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Despite several established benefits of Whole Body Cryotherapy (WBC) for post-exercise
recovery, there is a scarcity of research which has identified the optimum WBC protocol
for this purpose. This study investigated the influence of WBC treatment timing on
physiological and functional responses following a downhill running bout. An additional
purpose was to compare such responses with those following cold water immersion
(CWI), since there is no clear consensus as to which cold modality is more effective for
supporting athletic recovery. Thirty-three male participants (mean ± SD age 37.0 ± 13.3
years, height 1.76 ± 0.07 m, body mass 79.5 ± 13.7 kg) completed a 30 min downhill
run (15% gradient) at 60% VO2 max and were then allocated into one of four recovery
groups: WBC1 (n = 9) and WBC4 (n = 8) underwent cryotherapy (3 min, −120◦ C)
1 and 4 h post-run, respectively; CWI (n = 8) participants were immersed in cold water
(10 min, 15◦ C) up to the waist 1 h post-run and control (CON, n = 8) participants passively
recovered in a controlled environment (20◦ C). Maximal isometric leg muscle torque was
assessed pre and 24 h post-run. Blood creatine kinase (CK), muscle soreness, femoral
artery blood flow, plasma IL-6 and sleep were also assessed pre and post-treatment.
There were significant decreases in muscle torque for WBC4 (10.9%, p = 0.04) and
CON (11.3% p = 0.00) and no significant decreases for WBC1 (5.6%, p = 0.06) and
CWI (5.1%, p = 0.15). There were no significant differences between groups in muscle
soreness, CK, IL-6 or sleep. Femoral artery blood flow significantly decreased in CWI
(p = 0.02), but did not differ in other groups. WBC treatments within an hour may be
preferable for muscle strength recovery compared to delayed treatments; however WBC
appears to be no more effective than CWI. Neither cold intervention had an impact on
inflammation or sleep.
Keywords: whole body cryostimulation, muscle damage, sport, eccentric, cold, protocol
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INTRODUCTION

potential to extract more heat from the body (Bleakley et al.,
2014). Several effects of CWI have already been established postexercise, particularly with regards to mitigating muscle damage
markers such as muscle strength reductions and soreness (Bailey
et al., 2007; Ascensão et al., 2011; Rossato et al., 2015). Previous
studies that have directly compared the effects of WBC with CWI
on recovery parameters post-exercise reveal contrasting findings
(Abaïdia et al., 2017; Hohenauer et al., 2017, 2020; Wilson et al.,
2018, 2019; Qu et al., 2020). Further research is warranted in this
area to compare these two cryotherapy methods on the effects of
damage and recovery markers post-exercise.
This study aims to build on findings from previous work (Haq
et al., 2021) by exploring the comparative effects of two different
timings of WBC on EIMD following a downhill run, as well as
comparing WBC with CWI. Downhill running is a commonly
utilized eccentric exercise protocol for inducing muscle damage
that remains under-investigated in the field of cryotherapy. As
well as muscle damage markers, additional parameters to be
assessed in this study include limb blood flow, inflammation
and sleep which could collectively provide further insight on the
mechanisms of post-exercise recovery following cryotherapy. For
instance, the importance of sleep for athletic recovery has already
been established (Walsh et al., 2020) and studies have indicated
beneficial effects of WBC on sleep quality (Douzi et al., 2018,
2019). Clarifying a preferred timing of treatment may also assist
athletes and coaches in determining an optimum protocol for
WBC, which could represent a significant step in the constant
strive for performance advantages.
Consequently, the objectives of this study were two-fold:
firstly, to examine the influence of different timings of WBC
treatment on recovery parameters post-downhill run; secondly,
to compare the effects of WBC with CWI on recovery parameters
post-downhill run.

The extreme cold of Whole Body Cryotherapy (WBC) has
become an emerging tool for sport and exercise recovery
(Lombardi et al., 2017), demonstrating reductions in pain
(Hausswirth et al., 2011), inflammation (Pournot et al., 2011),
improved muscle strength recovery (Haq et al., 2021) and
benefits to range of motion (De Nardi et al., 2015). Despite such
effects, there is currently limited research which has identified
conclusively the optimum WBC protocol for such purposes.
Further, due to the differences associated with various sports, as
well as diversity in training backgrounds, it might be pertinent to
individualize cryotherapy treatments. WBC is also an expensive
and relatively unique treatment that is not easily accessible for
the majority of the athletic population. Therefore, it is necessary
to determine optimal cryotherapy treatments for maximal impact
and financial prudence.
Whilst WBC treatments are typically 3 min duration at
−110◦ C to −140◦ C (Lombardi et al., 2017), the influence of
treatment timing on WBC effectiveness has not been addressed.
It would be useful to determine at what stage of recovery
post-exercise WBC still evokes beneficial effects. Due to the
specific mechanisms of exercise-induced muscle damage (EIMD)
and breakdown in the first few hours post-exercise, recovery
interventions applied after several hours may be too late
to effectively intervene. For instance, the first 4 h of postexercise recovery is characterized by neutrophil infiltration,
release of reactive oxygen species and muscle cell lysis and
necrosis, whereas during subsequent hours, a pro-inflammatory
macrophage and cytokine response typically dominates (Peake
et al., 2017). Studies reporting the positive effect of WBC on
muscle recovery have applied treatments from within 15 min
post-exercise (Hausswirth et al., 2011; Ferreira-Junior et al., 2014,
2015), up to 45 min (Fonda and Sarabon, 2013) and 1 h postexercise (Kruger et al., 2015). Applying the treatment 24 h postexercise has not resulted in beneficial effects on muscle torque or
soreness (Costello et al., 2012a). It is conceivable that the 24-h
period after exercise represents a window when cryotherapy can
intervene to influence muscle damage progression, thus a longer
delay in the treatment may be ineffective in mitigating muscle
damage to benefit recovery. Factors such as cool down, transport
and treatment accessibility may present additional logistical
challenges for athletes wishing to use cryotherapy. Research on
the impact of delayed treatments beyond 1 h is lacking and no
study has yet to assess the influence of WBC treatment timing on
the damage or recovery response to exercise.
Another contentious area within the field of cryotherapy is
the comparative effect of WBC against cold water immersions
(CWI), especially considering the high popularity and
widespread use of the latter (Allan et al., 2021), as well as
its accessibility and affordability. Whilst WBC has the advantage
of imposing more extreme temperature on its users, thereby
creating a larger temperature gradient between the body surface
and the surroundings, CWI creates a hydrostatic effect, which
has been argued to augment the effect of alleviating muscle
swelling (White and Wells, 2013). Furthermore, cold water has
a higher thermal conductivity than cold air, which has a higher
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MATERIALS AND METHODS
Participants
The sample size calculation (G∗ Power, Franz Faul University
Kiel, Germany) was performed using the expected effect sizes
from a comparable study (Hohenauer et al., 2020). The following
design specifications were taken into account: significance level
0.05, power 0.8, effect size 0.4. The sample size estimated
according to these specifications revealed that 28 participants
would be appropriate. Thirty-three male volunteers (mean ± SD
age 37.0 ± 13.3 years, height 1.76 ± 0.07 m, body mass 79.5
± 13.7 kg) completed this study. Participants were randomly
assigned into four groups: WBC1 (n = 9), WBC4 (n = 8),
CWI (n = 8), and control (CON, n = 8). All participants
were of a suitable fitness level, partaking in regular physical
activity. Sample characteristics for each group are summarized
in Table 1. Participants provided written informed consent prior
to assessment. Ethical approval was obtained from the University
of Northampton Graduate School Research Ethics Committee.

