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Abstract

The application of post-exercise cooling (e.g., cold water immersion) and post-exercise heating has become a
popular intervention which is assumed to increase functional recovery and may improve chronic training adapta-
tions. However, the effectiveness of such post-exercise temperature manipulations remains uncertain. The aim of this
comprehensive review was to analyze the effects of post-exercise cooling and post-exercise heating on neuromus-
cular function (maximal strength and power), fatigue resistance, exercise performance, and training adaptations. We
focused on three exercise types (resistance, endurance and sprint exercises) and included studies investigating (1) the
early recovery phase, (2) the late recovery phase, and (3) repeated application of the treatment. We identified that the
primary benefit of cooling was in the early recovery phase (< 1 h post-exercise) in improving fatigue resistance in hot
ambient conditions following endurance exercise and possibly enhancing the recovery of maximal strength follow-
ing resistance exercise. The primary negative impact of cooling was with chronic exposure which impaired strength
adaptations and decreased fatigue resistance following resistance training intervention (12 weeks and 4-12 weeks,
respectively). In the early recovery phase, cooling could also impair sprint performance following sprint exercise and
could possibly reduce neuromuscular function immediately after endurance exercise. Generally, no benefits of acute
cooling were observed during the 24-72-h recovery period following resistance and endurance exercises, while it
could have some benefits on the recovery of neuromuscular function during the 24-48-h recovery period following
sprint exercise. Most studies indicated that chronic cooling does not affect endurance training adaptations following
4-6 week training intervention. We identified limited data employing heating as a recovery intervention, but some
indications suggest promise in its application to endurance and sprint exercise.

Keywords: Cooling, Heating, Water immersion, Training, Muscle function, Physical performance, Temperature,
Fatigue, Recovery

Key Points

+ The primary benefit of cooling is observed during
the early recovery phase (<1 h post-exercise): it can
improve fatigue resistance after an initial endur-
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+ Repeated post-exercise cooling appears to blunt
muscle strength adaptations and decrease fatigue
resistance following resistance training (12 weeks
and 4-12 weeks, respectively). In the early recovery
phase, cooling could also impair sprint performance
when executed<1 h following initial sprint exer-
cises, and some studies indicate that it could possi-
bly reduce neuromuscular function immediately after
endurance exercise.

+ Single application of cooling has generally no effect
during the 24—72-h recovery period following resist-
ance and endurance exercises, while it could have
some benefits on the recovery of neuromuscular
function during the 24-48-h recovery period fol-
lowing sprint exercise. Repeated exposures to cool-
ing do not seem to affect endurance training adapta-
tions following 4—6-week training interventions. To
date, there are a limited number of studies employing
heating as a recovery intervention, but some indica-
tions suggest promise in its application to endurance
and sprint exercise.

Introduction

Various forms of exercise exist and are positioned on a
continuum, with endurance exercise on one side, resist-
ance exercise on the other side, and sprint exercise some-
where in-between. Most sporting events and exercise
training sessions include one or a combination of these
exercise forms. Accelerating acute recovery of neuromus-
cular function and physical performance after exercise is
crucial for enhancing the quality of subsequent training
sessions or maximizing athletic performance in multi-
day competitions. In addition, improving physical recov-
ery is beneficial for increasing the total training volume
in trained athletes, which would enhance training adap-
tations while potentially avoiding overtraining and injury.
Applying additional physiological stresses during post-
exercise recovery could also be relevant for enhancing
training adaptations [1].

The use of cooling such as cold-water immersion (CWTI)
has become a popular post-exercise recovery interven-
tion based on the assumption that it can enhance the res-
toration of physical performance and augment chronic
adaptations to training. Cooling has generally been
thought to improve recovery by reducing the feelings
of muscle soreness, alleviating exercise-induced muscle
damage, and decreasing inflammation and edema, as has
been discussed in previous reviews [2—6]. Application of
local heating is more commonly used in the rehabilita-
tion setting to treat musculoskeletal injuries or to protect
muscle from potential damage [7, 8]. Although frequently
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used by athletes, its impact on post-exercise recovery and
performance has not been extensively investigated [3, 7].

Numerous reviews have analyzed the potential effects
of cooling [2-6, 9-11] or heating (combined or not with
cooling) [2, 3, 5, 7, 10] on post-exercise recovery and
training adaptations. In the current review, we postulate
that cooling or heating could improve or worsen post-
exercise recovery and training adaptations depending
on the form of exercise (endurance, resistance or sprint
exercise) given that the mechanism of exercise-induced
fatigue, and thus the potential recovery mechanisms
involved, are known to be task-dependent [12, 13]. Fur-
thermore, the most relevant measure of performance
outcome relates to neuromuscular function, as deter-
mined by maximal strength and power. It was recently
acknowledged that there is a relative lack of research
studies in this field that focus on strength and power
assessment [14], and determining the effectiveness of
cooling and/or heating on functional outcome meas-
ures has also not been the main focus of recent reviews
exploring the role of post-exercise cooling or heating [3,
4, 7]. Thus, the current review will delineate the avail-
able evidence as to whether post-exercise cooling and/
or heating are detrimental or beneficial for the recovery
of neuromuscular function, fatigue resistance, physical
performance, and training adaptations. Our review will
include research articles that studied the effects of single
and repeated applications of cooling or heating following
exercise (resistance, endurance or sprint exercises). These
studies will be categorized into those that investigated (1)
the early acute phase of recovery (up to 9.5 h following
exercise: recovery time between two exercise sessions
performed within the same day), (2) the late acute phase
of recovery (24-72 h following exercise: recovery time
between exercise sessions performed on separate days),
and (3) repeated application of the treatment. We will
also outline some potential mechanisms involved and
will outline key points at the end of each section.

