 0:39 −0:12 ± 0:26 −0:15 ± 0:30 0:02 ± 0:04 −1.35 ± 2.78 1 ± 3

ES for difference ± 90% CI 0.00 ± 0.66 −0.11 ± 0.72 −0.21 ± 0.72 −0.32 ± 0.66 0.70 ± 1.09 −0.29 ± 0.59 0.17 ± 0.59

Table 1.  Changes in sleep variables as a result of four weeks of high-intensity interval training for the control 
(CON, n = 11) and whole-body cryotherapy (WBC, n = 11) conditions. For training-induced changes, negative 
results represent a decrease, whereas positive results represent an increase in the measures reported. CI, 
confidence intervals. ES, effect size. Measurements, mean ± SD.
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levels, highlighting the equivocal nature of research performed to date. A potential explanation for these contrast-
ing findings is the varying WBC (e.g., daily post-exercise vs. twice daily pre- and post-exercise) and/or exercise 
(e.g., cycling vs. multi-disciplinary training) protocols used across studies, as it can be assumed that different 
training forms36 and levels of cold exposure37 also lead to different hormonal adaptations.

In the current study, basal adrenaline and noradrenaline concentrations were unchanged following train-
ing in both the CON and WBC group. Although basal concentrations of these catecholamines may be elevated 
in endurance38 and sprint-trained39 individuals as compared with untrained individuals, these concentra-
tions typically do not change following a period of regular training40. In fact, it has been suggested that the 
training-induced changes observed in previous studies may be explained by the individual’s emotive feelings39. 
In the only study to date to investigate adrenaline and noradrenaline levels following repeated WBC, Leppaluoto 
et al.10 reported no change in adrenaline, but a significant increase in basal noradrenaline, following 12 weeks of 
passive WBC. A potential explanation for the inconsistencies in noradrenaline changes between the current study 
and Leppaluoto et al.10 is the preceding exercise stimulus. Considering long-term catecholamine adaptations to 
exercise are still for the most part unclear41, hormonal responses to passive or post-exercise WBC may be vastly 
different. Although the current study provides new data regarding the response of adrenal hormones with regular 
post-exercise WBC, further work to clarify their response is warranted.

A novel component of this study was to investigate the effects of regular post-exercise WBC on physiological 
markers of aerobic training adaptations, including VO2peak and substrate utilization. Ten to 15 min of cold expo-
sure following endurance exercise has previously been implicated in the activation of signalling pathways associ-
ated with mitochondrial biogenesis42, responses which may be largely related to cold-induced thermogenesis. 
However, VO2peak was unaltered following regular post-exercise WBC, consistent with previous research utilizing 
regular cold-water immersion (~10 °C) as a post-exercise cryotherapy intervention31. This is not surprising how-
ever, as V O2peak is mostly determined by central adaptations (e.g., cardiac output)43, whereas WBC is more likely 
to affect peripheral adaptations (e.g., oxygen supply to the muscle, lipid metabolism, etc.)44. Furthermore, a 
potential explanation for the lack of effect of regular WBC on V O2peak is that the level of cold stress administered 
during a 3-min WBC exposure is not a large enough stress to alter exercise-induced training adaptations. For 
example, considering the previously reported increases in mitochondrial proteins in animals exposed to cold air 
for 24 h per day45, a larger cold-stress (i.e., colder and/or longer) may be needed to elicit significant alterations in 
aerobic-related training adaptations in humans25.

We also hypothesized that the intense cold stimulus induced by regular WBC would alter thermogenesis and 
lipid metabolism, consistent with alterations in the cholesterol profile previously reported following WBC8. It is 
well-established that the percentage of total energy derived from fat and carbohydrates progressively increases 
and decreases (respectively) as a result of prolonged aerobic training46,47. However, this was not supported in the 
current study as fat and carbohydrate rates, as measured by indirect calorimetry, were respectively unchanged or 
increased in both groups during the SM120. A likely explanation for these data is that the SM120 exercise intensity 
was prescribed relative to the pre- or post-training GXT (60% Ppeak), meaning the post-training SM120 workload 
was 6.1% higher compared with the pre-training workload. As such, the observed training-induced increases 
in carbohydrate oxidation and RER, as well as no change in fat oxidation, are likely the result of an increased 
workload. When comparing between conditions, there was no significant effect of regular post-exercise WBC, 
consistent with previous observations7,8. Consistent with previously suggestions25, a larger cold-stress may have 
been needed to elicit significant alterations in substrate utilisation.

Only one study to date has investigated the effects of regular WBC during an intensified training period 
on sleep patterns. Schaal et al.9 administered daily WBC during a 14-day intensified training program in syn-
chronized swimmers and reported improvements in sleep duration and sleep latency compared with a passive 
control. The authors suggested that these WBC-induced improvements in sleep quantity might be mediated 
by a cold-induced increase in noradrenaline concentrations1 and a resultant improvement in parasympathetic 
reactivation19. In the current study, regular post-exercise WBC had no effect on markers of sleep quantity. 
Noradrenaline concentrations were also unchanged between conditions, consistent with the hypothesis that WBC 
may improve parasympathetic reactivation and sleep quantity via an increase in circulatory noradrenaline levels9.

The most important findings from the current study were that regular post-exercise WBC administered dur-
ing a 4-week high-intensity interval cycling training period had no advantageous effect on endurance-related 
training adaptations and cycling performance, basal catecholamine/cortisol concentrations, or sleep quality. As 
such, these findings suggest that regular WBC is not an effective strategy to augment training-induced aerobic 
adaptations following HIT. However, it is important to note that regular WBC also had no detrimental effect on 
physiological and performance adaptations related to HIT. Moreover, regular WBC may potentially have advan-
tageous impacts elsewhere (e.g., exercise-induced muscle damage, placebo effect etc.), and as such there is no 
reason to avoid its administration during athletic training regimes.

Methods
Participants.  Twenty-two healthy males completed this study (Table 2). Written informed consent was 
obtained prior to participation, and all participants were screened for cardiovascular risk factors associated with 
exercise and WBC. All participants were recreational athletes (triathlon or cycling), who trained a minimum 6 h/
wk and were unaccustomed to WBC. The study employed a two-group, parallel-group design, in which partici-
pants were assigned to one of two conditions in a randomized, counter-balanced fashion (detailed below). Due to 
a change in availability for testing and/or training sessions, two additional participants began testing but dropped 
out during the training intervention (one participant from each condition). All procedures and methods were 
approved by the Institution’s Human Research Ethics Committee (CPP Île de France 8 – ref. 2015-A00561-48) 
and performed in accordance with the relevant guidelines and regulations.
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