Experimental Design
This study adopted a randomized independent groups design,
using a similar protocol as a previous study in this line of work
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TABLE 1 | Summary of characteristics for whole body cryotherapy 1 h (WBC1), 4 h (WBC4), cold water immersion (CWI), and control (CON) participants.
WBC1
(n = 9)

WBC4
(n = 8)

CWI
(n = 8)

CON
(n = 8)

OVERALL
(n = 33)
37.0 ± 13.3

Age (yrs)

35.3 ± 14.9

27.8 ± 5.9

38.1 ± 12.5

47.2 ± 12.0

Height (m)

1.76 ± 0.08

1.76 ± 0.08

1.78 ± 0.05

1.73 ± 0.04

1.76 ± 0.07

Body mass (kg)

89.5 ± 20.8

75.8 ± 8.3

77.6 ± 7.0

74.0 ± 8.2

79.5 ± 13.7

Body mass index (kg/m2 )

28.6 ± 4.9

24.6 ± 2.5

24.6 ± 2.1

24.7 ± 2.6

25.7 ± 3.6

Body fat %

23.2 ± 7.0

18.0 ± 3.2

21.1 ± 4.3

21.7 ± 3.9

21.1 ± 5.1

Absolute VO2 max (l/min)

3.52 ± 0.4

3.66 ± 0.42

3.40 ± 0.6

3.35 ± 0.24

3.41 ± 0.44

Relative VO2 max (ml/min/kg)

40.4 ± 6.1

43.2 ± 7.7

44.2 ± 5.1

45.3 ± 3.86

43.3 ± 5.4

Data presented as mean ± SD.

FIGURE 1 | Protocol summary of measures for each trial. Sleep was also assessed for 3 consecutive nights prior to main trial and night following. WBC, Whole Body
Cryotherapy; CWI, Cold Water Immersion; CON, Control; CK, creatine kinase; VAS, visual analog scale.

(Haq et al., 2021). There were three laboratory trials (ambient
temperature 20 ± 0.5◦ C) and all participants were asked to
refrain from alcohol and strenuous exercise for 24 and 48 h,
respectively, prior to each trial.
For the first trial, participants’ anthropometric characteristics
were assessed. Skinfold calipers (Harpenden Indicators, UK)
were used to estimate body fat percentage using the four site
method described previously (Haq et al., 2021). Participants
were familiarized to a muscle torque assessment via three
contractions using a Biodex dynamometer: two submaximal
isometric contractions (60 and 80% effort), followed by a singular
maximal contraction. Maximal aerobic capacity (VO2 max) was
assessed using an incremental treadmill protocol, as described
previously (Haq et al., 2021). Absolute and relative VO2 max
values were reported and 60% of the absolute VO2 max was
calculated. Participants completed a separate maximal muscle
torque assessment. Participants were provided a sleep watch
(Fitbit Inspire, California) and a sleep questionnaire, before
leaving the laboratory.
Frontiers in Sports and Active Living | www.frontiersin.org

Within 2 weeks of the first trial, participants performed
their main trial. Participants arrived in a physically rested and
hydrated state and were instructed to avoid caffeine for 4 h prior
to the session. Participants followed the protocol involving the
downhill run, cryotherapy intervention and measurements of
their variables pre and post-run, as specified in Figure 1.
Participants returned to the laboratory 24 h after the downhill
run for their final assessments, which included their post muscle
torque assessment following the same protocol as the pretrial. The sleep watch and questionnaire was also returned for
subsequent analysis of sleep data.
The study protocol is summarized in Figure 1.

Muscle Damaging Protocol
Participants performed a 30 min downhill run on a treadmill
(HPCosmos, Germany) at a 15% decline using the procedures
described previously (Haq et al., 2021). Target heart rate was
predetermined from the VO2 max vs. heart rate relationship so
3
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Muscle Soreness

that a running intensity corresponding to 60% of their VO2 max
was maintained.

Participants’ muscle soreness was assessed via a visual analog
scale (VAS) using the wall squat procedure (Haq et al., 2021).
Participants’ knees were flexed to a 90◦ angle, holding the
position for 3 s. Participants marked on the scale how much pain
they felt in their upper legs from “no pain” to “pain as bad as
it could possibly be”. The distances marked in millimeters were
converted into percentages.

Recovery Interventions
Whole Body Cryotherapy treatments occurred during the
main trial and were undertaken in a two-stage cryogenic
chamber (JUKA, Poland). Participants were screened for
contraindications following the completion of a health
questionnaire, including hypertension, other cardiovascular
diseases, open wounds, cold intolerance and neural/mental
disorders. Participants wore the appropriate protective clothing
and followed the same procedure as described previously (Haq
et al., 2022). Participants entered the cryotherapy chamber,
initially exposed to a vestibule chamber at −60◦ C for 30 s,
followed by the main chamber at −120◦ C for 150 s. On
completion, the exit door for the main chamber opened and the
participant exited. Thereafter, participants were advised to stay
mobile before changing in usual clothing.
WBC1 participants were transported to a therapy center
for their WBC treatment 60 min post-downhill run. WBC4
participants were allowed to leave the laboratory and instructed
to arrive at the therapy center ahead of their scheduled
WBC treatment 4 h post-downhill run, whilst maintaining
hydration status and avoiding caffeine, alcohol, exercise and
other recovery modalities.
Cold water immersion participants underwent treatment 1 h
post-downhill run in the same building as the laboratory.
Participants were immersed for 10 min into a plastic 200 L butt
filled with water up to the iliac crest. The water temperature
was maintained at 15 ± 0.5◦ C using a thermometer and
the addition/removal of ice. This temperature lies within the
10–15◦ C range that the majority of CWI studies have used
revealing benefits post-exercise (Versey et al., 2013). Due to
height differences, some participants were instructed to slightly
adjust their position whilst standing in the water to ensure
immersion up to their iliac crest. Participants were also instructed
to avoid excessive movements throughout the immersion.
Control participants did not undergo cold treatment
post-downhill run and had the same variables assessed under
controlled laboratory conditions at the same corresponding time
points as the WBC and CWI groups.