Definition of Exercise Forms and Modes of Cooling
and Heating

Resistance exercise, traditionally defined as short exercise
executed at high loads with few repetitions, is the most
common form of strength training [1]. Studies involving
purely eccentric exercises were not included in this cate-
gory because these exercises cause severe muscle damage
and represent an extreme situation that is less function-
ally relevant to traditional strength training regimes.
Acute resistance exercise typically entailed a total of 4-16
sets at 8—20 repetitions involving a single form of exer-
cise or a combination of exercises, and training interven-
tions corresponded to 4—12 weeks of resistance training



Chaillou et al. Sports Medicine - Open (2022) 8:37

(2-3 sessions per week including 3-6 sets at 8—20 repeti-
tions for each exercise) (Table 1).

Endurance exercise encompasses prolonged exercise
performed at intensities below or close to maximal oxy-
gen uptake (VO,,,,) that highly stimulates the cardi-
orespiratory system and aerobic metabolism. Prolonged
exercises consisting of numerous interval bouts per-
formed at high intensities (near VO,,,,, all-out sprints
excluded) and interspaced with efforts performed at
lower intensity were also included in this category. Pro-
longed exercise sessions combining repetitive all-out
sprints and moderate/high intensity aerobic exercises
were excluded from this review since a purpose of this
study was to isolate the effects of treatment on specific
forms of exercise [15, 16]. Acute endurance exercise usu-
ally included continuous or interval bouts of cycling or
running performed for~30 min up to 3—4 h (Table 2).
Chronic exercise consisted of 4-5 weeks of predomi-
nantly endurance training (3-4 sessions/week up to
2.5-4 h/day) (Table 2).

Sprint exercise included a few bouts (2-12) of all-out
sprints (from~15 s up to~90 s) interspersed with pro-
longed recovery periods (at least 8 times the duration of
the sprint) (Table 3). Only one study investigated chronic
adaptations to sprint training (3 cycling sessions/week
for 6 weeks) when combined with post-exercise CWI
[17] (Table 3). The physical and physiological demands
of team-sports activities require the repetition of high to
maximal efforts such as sprints, jumps, kicks and tackles
(i.e., sprint exercises and strength exercises) interspersed
with efforts at low/moderate intensity (i.e., endurance
exercise) [18]. Thus, exercise-induced fatigue in team
sports is likely the result of numerous confounding fac-
tors. Although the literature related to post-exercise cool-
ing is rather extensive in team sports [5], we purposely
did not include this topic in the current review since the
purpose here is to isolate the effects of treatment based
on specific forms of exercise.

Various modes of cooling and heating have been
described in a recent review [3]. Here, we included stud-
ies employing post-exercise CW1I of the exercised limbs
or whole-body CWI (immersion up to the neck or includ-
ing the head). The majority of these studies used immer-
sion into 5-20 °C water for 5-30 min (see Tables 1, 2,
3). We also included some studies employing ice-chilled
cuffs and other body cooling systems [19-21]. The few
studies employing post-exercise heating used hot water
immersion (HW1I) of the lower limbs or whole-body HW1I
(38-40 °C for 15-40 min) [16, 22-24], hot water-per-
fused arm-cuff [19] or heat pad [25] (see Tables 1, 2, 3).
Contrast water therapy (CWT), which consists of alter-
nating CWI and HWI for 10-30 min, is also commonly
used during recovery, in particular after endurance
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exercise (see Table 2). Studies included in this review only
employed water immersion or methods that cover the
exercised limbs (cuffs and pads). A cryotherapy chamber
cools the air while conversely sauna heats it, and simi-
larly to water, air is a medium that cools/heats the body
by convection and conduction. However, water is>800
times denser than air [26], and the thermal conductivity
by water is 25 times greater than by air [27]. In addition,
cryochamber and sauna are used in different manners
than the other methods presented above (e.g., exposure
to extremely low and very high temperatures, respec-
tively, application during only short durations with a cry-
ochamber). For these reasons, studies using cryotherapy
chambers or sauna were not included in this review. Pas-
sive recovery (sitting at room temperature) was generally
used as a control condition, while other alternative con-
trol recovery methods were sometimes proposed, such as
thermoneutral water immersion (TWI) and active recov-
ery. Water temperature of ~ 35 °C is usually considered as
thermoneutral because it does not change core tempera-
ture during prolonged immersion. Lower water tempera-
tures (28-34 °C) were also considered as thermoneutral
as they unlikely to cause reduced body temperature dur-
ing moderate exposure [28]. It is important to highlight
that most studies included in this review employed young
healthy male subjects who were recreationally active or
well-trained. Therefore, the described cooling/heating
effects (or absence of effect) should be interpreted with
caution when other populations are considered.

Resistance Exercise

Numerous studies which evaluated the effects of cool-
ing or heating have assessed maximal voluntary iso-
metric contraction (MVIC) torque [20, 25, 29-33], 1
repetition maximum (1-RM) strength [34, 35], or electri-
cally evoked muscle force [20], as primary functional out-
come measures (Table 1). Other studies have employed
various jump tests to assess the post-exercise recovery of
power generation which is relevant to fast movements in
sports [29]. Several studies have also determined muscle
fatigue resistance measured as the total work performed
over a resistance exercise session [29, 30, 32, 34, 36—39].

Early Recovery Phase (5 min to 6 h)

Four studies have examined the effects of CWI on the
recovery of neuromuscular function in the immedi-
ate post-recovery period up to 6 h following resistance
exercise [20, 29, 30, 33]. In the immediate (5—-40 min)
post-recovery period, knee extension MVIC torque was
recovered following 10 min CWI at 10 °C, whereas it
remained lower than pre-exercise values in the control
condition (active recovery) [30]. At the 2 h post-exer-
cise recovery period, Pointon and colleagues showed
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that the recovery of knee extension MVIC torque and
voluntary activation were similar between the control
rested condition and the cooling condition (ice cuff
covering the entire exercised leg for 20 min immedi-
ately post-exercise) [20]. Another study by Roberts et al.
(2014) assessed the recovery of neuromuscular func-
tion in the 2—-6 h post-exercise recovery period [29].
Maximal muscle function determined by jump perfor-
mance or peak isometric strength was not different in
the CWI versus control conditions. However, fatigue
resistance determined as average and total load lifted
during 6 sets x 10 squats at 80% 1-RM was increased in
the CWI versus control conditions at 6 h post-exercise.
Conversely, a subsequent paper by Roberts and col-
leagues showed that fatigue resistance determined as
total work performed during 50 repetitions of single
legged isokinetic knee extensions at 90°/s was similar in
the CWT versus control conditions at 1 h post-exercise
[30]. Similarly, no benefits of CWI were evident for the
recovery of MVIC and jump performance within 4.25 h
after a resistance exercise session [33].