Creatine Kinase
Participants provided a 30 µl fingerstick blood sample for the
measurement of CK levels, using a test strip inserted into a
Reflotron Plus analyser (Oberoi Consulting, Derby), as described
previously (Haq et al., 2021).

Femoral Artery Blood Flow
Participants were rested in a supine position for at least 5 min
before images were taken. All measurements were taken by the
same operator to minimize inter-rater experimental bias. Resting
femoral artery blood flow was assessed via ultrasound using a
12L-RS linear transducer probe (frequency range 5–13 MHz)
attached to an ultrasound machine (Vivid I, GE Medical Systems,
Israel) in the pulse wave Doppler mode. Images were taken at
an insonation angle of 60◦ at the superficial femoral artery of
the right thigh ∼3 cm inferior from the bifurcation with the
deep femoral artery. Longitudinal B-mode images of the lumenarterial wall interface were optimized. Each measurement in
the pulse wave was recorded for 30 s. Images were stored and
later analyzed. Arterial diameter was measured perpendicularly
between the lumen-intima interfaces of the superior and inferior
walls of the artery (Baross et al., 2012). Arterial diameters and
velocities were determined as the mean of three 30 s pulse wave
measures. Mean blood velocities of each trace were measured
from the velocity time integrals on the machine.
Overall leg blood flow (LBF) was calculated as follows:
LBF (ml/min) = 60 × Mean blood velocity (cm/s) × π ×
artery radius2 (Blanco, 2015).

Interleukin-6
Whole blood samples were obtained by venepuncture into 6 ml
EDTA vacutainer tubes (BD Diagnostics, Oxford). Following
separation via centrifuge at 2,000 g for 10 min, plasma was
transferred into 1.5 ml eppendorf tubes and frozen at −80◦ C for
subsequent analysis. Concentrations of IL-6 in thawed samples
were quantified by Bio-Plex Multiplex Immunoassays (Bio-Rad,
UK), a technique that utilizes dual fluorescent polystyrene beads.
The IL-6 detection limit was 0.49 pg/ml. A high reliability
of the multiplex immunoassay system has previously been
demonstrated, with mean co-efficient of variance (CV) values as
low as 2.8% (Tighe et al., 2013).

Maximal Muscle Torque
Isometric maximal torque of the right quadriceps was assessed
by an isokinetic dynamometer (Biodex Medical Systems 3, New
York, USA) calibrated prior to the study. The dynamometer
was fitted with a lever arm attachment locked in at 90◦ leg
extension. Participants sat on the chair using the setup described
previously (Haq et al., 2021). Participants performed two warm
up contractions at 60 and 80% effort, respectively, by exerting
force against the pad. Following 2 min rest, they performed
four maximal contractions (with 2 min recoveries) with verbal
encouragement given throughout (Baross et al., 2013). All
contractions were 5 s in duration. The peak torque (Nm) was
determined as the maximum of the four contractions. A pilot
study conducted in the laboratory revealed a day to day variance
of 5.3% within individuals.

Frontiers in Sports and Active Living | www.frontiersin.org

Sleep
Sleep was assessed using motion and sleep tracking wrist watches
(Fitbit Inspire, California) for four consecutive nights—three
nights prior to the downhill run trial and the night following. The
main variable of interest was sleep efficiency:
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Sleep efficiency (%) = (Total time in bed – time awake)/Total
time in bed
Total time in bed was determined as the “sleep duration”
displayed on the watch data. The watch also provided the number
of awakenings and time spent awake. Participants were instructed
to wear the watches from the time they went to bed and remove
them upon waking. Compared to polysomnography reference
values, Fitbit watches have been reported to overestimate sleep
efficiency by 2–15% and underestimate time spent awake by
6–44 min, with no significant difference in sleep onset latency
(p = 0.37) (Haghayegh et al., 2019). Compared to Sensewear or
Actiwatch accelerometers, measurement errors of within ±10%
were reported for time in bed and time spent asleep (Feehan et al.,
2018).
A sleep questionnaire was also completed for the same nights
where participants assessed their overall sleep quality on a scale
from 5-very good to 1-very poor.
FIGURE 2 | Maximal muscle torques for WBC1, WBC4, CWI and CON
groups. *p < 0.05 for decrease in WBC4 and CON only. Data presented as
means ± standard deviations. N = 33.

Statistical Analysis
All data was analyzed using SPSS Version 26. Data for all
variables was assessed for normal distribution by the ShapiroWilk test. Data was transformed as appropriate (log or square
root) when data significantly deviated from normal distribution.
Muscle torque, femoral blood flow, IL-6 and sleep efficiency
were log transformed. Muscle soreness and CK were square root
transformed. Two way repeated measures ANOVAs were used
to assess the interaction effect between treatment group (WBC1,
WBC4, CWI, and CON) and time for all major variables (muscle
torque, femoral artery blood flow, IL-6, sleep, soreness, CK).
Muscle torque and femoral artery blood flow was assessed with
a 4 (group) × 2 (time) interaction; IL-6 was assessed with a 4 × 3;
soreness, CK and sleep were assessed with a 4 × 4. Paired t-tests
and post-hoc analyses using Bonferroni corrections were applied
within groups where appropriate to examine differences between
specific timepoints. Effect sizes (Cohen’s d) were calculated for
muscle torque, the main dependent variable of interest, and
defined as follows: small – 0.2; medium – 0.5; large – 0.8 (Cohen,
1992). Significance levels were set at 0.05.

RESULTS

FIGURE 3 | Maximal muscle torques for WBC1, WBC4, CWI and CON
groups. *p < 0.05 for decrease in WBC4 and CON only. Data presented as
means ± standard deviations. N = 33.

Original data (pre-transformation) are presented in figures.

Muscle Torque

and CON groups, respectively (Figure 2), with no differences
between groups (p = 0.45) or group∗ time interaction (p = 0.45).

There were no between-group differences in pre-muscle torque
(all pairwise comparisons p > 0.6). There was a significant
decrease in maximal isometric torque 24 h post-downhill run
for the WBC4 and CON groups (WBC4, 263.5 ± 62.5 Nm vs.
231.0 ± 47.2 Nm, p = 0.04, d = 0.59; CON, 230.9 ± 53.9 Nm
vs. 205.4 ± 52.6 Nm, p = 0.00, d = 0.48), a slight decrease
for the WBC1 group that approached significance (258.2 ±
34.2 Nm vs. 243.8 ± 35.3 Nm, p = 0.06, d = 0.42) and no
significant decrease for CWI (245.1 ± 76.8 Nm vs. 229.5 ±
72.7 Nm, p = 0.15, d = 0.21). The mean torque decreases were
14.4 ± 20.2 Nm (5.6%), 32.5 ± 37.0 Nm (10.9%), 15.6 ± 27.1 Nm
(5.1%) and 25.5 ± 14.5 Nm (11.3%) for the WBC1, WBC4, CWI,

Frontiers in Sports and Active Living | www.frontiersin.org

Muscle Soreness
Soreness significantly increased from baseline to post-downhill
run and 24 h post-run for all groups (overall effect of time p =
0.00 for all groups, Figure 3), with a peak reached at 24 h for
WBC1 (51%), WBC4 (49%), and CON (44%). The peak soreness
for CWI was obtained post-downhill run (38%). There was no
group∗ time interaction effect (p = 0.87). Pairwise comparisons
revealed no differences between any of the groups at 24 h postrun (all p-values > 0.6).
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Creatine Kinase
Blood CK significantly increased from baseline at 24 h post-run
in all four groups (WBC1: 151.2 ± 88.2 IU/L vs. 442.8 ± 327.4
IU/L; WBC4: 163.1 ± 136.6 IU/L vs. 481.4 ± 170.5 IU/L; CWI:
182.5 ± 163.8 IU/L vs. 375.8 ± 229.8 IU/L; CON: 108.2 ± 39.9
IU/L vs. 465.3 ± 230.9 IU/L, p = 0.00 for all groups, Figure 4).
However, there were no group∗ time interaction effects (p = 0.25)
with no difference noted between groups at post 24 h (p = 0.76).

Femoral Artery Blood Flow
Femoral artery blood flows are displayed in Table 2. There was
no difference in blood flow for WBC1, WBC4, or CON groups
(all p-values > 0.5). Blood flow significantly decreased for the
CWI group (p = 0.02) whilst there was no significant group∗ time
interaction effect (p = 0.19).

Plasma IL-6
IL-6 results are displayed in Table 3. The majority of samples
were below the detectable limit of 0.49 pg/ml. These samples
were recorded as 0.25 pg/ml for analysis purposes. There were
no significant increases in IL-6 post-run for any of the groups
(p > 0.10 for all groups) and there was no group∗ time interaction
(p = 0.43).

FIGURE 4 | Blood CK values for WBC1, WBC4, CWI and CON groups. *p <
0.05 for increase at 24 h post for all groups. Data presented as means ±
standard deviations. N = 33.

TABLE 2 | Femoral artery blood flows for WBC1, WBC4, CWI, and CON groups.
Pre (ml/min)

Sleep
Average durations in bed and sleep efficiency percentages each
night are displayed in Table 4, along with sleep questionnaire
ratings. There was no difference within or between groups for
sleep efficiency (effect of time p > 0.4 for all groups; group∗ time
interaction effect, p = 0.39). There was no difference within or
between groups for sleep questionnaire ratings (effect of time
p > 0.2 for all groups; group∗ time interaction effect, p = 0.62).

WBC1

244.5 ± 50.5

248.8 ± 53.7

WBC4

235.4 ± 102.0

258.5 ± 161.0

CWI

195.0 ± 59.6

158.6 ± 80.3*

CON

206.2 ± 53.9

214.3 ± 59.7

Data presented as means ± standard deviations. N = 33.
< 0.05 for decrease in CWI group.

*p

DISCUSSION

TABLE 3 | Plasma IL-6 response for WBC1, WBC4, CWI, and CON groups.

The principal aim of this study was to investigate the potential
influence of WBC treatment timing on responses to muscle
damaging exercise, since no prior study had manipulated WBC
timing as a protocol factor. The main finding was that timing
did not have a significant impact on the outcomes following
a downhill run, however there is evidence to suggest that
taking cryotherapy treatments within an hour post-exercise may
be preferable for muscle strength recovery than delaying by
several hours. Secondarily, WBC did not appear to be any more
beneficial than CWI for all the assessed variables. There was also
no impact of either cold treatment intervention on sleep.
There was evidence that significant muscle damage occurred
in the WBC4 and CON participants as observed by the significant
decrease in muscle torque 24 h post-run (∼11% decrease in these
groups). The decrease of 5.6% at 24 h for the WBC1 group is
comparable to the WBC cohort in a previous downhill run study
(Haq et al., 2021). Meanwhile, there was no significant decrease
for the CWI group (5.1%, p = 0.15), which would indicate that
CWI can be a useful remedy to support post-exercise recovery,
as supported by some earlier findings (Bailey et al., 2007; Rowsell
et al., 2011). Since the slight decreases for WBC1 and CWI are
very similar to the within subject day to day variance of 5.3%, this

Frontiers in Sports and Active Living | www.frontiersin.org

Post-run/cryo (ml/min)

Pre

1 h post-run/post-cryo*

24 h post

WBC1

0.30 ± 0.13 pg/ml

0.47 ± 0.41 pg/ml

0.25 ± 0.00 pg/ml

WBC4

0.32 ± 0.18 pg/ml

0.59 ± 0.31 pg/ml

0.25 ± 0.00 pg/ml

CWI

0.25 ± 0.00 pg/ml

0.32 ± 0.15 pg/ml

0.25 ± 0.00 pg/ml

CON

0.25 ± 0.00 pg/ml

1.02 ± 0.88 pg/ml

0.25 ± 0.00 pg/ml

Data presented as means ± standard deviations. N=33.
for WBC4 group taken post-WBC (∼4 h post-run).

* Measurement

would suggest that the WBC1 and CWI groups responded better
with regards to muscle strength recovery. This may support
the theory that delaying WBC treatment by several hours is
disadvantageous due to the time course of the muscle breakdown
mechanisms post-exercise, such as infiltration of neutrophils,
release of reactive oxygen species, as well as disruption of
myofibrils, calcium handling and muscle contractile components
(Peake et al., 2017). However, the lack of difference between
the WBC1 and CWI groups indicates that WBC is no more
effective than CWI despite the more extreme cold temperatures.
This supports earlier findings revealing no significant recovery
benefits of WBC treatments compared to CWI post-exercise
(Hohenauer et al., 2017, 2020; Wilson et al., 2018).
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TABLE 4 | Sleep durations, % efficiency and questionnaire ratings over 4 consecutive nights for WBC1, WBC4, CWI, and CON groups.
Variable
Sleep duration (min)

Sleep efficiency

Sleep questionnaire

Night 1

Night 2

Night 3 (night before main trial)

Night 4 (night after main trial)