One proposed mechanism by which CWI may
increase the recovery of strength during the 5-40 min
post-recovery period is by reducing pain perception
through inhibiting the metabolite sensitive III and IV
muscle afferents [40], which are sensitive to increases
in [lactate], [H'], and high [ATP] [41, 42]. Although
the accumulation of pain-inducing metabolites such
as lactate is relatively high during resistance exercise
including multiple sets performed at maximal intensity
[43, 44], the majority of lactate removal occurs within
15 min post-exercise [45], arguing that this mecha-
nism of pain inhibition will only explain the short-term
enhancement of muscle function recovery mediated
by CWI. Another hypothesis is that the acute effects
of CWI on muscle function relate directly to temper-
ature-dependent effects on excitation—contraction
coupling processes. Indeed, it has been shown in the
non-fatigued state that local muscle cooling induces
a leftward shift in the force-frequency relationship
with the force enhancement most evident at low com-
pared with high activation frequencies [46, 47], which
is likely caused by both a slowing of sarcoendoplasmic
reticulum calcium transport ATPase (SERCA) pumps
and cross-bridge kinetics augmenting pulse-induced
force fusion [47, 48]. However, the temperature reduc-
tion following 10 min CWI at 10 °C in the vastus later-
alis muscle (1 cm depth) is variable ranging from only
1-2 °C to as much as 12 °C among subjects [29], sug-
gesting a modest role of temperature on altered exci-
tation—contraction coupling. Therefore, any benefits
of acute cooling on enhanced muscle force generation
appear to be modest.
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Later Recovery Phase (24-72 h)

In the post-exercise recovery period lasting 24-72 h,
the effects of immediate post-exercise muscle cool-
ing on muscle function are likely to have disappeared
as the muscle recovers to its physiological temperature.
For instance, Wilson et al. (2019) showed that following
a lower body resistance exercise session, the recovery of
knee extension MVIC torque, maximal isometric squat
strength, and 60°/s maximal isokinetic knee extension
torque 24—72 h following 10 min CWT1 at 10 °C were sim-
ilar or worse than in the control placebo condition [31].
In addition, Pointon et al. (2011), who performed 20 min
cooling using an ice cuff following single leg isokinetic
knee extensions, showed no differences in sarcolemmal
membrane excitability (measured by M-wave amplitudes
from surface EMG), submaximal torque (potentiated
twitch torque) or MVIC torque 24-48 h post-exercise,
compared with the control condition [20]. These two
studies suggest that muscle contractile function is either
impaired or not affected by CWI when assessed at
24-72 h following resistance exercise.

Fatigue resistance has also been assessed in the 24—48 h
period following a single session of resistance exercise
and subsequent 10 min CWT at 10-12 °C [36, 37]. Fatigue
resistance during resistance exercise is primarily dictated
by intramuscular factors [49]. Muscle metabolite accu-
mulation during this high-intensity type of brief dura-
tion exercise leads to rapid force loss from increased
inorganic phosphate (P;) and hydrogen ion (H*) affecting
predominately sarcoplasmic reticulum (SR) Ca*" release,
myofibrillar Ca®* sensitivity, and cross-bridge force gen-
eration [12, 13, 50]. However, clearance of metabolites
largely occurs within 5-10 min following fatigue induc-
tion [51, 52], arguing that any effect of acute CWI on
metabolite clearance will have no consequence on fatigue
resistance during a subsequent exercise test performed
2448 h later. Indeed, in the two studies that previously
assessed fatigue resistance at 24—48 h following a single
resistance exercise session, no difference in fatigue resist-
ance was determined between the CWI versus control
groups based on the total number of squat repetitions at
80% 1-RM, and average squat power per repetition over
four sets of exercise [36, 37]. In summary, CWI following
resistance exercise does not affect fatigue resistance after
24-48 h.

Repeated Post-exercise Cooling/Heating (4-12 Weeks

of Training)

Several studies have investigated whether repeated use of
CWI during resistance training intervention affects mus-
cle strength improvements (Table 1). In the shorter 4—8-
week training period, six studies performed resistance
exercise involving wrist flexion or handgrip [32, 38, 39],
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knee flexion [34], or a combination of leg exercises [53]
or upper and lower body exercises [35]. These exercises
were followed immediately by limb [32, 34, 38, 39] or
whole body CWI [35, 53] lasting 12—20 min in 10-14 °C
water. Compared with the control condition, CWI gen-
erally showed no effect in altering maximal strength or
power gains across these studies, except in one study
[38]. No improvement of maximal strength was observed
after training in some of the aforementioned studies for
both the CWI and control groups/conditions [39, 53],
which may have erased potential negative effects of cool-
ing on force development. Neural adaptation is the main
factor responsible for the gains in strength in the first
8 weeks of resistance training [54]. Although it remains
to be investigated, neural adaptation to resistance train-
ing may not be affected by CWI, which could explain the
absence of any effect of CWI on strength development
after a short training intervention.

When the training period was extended to 12 weeks,
post-exercise CW1I (10 min at 10 °C) blunted the increases
in MVIC torque compared with the control condi-
tion (active recovery) [55]. In the same study, the CWI-
induced impairment in muscle strength gains appeared
consistent with the findings of reduced muscle hyper-
trophy, especially in type II muscle fibers, and reduced
activation of anabolic signaling. CWI (15 °C for 15 min)
blunted testosterone response after a bout of resistance
exercise [56] and CWI (8 °C for 20 min) applied after
every resistance exercise session decreased daily mus-
cle protein synthesis rates over a 2-week training period
[57]. These findings are in line with chronic impairments
in the muscle hypertrophic response observed previously
[55]. While muscle protein turnover is dictated by both
synthesis and breakdown processes, CWI does not seem
to affect muscle protein breakdown [35].

With regard to fatigue resistance and the use of CW1I
over a 4—12-week resistance training period [32, 34, 38,
39, 55], the results have consistently shown a blunted
muscle fatigue resistance with CW1I compared with the
control condition. Muscle fatigue resistance adaptations
following high-intensity exercise could be triggered by
reactive oxygen and nitrogen species (RONS) induced
adaptations [58, 59], whereby abolishing the exercise-
induced increase in muscle RONS generation with anti-
oxidant supplementation blunted long-term endurance
training adaptations [60—64]. RONS generation remains
elevated in the recovery period after exercise [65] and
CWTI employed in the immediate post-exercise recov-
ery period may diminish RONS production [66]. Thus,
it could be speculated that cooling-induced reduction in
RONS generation during the recovery phase might blunt
fatigue resistance adaptation during resistance train-
ing. However, as presented in the next section, there
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is no clear evidence that post-exercise CWI impairs
the development of endurance performance, suggest-
ing that RONS-independent mechanisms are respon-
sible for CWI-mediated reduction of fatigue resistance
adaptation.

Given the detrimental effect of CWI on resistance
training adaptations, a natural progression has been the
investigation of HWTI as a recovery modality on strength
adaptations following resistance training. In a recent
12-week resistance training study, a heat pad (~40 °C)
was wrapped around one thigh during the knee extension
exercise session as well as during the 20-min post-exer-
cise recovery period of every resistance training session
[25]. These authors showed that the training-induced
increases in knee extension isokinetic torque (90°/s) were
not affected by heating compared to the contralateral
untreated leg. This is consistent with the absence of effect
of HWI (20 min at 46 °C) on muscle protein synthesis
rates after a resistance exercise session, compared with
control condition [67]. The above studies suggest that
short-term muscle heating during/after resistance train-
ing sessions might not provide an additive stimulus for
improving long-term muscle strength adaptations. Com-
pared with CWI which has a long-lasting muscle cooling
effect that can persist for a few hours after immersion [68,
69], muscle temperature returns to pre-exercise values
within 30 min after HWI [67]. Different results might be
observed when prolonged periods of post-exercise HW1I
are applied during a resistance training intervention, due
to the extended time of high muscle temperature after
exercise. Indeed, some human studies indicate that pro-
longed passive heating applied on the thigh could induce
a slight skeletal muscle hypertrophy (3—6% increase in
muscle cross-sectional area) and gain in muscle strength
(~ 6% increase in MVIC of knee extensors) without exer-
cise training (heat-and-steam-generating sheet applied
8 h/day, four times/week for 10 weeks) [70] or could
limit skeletal muscle atrophy associated with immobi-
lization (2 h daily treatment with pulsed shortwave dia-
thermy for 10 days) [71]. A recent study also found that
90-min passive heating repeated over 8 weeks (unilateral
thigh heating with~52 °C water-circulating garments,
5 days/week) slightly increased maximal isokinetic knee
extension torque (5%) [72]. Future studies should inves-
tigate whether prolonged post-exercise muscle heating
is effective in improving resistance training-associated
adaptations.

Summary

« Early recovery phase (5 min to 6 h): possible increase
in maximal strength recovery following CWI
between 5-40 min post-exercise, but not at later
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recovery timepoints; possible positive effect of CW1I
on fatigue resistance (1 h post-recovery to 6 h post-
exercise).

+ Later recovery phase (24—72 h): no effect or negative
effect of CWI on muscle strength recovery (24—48 h);
no effect of CW1I on fatigue resistance (24—48 h).

+ DPost-exercise recovery on chronic resistance training
adaptations (4—12 weeks): no effect (4—8 weeks) or
negative effect (12 weeks) of CWI on muscle strength
gains; no effect of local heating on muscle strength
gains; negative effect of CWI on muscle fatigue
resistance.

Endurance Exercise

Endurance exercise results in numerous physiological
perturbations including metabolite accumulation, hyper-
thermia, dehydration and glycogen depletion, which ulti-
mately lead to fatigue and reduced performance [73]. In
addition, several physiological changes are observed fol-
lowing endurance training intervention, such as cardio-
vascular and skeletal muscle adaptations [73]. Numerous
studies investigated the effect of post-exercise cooling,
heating, or CWT on the recovery of endurance perfor-
mance, while other studies employed various neuromus-
cular tests to assess the recovery of muscle strength (e.g.,
MVIC, isokinetic force) and explosiveness (jump and
sprint performances). Finally, application of post-exercise
cooling or heating during regular endurance training
was proposed to influence physiological adaptations and
endurance performance. A summary of these studies is
presented in Table 2.