WBC1

469.0 ± 74.0

406.1 ± 79.2

393.3 ± 105.7

461.1 ± 52.6

WBC4

380.0 ± 86.5

421.4 ± 80.8

362.4 ± 68.3

405.8 ± 40.5

CWI

484.8 ± 137.0

481.2 ± 69.2

495.4 ± 83.3

530.2 ± 129.2

CON

417.0 ± 90.1

456.3 ± 44.6

452.5 ± 35.0

466.8 ± 54.6

WBC1

95.0% ± 2.6

93.7% ± 2.6

93.7% ± 3.1

94.5% ± 2.9

WBC4

94.2% ± 3.3

95.7% ± 3.5

96.5% ± 1.8

92.4% ± 8.1

CWI

90.0% ± 14.5

87.3% ± 19.4

87.6% ± 16.8

91.5% ± 10.4

CON

97.0% ± 2.6

97.2% ± 2.2

97.0% ± 2.4

97.0% ± 2.0

WBC1

3.1 ± 0.9

3.2 ± 0.8

3.1 ± 0.9

3.4 ± 1.1

WBC4

2.7 ± 1.0

3.3 ± 1.5

3.2 ± 0.8

4.0 ± 0.6

CWI

3.1 ± 0.7

3.3 ± 0.5

3.4 ± 0.8

3.7 ± 0.5

CON

3.4 ± 1.0

3.7 ± 0.5

3.0 ± 0.6

± 0.5

Sleep questionnaire scores: 5- “very good,” 1- “very poor”. Downhill run and cryotherapy occurred between nights 3 and 4. Data presented as means ± standard deviations.

cryotherapy intervention was successful in blunting the plasma
CK response, regardless of treatment timing. It therefore appears
that singular cryotherapy treatments (cold air or water) are
insufficient to significantly alter blood CK levels post-exercise
(using these specific protocols) and affect the muscle membrane
breakdown following exercise.
There were no between group differences in femoral artery
blood flow. However, whilst there was a significant decrease
in leg blood flow for the CWI group post-treatment, there
were no decreases for either WBC intervention. One proposed
mechanism of WBC potentially aiding the alleviation of muscle
damage is a reduced blood supply causing reduced muscle
metabolism, thus reduced muscle breakdown (White and Wells,
2013; Ferreira-Junior et al., 2014). Although the impact of WBC
on muscle metabolism per se remains inconclusive, previous
studies have demonstrated reduced muscle temperatures and
oxygenation post-WBC (Costello et al., 2012b; Hohenauer et al.,
2020). In the current study there was no impact of WBC
on femoral artery blood flow, regardless of the timing. One
study has previously reported significant reductions in leg blood
flow post-CWI and post-WBC but with more pronounced
reductions following CWI (Mawhinney et al., 2017). One notable
difference is that this prior study assessed femoral blood flow
at more time points pre- and post-treatment. Due to the need
to transport WBC participants in the current study, it was not
feasible to measure leg blood flow between the downhill run
and the cryotherapy treatment without further treatment delay.
Nonetheless, the finding that leg blood flow significantly reduced
following CWI post-run and not following WBC (possibly due to
the hydrostatic pressure) might explain why CWI is potentially
favorable for alleviating muscle soreness and/or swelling, perhaps
due to lower metabolic demands (Ihsan et al., 2016). Muscle
metabolism or swelling was not assessed in the current study, but
the possibility of addressing these markers in further comparative
studies between WBC and CWI remains a possible avenue for
further research.
Despite the presence of muscle damage, the IL-6 results
would indicate that the downhill run did not cause a substantial
inflammatory response, with an average peak of 1.02 pg/ml for
CON. This is in contrast with previous downhill run studies

Regarding muscle soreness, there did not appear to be an
impact of WBC treatment timing since both WBC groups
had near identical levels of soreness 24 h post-exercise. As
reported previously (Haq et al., 2021), the potential limitation
of not assessing soreness beyond 24 h should be considered. The
lack of impact of WBC on muscle soreness post-downhill run
corroborates the findings from previous work (Haq et al., 2021),
since soreness post-WBC was no lower than CON. Although not
significantly different from the other groups, CWI participants
had the lowest peak of muscle soreness (38%, Figure 3) and
were the only group where muscle soreness did not peak at 24 h
post. This opposes findings from the two previous downhill run
and CWI studies to date (Crystal et al., 2013; Rossato et al.,
2015) where the peak soreness occurred at 24 h post-run. It is
conceivable that the soreness for the CWI group would have
dropped further at 48 h post-run, potentially favoring the use
of CWI over WBC. A useful consideration is the clinically
relevant difference in soreness. Clinically important differences
in pain VAS scores could be as low as 13% (Gallagher et al.,
2001; Camacho-Villa et al., 2021), which corresponds to the 13%
difference in peak soreness between the WBC1 and CWI groups.
Such differences could thereby have implications for subsequent
exercise performance.
Whilst the impact of WBC on muscle soreness remains
contentious (Costello et al., 2015), several findings have
supported the use of CWI for alleviating soreness post-exercise
(Bailey et al., 2007; Ascensão et al., 2011; L’Hermette et al.,
2020). This is possibly due to the fact that cold water imposes
a hydrostatic effect which can further curtail swelling and efflux
of metabolites (White and Wells, 2013), as well as having a higher
potential to extract heat from the body (Bleakley et al., 2014).
There was no impact of either cryotherapy intervention on
plasma CK levels. The overall CK values at 24 h post were quite
moderate albeit significantly elevated from baseline (all groups
<500 I/L, Figure 4) and indicates the relatively mild extent of
muscle damage caused by the downhill run. Whilst downhill
running causes substantial muscle damage, the extent of damage
is not as severe as other commonly adopted EIMD protocols
such as drop jumps (Westerlund et al., 2009; Hohenauer et al.,
2020) and isolated arm curls (Yoon and Kim, 2020). Neither
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CRP, and TNF-α (Pournot et al., 2011; Krueger et al., 2018)—
would provide more insight into the specific local and
systemic inflammatory responses, their time course and potential
interactions between different inflammatory molecules following
muscle damaging exercise.

(Smith et al., 2007; Dolci et al., 2015) observing IL-6 values
ranging from 3 to 12 pg/ml post-run. One potential cause of a
lack of substantial inflammatory response could have been the
mild extent of muscle damage (11% decrease in torque for CON,
plasma CK <500 I/L). Additionally, downhill runs of longer
durations than 30 min may induce more pronounced increases
in inflammatory markers, as was evident in the aforementioned
downhill run studies. Further research to clarify the potential
impact of single cryotherapy treatments on inflammatory
responses post-muscle damaging exercise would be informative.
Due to the established importance of sleep quality for athletic
recovery and performance (Walsh et al., 2020), it would be
pertinent to further explore the potential impact of postexercise recovery interventions on sleep. There was no impact of
either cryotherapy intervention on sleep quality. This contrasts
previous WBC (Douzi et al., 2018) and CWI (Tabben et al.,
2018) research. Purported claims for the potential benefits
of cold applications on recovery and sleep post-exercise are
core temperature reductions and parasympathetic re-activation
(Douzi et al., 2018) however these mechanisms were unlikely to
have had a significant influence in the current study.