Early Recovery Phase (Immediate to 9.5 h)

Post-exercise CWI, compared with control condition,
could enhance recovery of endurance performance and
fatigue resistance in the immediate period (0 to 40 min)
following recovery intervention [74-81]. Crampton
et al. (2013) observed that the time to exhaustion dur-
ing cycling (80% VO,,,,,) starting 5 min after recovery
intervention was longer in the CWI (15 °C for 30 min)
than the other recovery conditions (active recovery,
CWT and TWI) [75]. A longer time to exhaustion was
also observed during intense running (~90% VO, ,.) in
the CWI condition (8 °C for 15 min) than passive recov-
ery, while no differences were found with warmer water
(15 °C for 15 min) [76]. This positive effect of CW1I was
generally observed when exercise was performed in ther-
moneutral (~20 °C) [77] or in hot environments [78—80].
In contrast, CWI (15 °C for 15 min) performed after a
strenuous endurance session in the heat (30 °C and 50%
relative humidity) did not significantly improve subse-
quent endurance performance (lowest cycling time to
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perform a work equivalent to 12 min at 85% Pmax) com-
pared with passive recovery, when assessed 45 min after
recovery intervention [82]. Core temperature increases
during prolonged and intense lower limb endurance
exercise executed in thermoneutral conditions, and this
increase is accentuated in hot conditions [83]. CWI can
accelerate the post-exercise reduction in core tempera-
ture, allowing maintenance of a cooler core body temper-
ature during the subsequent endurance session [78-80,
82]. Thus, CWT could improve the heat storage capacity
and reduce the thermoregulatory demand for heat dissi-
pation, thereby alleviating cardiovascular strain, enhanc-
ing blood flow redistribution to active muscle, reducing
perceived effort, and limiting central fatigue and dehy-
dration [6].

In contrast, post-exercise CW1I (14—15 °C for 5-15 min)
does not improve the performance of a subsequent
endurance exercise performed in thermoneutral condi-
tions when the period between the two sessions is more
prolonged (3 to 9.5 h) [22, 84, 85], despite an improved
perceived recovery [84]. Rectal temperature measured
during a 5-km running time trial performed~4 h after
an initial exhaustive endurance exercise was identical
between CWI and passive recovery trials [22], indicating
that thermal stress during the second session was cer-
tainly similar in both conditions. To conclude, although
numerous factors need to be considered (e.g., duration
and intensity of exercise, ambient conditions, CW1I pro-
tocol, etc.), post-exercise CWI only improves subsequent
endurance performance when the period between the
two sessions is short (<1 h), and this is possibly due to
the lowered heat stress applied on the body during the
second exercise bout. In addition, it remains to be inves-
tigated whether the beneficial effect of CWI on subse-
quent endurance performance in the heat persists for
longer periods (i.e., 3-6 h).

We have recently shown in recreationally active sub-
jects that prolonged local post-exercise cooling (2 h
with ice-chilled water-perfused arms) negatively affects
fatigue resistance during a subsequent high-intensity
arm-cycling session (3x5 min all-out bouts) per-
formed ~10 min after cooling [19]. Core temperature
was~36.5 °C during the 2 h-recovery period and was
not reduced by local cooling, suggesting that cooling did
not change thermal stress during subsequent exercise. In
this study, cooling induced a severe drop of the tempera-
ture in triceps brachii muscle during the 2-h-recovery
period (~17 °C on average at 1.5 cm depth), while the
drop in vastus lateralis muscle temperature after conven-
tional CWI protocols is generally much lower (~3-5 °C
on average at 1-3 cm depth) [29, 69, 86]. Although not
investigated by Cheng et al. [19], severe local cooling
may have induced arterial vasoconstriction in the upper
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limbs, thereby potentially reducing muscle blood flow,
oxygen and nutrient delivery, and metabolite clearance
during subsequent exercise.

In contrast, prolonged local heating (38 °C heated arm
cuff for 2 h) improved fatigue resistance during 3 x 5 min
all-out arm-cycling bouts performed in thermoneutral
conditions~10 min after heating [19]. Another study
found that short HWT (38 °C for 15 min) did not affect
5-km running performance (compared with passive
recovery) in thermoneutral conditions~4 h following
the initial bout [22]. These controversial findings could
result from the duration and form of local heating, and
from the exercise test performed. Although it remains
to be investigated, prolonged post-exercise heating may
impair subsequent endurance performance executed
in hot ambient conditions due to the reduced heat stor-
age capacity and increased demand for heat dissipation,
which consequently would exacerbate thermal and car-
diovascular strains.

Four studies investigated the impact of CW'T executed
after a strenuous endurance session on the subsequent
performance [75, 84, 87, 88]. Three of these four stud-
ies observed a beneficial effect of post-exercise CWT
on subsequent endurance performance executed up to
2 h after the initial exercise session [75, 87, 88], while no
effect was found when the period between the two ses-
sions was more prolonged (3 h 15 min) [84]. In addition,
short exposure to CWT (6 min) was more beneficial than
longer exposure (18 min), at least when subsequent exer-
cise is performed 2 h following the first session [87, 88].
Finally, CWT (8 °C/40 °C for 30 min) was not as effective
as CWI (15 °C for 15 min) in improving the time to fail-
ure at 80% VO,,,., when exercise was performed 5 min
post-recovery [75].

Ex vivo experiments showed that exposing mouse
intact single muscle fibers to 26 °C for 1 h directly after
a fatiguing protocol impaired subsequent endurance per-
formance (repeated tetanic contractions) compared with
36 °C, confirming the temperature-dependent effect on
fatigue resistance [19]. This finding was associated with
a slower glycogen repletion at 26 °C than 36 °C in whole
muscle. Similarly, 4-h exposure to local heating (heat
pack) promoted glycogen resynthesis in the human vas-
tus lateralis muscle after cycling [89], while the opposite
result was observed after a 4-h intermittent exposure to
ice cooling (plastic bags) [90]. In contrast, short expo-
sure to CWI (10 min at 8 °C) did not impair muscle
glycogen repletion [86]. Prolonged local heating may
influence muscle glycogen repletion by modulating glu-
cose delivery and muscle glucose uptake, and by affect-
ing the activity of glycogen synthase and phosphorylase
[91-93]. Altogether, prolonged local cooling or heating
seems to influence muscle glycogen resynthesis following
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exhausting endurance exercise. This could have a direct
impact on endurance exercise capacity when the subse-
quent exhausting endurance session is highly dependent
on muscle glycogen as an energy substrate, and the exer-
cise is performed within a few hours (4-8 h) following
the first session.

There are limited data available on the effect of post-
endurance exercise cooling on early recovery of neu-
romuscular function. Countermovement jump (CM]J)
performance and muscle strength (MVIC of knee exten-
sors) were impaired during the immediate period fol-
lowing post-exercise CWI (14—15 °C for 15-20 min vs.
passive recovery) [94, 95]. However, no effect of CWI
was observed on MVIC [96], isokinetic force [96, 97] and
jump performance [97] in the immediate phase following
recovery intervention when the initial endurance exercise
was performed in the heat (30-40 °C). At the single fiber
level in mice, 0.5-2 h cooling was shown to impair the
recovery of contractile force after low-intensity fatiguing
stimulation, especially at submaximal levels of activation,
and this was attributed to impaired SR Ca?* release [19].
A limited number of ex vivo studies from mouse skeletal
muscle showed a beneficial effect of heating on submaxi-
mal force recovery, which was associated with enhanced
muscle glycogen re-synthesis and faster restoration of
SR Ca?" release [19, 91, 93]. To date, the effect of heat-
ing on early recovery of human neuromuscular function
remains to be investigated.

Later Recovery Phase (24-72 h)

Post-exercise CWI (10-12 °C for 5-10 min) did not
improve 5-km running performance when the between-
session recovery period was 24 h [98]. However, run-
ning performance (number of shuttles completed during
a Yo-Yo intermittent recovery test) performed 24 h after
interval exercise (8 x 3 min) was slightly improved when
the initial exercise session was followed by CWI (15 °C
for 15 min) compared with passive recovery [74]. The
effect of post-exercise local heating on endurance per-
formance during the later recovery phase remains to
be investigated. As discussed in "Early Recovery Phase
(Immediate to 9.5 h)" section, prolonged local heating
and cooling following exhausting endurance exercise
seems to influence muscle glycogen repletion, and this
may have a direct impact on the subsequent performance
when endurance exercise is performed 4-8 h after the
initial session. Since muscle glycogen stores are usually
fully replenished within 24—48 h after prolonged endur-
ance exercise when carbohydrate is provided adequately
[99], local cooling or heating following glycogen-deplet-
ing exercise would unlikely affect performance of endur-
ance exercise bouts performed 1-2 days after the initial
bout.
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CWI (8-15 °C for 10-15 min) did not influence the
later post-exercise recovery of muscle strength (peak
isokinetic torque and MVIC, 24-48 h post-exercise)
and jump performance [drop jump (D]), 24—48 h post-
exercise; CMJ, 24-48 h post-exercise; triple hop, 24 h
post-exercise] [94, 97, 100, 101]. In these studies, these
outcomes were only slightly impaired directly after the
initial endurance session and were fully recovered within
24-48 h. Future experiments could focus on the impact
of post-exercise cooling in extreme endurance activities
(such as mountain ultra-marathon) where neuromus-
cular function is substantially impaired directly after
exercise [102, 103] and required several days to be fully
recovered [103].

Repeated Post-exercise Cooling/Heating (up to 5 Weeks

of Training)

Post-exercise CWI during an aerobic training program
(4 weeks) did not promote or limit the development
of endurance performance [32, 104]. Moreover, post-
exercise CWI during an intense 39-day cycling training
intervention (1-2 sessions/day) did not affect 10-min
time trial performance, but magnitude-based infer-
ences showed that CWI had an unclear greater increase
in 2 x4-min mean power and a likely greater increase
in mean sprint power compared with passive recovery
[105]. As described in recent reviews [3, 4], local cool-
ing (CWI mostly studied) after endurance exercise is
able to stimulate some molecular actors regulating mus-
cle adaptation and angiogenesis. For instance, CW1I was
shown to potentiate the exercise-mediated upregulation
of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGCIA), a major regulator of mito-
chondrial biogenesis [69, 106, 107]. Post-exercise CW1I
also increased the mRNA levels of vascular endothelial
growth factor (VEGF), a gene promoting angiogenesis
[69], a result associated with an enhanced microvas-
cular adaptation [108]. Currently, there is no clear evi-
dence that post-exercise CWI does potentiate the gain
in endurance performance. Future research including
longer training interventions would allow to draw clear
conclusions about the role of CWI in augmenting endur-
ance training adaptations.

To our knowledge, only one study investigated the
influence of post-exercise heating on the development
of endurance performance during a training interven-
tion [23]. Six elite short-track speed skaters trained
over a 4-week period (18 h/week) and HWI (40 °C for
20 min) was applied after the last session of the day. In
general, HWI did not affect endurance and sprint per-
formance compared with passive recovery. However,
it had a positive effect on maximal strength (MVIC)
and the tendency to increased VO, (P=0.053) in

Page 19 of 26

response to the training intervention was only found
in the HWI condition. Except for small improvement
(effect size d ~0.2) of half-lap time and total time dur-
ing the 1.5-lap all-out ice-skating exercise in the pas-
sive recovery condition, this short training program did
not significantly improve the performance of the other
field tests on ice (3-lap and 7-lap all-out exercises) in
these elite athletes. In addition to the small sample size,
the absence of improvement or small improvements of
exercise capacity after training intervention may have
minimized the chance of detection of potential HW1I-
mediated benefits on enhancing sport performance in
these elite short-track speed skaters.

A recent study on sedentary subjects observed that
compared to the control unheated leg, 2-h local heating
(pulsed shortwave diathermy) increased the phospho-
rylation of AMP kinase (AMPK) and extracellular sig-
nal-regulated kinase 1/2 (ERK1/2), both associated with
mitochondrial biogenesis [109]. The same study showed
that repeated exposures to the same heating method (2 h
daily for 6 consecutive days) increased PGC1A protein
levels and maximal mitochondrial respiratory capacity
[109]. In contrast, 1 h local heating of one leg (water-
circulating sleeve connected to a bath circulator set at
49.5 °C) did not affect the expression of any markers of
mitochondrial biogenesis in recreationally trained indi-
viduals [110]. In addition, acute local heating (lower body
heating or unilateral thigh heating with 48-52 °C water-
circulating garments for 90 min) increased the mRNA
levels of factors associated with capillary growth [e.g.,
VEGF and angiopoietin 2 (ANGPT2)] in skeletal muscle
of recreationally active subjects [111]. Repeated expo-
sures to local heating for 8 weeks (unilateral thigh heat-
ing with~52 °C water-circulating garments for 90 min,
5 days/week) increased the protein content of endothe-
lial nitric oxide synthase (eNOS) and had a positive effect
on the capillarization of type-II muscle fibers compared
with the control condition, while it did not affect mito-
chondrial content [72]. Whether prolonged post-exercise
local heating could promote the development of muscle
oxidative capacities, capillarization and endurance adap-
tations over a training intervention (>8 weeks) remains
to be investigated.