CONCLUSIONS
Further insight is provided into the potential optimum WBC
protocol for supporting post-exercise recovery and this is the
first study to manipulate treatment timing as a factor. Delayed
WBC treatments of several hours were ineffective in treating
muscle damage, therefore indicating that it may be preferable
to apply WBC within 1 h after exercise for optimum muscle
strength recovery benefits. This may imply a positive outcome
for busy athletes with demanding schedules, but could represent
additional challenges to practitioners who do not have quick
access to treatments. WBC treatment timing does not have
a significant influence on post-exercise recovery parameters
otherwise. Since WBC does not appear to be any more beneficial
than CWI for post-downhill run recovery, CWI might be a
preferred option due to its lower expense and relative ease
of access. Additionally, there was no impact of either cold
intervention on inflammation or sleep post-exercise. It would
be beneficial for future research to focus more on comparing
these two cold treatments following muscle damaging exercise
bouts, particularly with regards to muscle swelling, blood flow
and inflammatory markers, as well as investigate the impact of
delayed treatments for CWI.

Study Limitations
As mentioned prior, the limitation of not assessing muscle
damage markers beyond 24 h post-exercise should be noted. The
peak muscle damage response post-downhill run is likely to occur
between 24 and 48 h with several downhill run studies indicating
closer to 24 h (Close et al., 2005; Crystal et al., 2013; Dolci et al.,
2015; Rossato et al., 2015). It is thereby conceivable that the
damage response at 24 h would be a reliable indicator of damage
markers at 48 h and any alleviation at 24 h would likely result in
quicker recovery to baseline (Haq et al., 2021).
Due to the logistics of transporting WBC participants for their
treatments after the run and not being able to control all ambient
conditions, it is possible that the Doppler ultrasound measures
were not as reliable as anticipated. Since the cold water treatments
occurred in the same building as the downhill run, the blood
flow measures for these participants were likely to have been
more reliable.
The reliability of the sleep measurements is also questionable,
which could explain the lack of significant findings in this
variable. Whilst previous studies have assessed sleep parameters
post-WBC (Schaal et al., 2014; Douzi et al., 2018), this is the first
cryotherapy study to use Fitbit watches. Wrist actigraphs have
become a more popular mode in the assessment of sleep (Tabben
et al., 2018). Polysomnography has also been utilized to good
effect (Robey et al., 2013). Due to the multi-objective nature of
the study, such invasive assessment of participants’ sleep would
have arguably been impractical and ecologically invalid.
Additionally, only one marker of inflammation was assessed
due to constraints on timing and resources, with insignificant
findings. Whilst the relevance of IL-6 for muscle damage and
recovery has been established (Bruunsgaard et al., 1997; Dolci
et al., 2015) other studies indicate that plasma IL-6 increases
is not a reliable marker to assess EIMD severity (Hirose
et al., 2004; Robson-Ansley et al., 2010). Measuring other
inflammatory markers implicated in EIMD—e.g., IL-1β, IL-10,
Frontiers in Sports and Active Living | www.frontiersin.org

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT
The studies involving human participants were reviewed and
approved by University of Northampton Graduate School
Research Ethics Committee. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS
AH, WR, and AB contributed to the study conception and design.
AH performed the material preparation, data collection, data
analysis, and wrote the first draft of the manuscript. Supervision
by WR and AB. All authors reviewed and edited previous
versions of the manuscript and read and approved the final
version of the manuscript.

ACKNOWLEDGMENTS
The authors acknowledge all participants for assisting with data
collection, as well as Moulton College for internal funding, and
both Moulton College and the University of Northampton for
access to resources.
8

July 2022 | Volume 4 | Article 940516

Haq et al.

Cryotherapy for Post-Exercise Recovery

REFERENCES

evening improves sleep quality in physically active men. Eur. J. Sport Sci. 19,
860–867. doi: 10.1080/17461391.2018.1551937
Douzi, W., Dupuy, O., Theurot, D., Boucard, G., and Dugué, B. (2019). Partialbody cryostimulation after training improves sleep quality in professional
soccer players. BMC Res. Notes. 12, 141. doi: 10.1186/s13104-019-4172-9
Feehan, L. M., Geldman, J., Sayre, E. C., Park, C., Ezzat, A. M., Yoo, J. Y., et al.
(2018). Accuracy of fitbit devices: systematic review and narrative syntheses of
quantitative data. JMIR mHealth uHealth. 6, e10527. doi: 10.2196/10527
Ferreira-Junior, J. B., Bottaro, M., Loenneke, J. P., Vieira, A., Vieira, C. A.,
and Bemben, M. G. (2014). Could whole-body cryotherapy (below−100◦ C)
improve muscle recovery from muscle damage? Front. Physiol. 5, 247.
doi: 10.3389/fphys.2014.00247
Ferreira-Junior, J. B., Bottaro, M., Vieira, A., Siqueira, A. F., Vieira, C. A.,
Durigan, J. L., et al. (2015). One session of partial-body cryotherapy (-110
◦ C) improves muscle damage recovery. Scand. J. Med. Sci. Sports. 25, 524–530.
doi: 10.1111/sms.12353
Fonda, B., and Sarabon, N. (2013). Effects of whole-body cryotherapy on recovery
after hamstring damaging exercise: a crossover study. Scand. J. Med. Sci. Sports.
23, e270–e278. doi: 10.1111/sms.12074
Gallagher, E. J., Liebman, M., and Bijur, P. E. (2001). Prospective validation of
clinically important changes in pain severity measured on a visual analog scale.
Ann. Emerg. Med. 38, 633–8. doi: 10.1067/mem.2001.118863
Haghayegh, S., Khoshnevis, S., Smolensky, M. H., Diller, K. R., and Castriotta, R. J.
(2019). Accuracy of wristband fitbit models in assessing sleep: systematic review
and meta-analysis. J. Med. Internet Res. 21, e16273. doi: 10.2196/16273
Haq, A., Ribbans, W., and Baross, A. (2021). The effects of age and body fat
content on post downhill run recovery following whole body cryotherapy. Int.
J. Environ. Res. Pub. Health. 18, 2906. doi: 10.3390/ijerph18062906
Haq, A., Ribbans, W. J., Hohenauer, E., and Baross, A. W. (2022). The effect of
repetitive whole body cryotherapy treatment on adaptations to a strength and
endurance training programme in physically active males. Front. Sports Act.
Living. 4, 834386. doi: 10.3389/fspor.2022.834386
Hausswirth, C., Louis, J., Bieuzen, F., Pournot, H., Fournier, J., Filliard, J. R., et al.
(2011). Effects of whole-body cryotherapy vs. far-infrared vs. passive modalities
on recovery from exercise-induced muscle damage in highly-trained runners.
PLoS ONE. 6, e27749. doi: 10.1371/journal.pone.0027749
Hirose, L., Nosaka, K., Newton, M., Laveder, A., Kano, M, Peake, J, and Suzuki, K.
(2004). Changes in inflammatory mediators following eccentric exercise of the
elbow flexors. Exerc. Immunol. Rev. 10, 75–90.
Hohenauer, E., Costello, J. T., Deliens, T., Clarys, P., Stoop, R., and Clijsen, R.
(2020). Partial-body cryotherapy (-135◦ C) and cold-water immersion (10◦ C)
after muscle damage in females. Scand. J. Med. Sci. Sports. 30, 485–495.
doi: 10.1111/sms.13593
Hohenauer, E., Costello, J. T., Stoop, R., Küng, U. M., Clarys, P., Deliens, T., et al.
(2017). Cold-water or partial-body cryotherapy? Comparison of physiological
responses and recovery following muscle damage. Scand. J. Med. Sci. Sports. 28,
1252–1262. doi: 10.1111/sms.13014
Ihsan, M., Watson, G., and Abbiss, C. R. (2016). What are the physiological
mechanisms for post-exercise cold water immersion in the recovery from
prolonged endurance and intermittent exercise? Sports Med. 46, 1095–1109.
doi: 10.1007/s40279-016-0483-3
Krueger, M., Costello, J. T, Achtzehn, S., Dittmar, K. H., and Mester, J. (2018).
Whole-body cryotherapy (-110 ◦ C) following high-intensity intermittent
exercise does not alter hormonal, inflammatory or muscle damage biomarkers
in trained males. Cytokine. 113, 277–284. doi: 10.1016/j.cyto.2018.07.018
Kruger, M., de Marees, M., Dittmar, K. H., Sperlich, B, and Mester, J.
(2015). Whole-body cryotherapy’s enhancement of acute recovery of running
performance in well-trained athletes. Int. J. Sports Physiol. Perf. 10, 605–612.
doi: 10.1123/ijspp.2014-0392
L’Hermette, M., Castres, I., Coquart, J., Tabben, M., Ghoul, N., Andrieu, B., et al.
(2020). Cold water immersion after a handball training session: the relationship
between physical data and sensorial expérience. Front. Sports Act Living. 2,
581705. doi: 10.3389/fspor.2020.581705
Lombardi, G., Ziemann, E., and Banfi, G. (2017). Whole-body cryotherapy in
athletes: from therapy to stimulation. An updated review of the literature. Front.
Physiol. 8, 258. doi: 10.3389/fphys.2017.00258
Mawhinney, C., Low, D. A., Jones, H., Green, D. J., Costello, J. T., and
Gregson, W. (2017). Cold-water mediates greater reductions in limb blood