To date, two studies investigated the impact of repeated
uses of post-exercise HWI, CWI or CWT during a short
intervention period (5-6 days) on the maintenance of
physical performance [16, 24]. Daily exposure (immer-
sion up to the neck) to CWI (15 °C for 14 min) or CWT
(15 °C/38 °C for 14 min) following prolonged cycling was
effective in maintaining sprint cycling performance, while
HWI (38 °C for 14 min) had no effect [16]. Zurawlew
et al. showed that daily HW1I (40 °C for 40 min) following
40 min running (65% VO,,,,,) improved 5-km running
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performance (compared to TWI at 34 °C for 40 min) in
hot (33 °C) but not temperate (18 °C) environments [24],
indicating that HWI could be relevant for improving
acclimation to heat.

Summary

+ Early recovery phase (immediate to 9.5 h): CWI
(<30 min) improves only endurance performance
when the second exercise is performed <1 h after the
initial session. One study indicates that prolonged
local cooling (2 h) impairs endurance performance
recovery immediately after cooling, while prolonged
local heating (2 h) is beneficial. There is no or nega-
tive effect of CWTI on jump performance and maxi-
mal strength immediately after recovery interven-
tion.

« Later recovery phase (24 to 72 h): no effect of CWI
on recovery of neuromuscular function and endur-
ance performance.

« Dost-exercise recovery on chronic endurance training
adaptations (up to 5 weeks): no clear effect of CW1I
and HWI on improvement of endurance perfor-
mance.

Sprint Exercise

Training including short and prolonged sprints pro-
motes the development of peak power output (PO) and
anaerobic capacity, which are required in most competi-
tive sports. Sprint interval training can also elicit skel-
etal muscle and cardio-respiratory adaptations generally
observed following endurance training [73, 112]. Sev-
eral studies have investigated the impact of cooling [21,
113-118] and CWT [119] following one or 3—4 bouts of
all-out sprint exercise on the recovery of peak PO, mean
PO or total work during identical sprint exercise per-
formed 15-60 min after the initial session. In addition, a
few studies evaluated the effects of cooling applied after
repeated sprints on the recovery of maximal strength
(MVIC) [120] and jump performance [121]. Finally, the
role played by post-exercise cooling during a 6-week
sprint training intervention on training adaptations was
recently investigated [17]. A summary of these studies
is presented in Table 3. To our knowledge, the impact of
post-exercise heating following sprint exercise has not
yet been investigated.

Early Recovery Phase (Immediate to 2 h)

The majority of the studies indicated that CW1I (12-15 °C
for 5-30 min) or local cooling (leg cooling suit) applied
after 1-3 bouts of 30-s all-out cycling sprint (Wingate
tests) impaired sprint performance (mean and/or peak
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PO) during a subsequent exercise performed 15-60 min
after the initial session [21, 114—117]. In addition, whole-
body CWI (14-15 °C for 5 min) performed 5 min after
a single swimming sprint (100 m) slightly impaired the
performance of a subsequent sprint (compared with pas-
sive recovery) executed 30 min after the initial exercise
[122]. In contrast to prolonged endurance exercise, 1-3
bouts of all-out cycling sprint performed in thermoneu-
tral conditions induced a limited increase in core tem-
perature (0.2-0.5 °C) [114, 115], which was then reduced
to levels below baseline (36.5 vs. 37.3 °C) after the 1st
repeated sprint bout following CWTI (15 °C for 30 min)
[114]. Muscle temperature (4 cm into vastus lateralis
muscle) increased from~36 °C to~38 °C after 4 Win-
gate tests and was then reduced to ~33.5 °C directly after
CWI (10.3 °C for 15 min) [120]. Reduced muscle and core
temperatures following CWI have been proposed to be
the major factors responsible for the detrimental effect of
cooling on sprint performance [114, 115, 117, 122]. Older
research showed that peak PO during cycling sprint
declined proportionally to the reduction of muscle tem-
perature (from 38 to 30 °C), a result attributed to a slower
rate of force development [123]. In addition, this nega-
tive effect on performance is more marked for fast than
slow movements [123, 124], which could explain why the
detrimental effect of CW1 is so apparent during Wingate
tests. Muscle cooling could also increase muscle stiffness
[125], as well as reduce enzyme activity [126], leading to
a reduced anaerobic ATP production during sprint exer-
cise. Furthermore, CWI leads to parasympathetic acti-
vation and sympathetic withdrawal [113], which could
blunt the heart rate acceleration, thereby limiting car-
diac output and O, delivery to exercising muscles dur-
ing the maximal sprints. O, and nutrient supply during
exercise could also be diminished by muscle cooling due
to peripheral vasoconstriction and reduced blood flow
to active muscles [115, 127]. Finally, cooling-induced
impairment in sprint performance could be partly related
to a modification of neural drive and firing rate of motor
units, and to reduced nerve conduction [124, 128]. Alto-
gether, it appears that both peripheral and central factors
contribute to impaired sprint performance after cooling.
Two studies did not observe any negative effect of CW1I
applied after a single cycling sprint on subsequent sprint
performance [113, 118], a finding possibly explained by
the absence of reduced temperature during the second
sprint bout. In the study from Buchheit et al. (2009),
trained cyclists performed a 1-km cycling sprint (~ 80 s)
in hot conditions (35 °C) before exposure to CWI (14 °C
for 5 min) or passive recovery [113]. Rectal temperature
was not different between the 2 conditions after exposure
and during the subsequent 1-km cycling sprint. In the
study by Yoshimura et al., a Wingate test was performed
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following 10 min low intensity exercise, and whole-body
CWT (20 °C for 20 min) did not reduce sublingual tem-
perature during the 2nd sprint [118]. Another study
found that CWT (1 min at 8 °C and 4 min at 40 °C for
30 min: CWI/HWI=1/4) applied after 3 Wingate tests
resulted in an improved maintenance of peak PO com-
pared with passive recovery during subsequent cycling
sprints [119]. However, this result was not as obvious
when CWT alternated a 2.5-min cold/2.5-min hot treat-
ment (CWI/HWI=1/1). Altogether, these findings sug-
gest that for a sake of faster recovery, core and muscle
temperatures should remain equal or slightly above nor-
mothermia following sprint exercises, and an additional
slight increase in core/muscle temperature due to exter-
nal heating may eventually be beneficial for improving
subsequent sprint performance.