Abaïdia, A. E., Lamblin, J., Delecroix, B., Leduc, C., McCall, A., Nédélec, M.,
et al. (2017). Recovery from exercise-induced muscle damage: cold-water
immersion versus whole-body cryotherapy. Int. J. Sports Physiol. Perf. 2,
402–409. doi: 10.1123/ijspp.2016-0186
Allan, R., Akin, B., Sinclair, J., Hurst, H., Alexander, J., Malone, J. J., et al. (2021).
Athlete, coach and practitioner knowledge and perceptions of post-exercise
cold-water immersion for recovery: a qualitative and quantitative exploration.
Sport Sci. Health. doi: 10.1007/s11332-021-00839-3
Ascensão, A., Leite, M., Rebelo, A. N., Magalhäes, S., and Magalhäes, J. (2011).
Effects of cold water immersion on the recovery of physical performance and
muscle damage following a one-off soccer match. J. Sports Sci. 29, 217–225.
doi: 10.1080/02640414.2010.526132
Bailey, M., Erith, S. J., Griffin, P. J., Dowson, A., Brewer, D. S., Gant, N., et al.
(2007). Influence of cold-water immersion on indices of muscle damage
following prolonged intermittent shuttle running. J. Sports Sci. 25, 1163–1170.
doi: 10.1080/02640410600982659
Baross, A. W., Wiles, J. D., and Swaine, I. L. (2012). Effects of the intensity of
leg isometric training on the vasculature of trained and untrained limbs and
resting blood pressure in middle-aged men. Int. J. Vasc. Med. 2012, 964697.
doi: 10.1155/2012/964697
Baross, A. W., Wiles, J. D., and Swaine, I. L. (2013). Double-leg isometric
exercise training in older men. Open Access J. Sports Med. 4, 33–40.
doi: 10.2147/OAJSM.S39375
Blanco, P. (2015). Volumetric blood flow measurement using Doppler
ultrasound: concerns about the technique. J. Ultrasound. 18, 201–204.
doi: 10.1007/s40477-015-0164-3
Bleakley, C. M., Bieuzen, F., Davison, G. W., and Costello, J. T. (2014). Wholebody cryotherapy: empirical evidence and theoretical perspectives. Open Access
J. Sports Med. 10, 25–36. doi: 10.2147/OAJSM.S41655
Bruunsgaard, H., Galbo, H., Halkjaer-Kristensen, J., Johansen, T. L., MacLean,
D. A., and Pedersen, B. K. (1997). Exercise-induced increase in serum
interleukin-6 in humans is related to muscle damage. J. Physiol. 499, 833–841.
doi: 10.1113/jphysiol.1997.sp021972
Camacho-Villa, M. A., Reina-Torres, D., Herrera-Villaboona, E., and
Delgado-Díaz, D. (2021). Delayed onset muscle soreness intensity
affects muscular performance. Rev. Uni. Ind. Santander. Salud 53, e303.
doi: 10.18273/saluduis.53.e:21036
Close, G. L., Ashton, T., Cable, T., Doran, D., Noyes, C., McArdle, F., et al. (2005).
Effects of dietary carbohydrate on delayed onset muscle soreness and reactive
oxygen species after contraction induced muscle damage. Br. J. Sports Med. 39,
948–953. doi: 10.1136/bjsm.2005.019844
Cohen, J. (1992). Statistical power analysis. Curr. Dir. Psychol. Sci. 1, 98–101.
doi: 10.1111/1467-8721.ep10768783
Costello, J. T, Algar, L. A., and Donnelly, A. E. (2012a). Effects of whole-body
cryotherapy (-110 ◦ C) on proprioception and indices of muscle damage. Scand
J. Med. Sci. Sports. 22, 190–198. doi: 10.1111/j.1600-0838.2011.01292.x
Costello, J. T, Baker, P. R, Minett, G. M., Bieuzen, F., Stewart, I. B, and Bleakley, C.
(2015). Cochrane review: whole-body cryotherapy (extreme cold air exposure)
for preventing and treating muscle soreness after exercise in adults. Coch.
Database Sys. Rev. 18, CD010789. doi: 10.1002/14651858.CD010789.pub2
Costello, J. T., Culligan, K., Selfe, S., and Donnelly, A. E. (2012b). Muscle, skin and
core temperature after−110◦ C cold air and 8◦ C water treatment. PLoS ONE. 7,
e48190. doi: 10.1371/journal.pone.0048190
Crystal, N. J., Townson, D. H., Cook, S. B., and LaRoche, D. P. (2013).
Effect of cryotherapy on muscle recovery and inflammation following
a bout of damaging exercise. Eur. J. App. Physiol. 113, 2577–2586.
doi: 10.1007/s00421-013-2693-9
De Nardi, M., La Torre, T., Benis, R., Sarabon, N., and Fonda, B. (2015). Acute
effects of whole-body cryotherapy on sit-and-reach amplitude in women and
men. Cryobiol. 71, 511–513. doi: 10.1016/j.cryobiol.2015.10.148
Dolci, A., Fortes, M. B., Walker, F. S., Haq, A., Riddle, T., and Walsh,
N. P. (2015). Repeated muscle damage blunts the increase in heat strain
during subsequent exercise heat stress. Eur. J. App. Physiol. 115, 1577–1588.
doi: 10.1007/s00421-015-3143-7
Douzi, W., Dupuy, O., Tanneau, M., Boucard, G., Bouzigon, R., and Dugué, B.
(2018). 3-min whole body cryotherapy/cryostimulation after training in the

Frontiers in Sports and Active Living | www.frontiersin.org

9

July 2022 | Volume 4 | Article 940516

Haq et al.

Cryotherapy for Post-Exercise Recovery

Versey, N. G., Halson, S. L., and Dawson, B. T. (2013). Water immersion recovery
for athletes: effect on exercise performance and practical recommendations.
Sports Med. 43, 1101–1130. doi: 10.1007/s40279-013-0063-8
Walsh, N. P, Halson, S. L., Sargent, C., Roach, G. D., Nédélec, M.,
Gupta, L., et al. (2020). Sleep and the athlete: narrative review and
2021 expert consensus recommendations. B. J. Sports Med. 55, 356–368.
doi: 10.1136/bjsports-2020-102025
Westerlund, T., Oksa, J., Smolander, J., and Mikkelsson, M. (2009). Neuromuscular
adaptation after repeated exposure to whole-body cryotherapy (-110◦ C). J.
Thermal. Biol. 34, 226–231. doi: 10.1016/j.jtherbio.2009.02.004
White, G. E., and Wells, G. D. (2013). Cold-water immersion and other forms
of cryotherapy: physiological changes potentially affecting recovery from highintensity exercise. Extreme Physiol. Med. 2, 26. doi: 10.1186/2046-7648-2-26
Wilson, L. J., Cockburn, E., and Paice, K., Sinclair, S., Faki, T., Hills, F. A., et al.
(2018). Recovery following a marathon: a comparison of cold water immersion,
whole body cryotherapy and a placebo control. Eur. J. App. Physiol. 118,
153–163. doi: 10.1007/s00421-017-3757-z
Wilson, L. J., Dimitriou, L., Hills, F. A., Gondek, M. B., and Cockburn, E.
(2019). Whole body cryotherapy, cold water immersion, or a placebo following
resistance exercise: a case of mind over matter? Eur. J. App. Physiol. 119,
135–147. doi: 10.1007/s00421-018-4008-7
Yoon, E. J., and Kim, J. (2020). Effect of body fat percentage on muscle damage
induced by high-intensity eccentric exercise. Int. J. Environ. Res. Pub. Health.
17, 3476. doi: 10.3390/ijerph17103476

flow than whole body cryotherapy. Med. Sci. Sports Ex. 49, 1252–1260.
doi: 10.1249/MSS.0000000000001223
Peake, J. M., Neubauer, O., Gatta, P. A. D., and Nozaka, K. (2017). Muscle damage
and inflammation during recovery from exercise. J. App. Physiol. 122, 559–570.
doi: 10.1152/japplphysiol.00971.2016
Pournot, H., Bieuzen, F., Louis, J., Fillard, J. R., Barbiche, E., and Hausswirth, C.
(2011). Time-course of changes in inflammatory response after whole-body
cryotherapy multi exposures following severe exercise. PLoS ONE 6, e22748.
doi: 10.1371/journal.pone.0022748
Qu, C., Wu, Z., Xu, M., Qin, F., Dong, Y., Wang, Z., et al. (2020).
Cryotherapy models and timing-sequence recovery of exercise-induced muscle
damage in middle- and long-distance runners. J. Ath. Train. 4, 329–335.
doi: 10.4085/1062-6050-529-18
Robey, E., Dawson, B., Halson, S., Gregson, W., King, S., Goodman, C., et al.
(2013). Effect of evening post-exercise cold water immersion on subsequent
sleep. Med. Sci. Sports Ex. 45, 1394–1402. doi: 10.1249/MSS.0b013e318287
f321
Robson-Ansley, P., Cockburn, E., Walshe, I., Stevenson, E., and Nimmo, M.
(2010). The effect of exercise on plasma soluble IL-6 receptor concentration:
a dichotomous response. Exerc. Immunol. Rev. 16, 56–76.
Rossato, M., Bezzeraa, E. D. S., de Ceselles Seixas da Silvaa D. A., Santana,
T. A., Malezamc, W. R., and Carpe, F. P. (2015). Effects of cryotherapy on
muscle damage markers and perception of delayed onset muscle soreness
after downhill running: a Pilot study. Rev. Andal. Med. Deporte. 8, 49–53.
doi: 10.1016/j.ramd.2014.07.003
Rowsell, G. J., Coutts, A. J., Reaburn, P., and Hill-Haas, S. (2011). Effect of
post-match cold-water immersion on subsequent match running performance
in junior soccer players during tournament play. J. Sports Sci. 29, 1–6.
doi: 10.1080/02640414.2010.512640
Schaal, K., Meur, Y., Louis, J., Filliard, J. R, Hellard, P., Casazza, G., and
Hausswirth, C. (2014). Whole-body cryostimulation limits overreaching
in elite synchronized swimmers. Med. Sci. Sports Ex. 47, 1416–1425.
doi: 10.1249/MSS.0000000000000546
Smith, L. L., McKune, A. J., Semple, S. J., Silbanda, E., Steel, H., and Anderson, R.
(2007). Changes in serum cytokines after repeated bouts of downhill running.
App. Physiol. Nut. Metab. 32, 233–240. doi: 10.1139/h06-106
Tabben, M., Ihsan, M., Ghoul, N., Coquart, J., Chaouachi, A., Chaabene, H., et al.
(2018). Cold water immersion enhanced athletes’ wellness and 10m short sprint
performance 24h after a simulated mixed martial arts combat. Front. Physiol. 9,
1542. doi: 10.3389/fphys.2018.01542
Tighe, P., Negm, O., Todd, I., and Fairclough, L. (2013). Utility, reliability
and reproducibility of immunoassay multiplex kits. Methods. 61, 23–29.
doi: 10.1016/j.ymeth.2013.01.003

Frontiers in Sports and Active Living | www.frontiersin.org

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2022 Haq, Ribbans, Hohenauer and Baross. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

10

July 2022 | Volume 4 | Article 940516