Only two studies investigated the effects of post-
exercise CWI on the recovery of jump performance (S]
and DJ) [121] and muscle strength (MVIC) [120] dur-
ing the early period (1-2 h) following sprint exercise.
White et al. (2014) found that CWI conditions (10—
20 °C for 10-30 min) were not effective compared with
passive recovery in restoring SJ and DJ performance
when assessed at 1 and 2 h following 12 maximal run-
ning sprints (120 m) [121]. In the study by Broatch et al.
(2014), 4 Wingate tests were performed before appli-
cation of CWI (10.3 °C for 15 min), TWI (34.7 °C for
15 min) or TWI combined with a placebo (skin cleanser
added to the water) [120]. Knee extension MVIC torque
was similar directly after recovery intervention and at 1 h
after exercise in both CWI and TWI-placebo conditions,
while TWI alone had a negative effect on MVIC torque
compared with TWI-placebo. To conclude, CWTI is not
effective in accelerating the recovery of jump perfor-
mance and muscle strength immediately after recovery
and 1-2 h following sprint exercises.

Later Recovery Phase (24-48 h)

The effects of post-exercise CWI on the recovery of
jump performance (S] and DJ) [121] and muscle strength
(MVIC) [120] were assessed during the later recovery
phase (24—48 h) following sprint exercises. In contrast to
the absence of effect of CWI on S] performance, DJ per-
formance was fully recovered in CWI condition but not
in passive recovery condition at 24 h (10 °C for 10 and
30 min) and 48 h (10 °C for 10 min) following sprint exer-
cises [121]. It was previously speculated that CWI could
be inhibiting the type III and IV muscle afferents, which
may facilitate the stretch reflex and its subsequent contri-
bution to force production during DJ [121]. Furthermore,
Broatch et al. showed that MVIC knee extension torque
was greater in TWI (34.7 °C for 15 min) combined with
a placebo (skin cleanser added to the water) compared
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with TWI alone at 24 h (average torque) and 48 h (peak
and average torques) after sprint exercises [120]. Peak
MVIC torque was not different between CWI (10.3 °C
for 15 min) group and the two other groups (TWI and
TWI-placebo) at 24 and 48 h post-exercise. Moreover,
a tendency to greater average MVIC torque (P=0.08)
was shown at 48 h after exercise in the CW1I group com-
pared with the TWI group in this study, suggesting that
the benefits of CWI on recovery of muscle function
are partly placebo related [120]. Altogether, the find-
ings of these two studies suggest that CWTI applied after
repeated sprint exercises has some benefits in accelerat-
ing the restoration of neuromuscular function during the
later recovery phase.

Repeated Post-exercise Cooling

To our knowledge, only one study assessed the effects
of repeated use of CWI on training adaptations follow-
ing an intervention including sprint exercises [17], where
recreationally active subjects performed 4-6 x 30 s all-
out cycling sprints with 4 min of rest 3 times per week
for 6 weeks. Performance (2 km and 20 km cycling time
trials), VO, and peak PO during incremental testing
improved similarly with training for the group exposed to
CWI (10 °C for 15 min after each session) and the control
group (passive recovery). In the same study, CW1I did not
affect the acute and long-term molecular responses asso-
ciated with muscle mitochondrial biogenesis and oxida-
tive metabolism. Although it is difficult to draw definitive
conclusions from one study, CW1 employed after sprint
exercises does not appear effective for augmenting
endurance-training adaptations. Whether it would affect
the development of sprint performance remains to be
investigated.

Summary

+ Early recovery period (immediate to 2 h): negative
effect of CWI and local cooling on sprint perfor-
mance; no effect on recovery of jump performance
and muscle strength.

+ Later recovery period (24—48 h): some benefits of
CWI on jump performance (D] only) and muscle
strength.

+ DPost-exercise recovery period on training adapta-
tions: no effect of CWIL

Conclusions

This comprehensive review analyzed the effects of post-
exercise cooling and post-exercise heating on functional
recovery and training adaptations and provides practical
implications for coaches and athletes wanting to optimize
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Fig. 1 Main effects of post-exercise cooling and heating on functional recovery and training adaptations. The blue boxes illustrate the specific
effects of cooling, and the red boxes illustrate the specific effects of heating. These effects are based on the main conclusions drawn from the
literature research and from Tables 1, 2, and 3

recovery and performance in their sport. A summary
of the main effects of post-exercise cooling and heat-
ing is presented at the end of each section and is illus-
trated in Fig. 1. The effects of post-exercise cooling or
heating depend on (1) the form and intensity of exercise
performed, (2) the functional outcomes being assessed,
(3) the post-exercise time period studied, (4) the ambi-
ent conditions, (5) the recovery protocol used and (6)
whether recovery methods are used acutely or repeat-
edly. Other factors not discussed in this review may influ-
ence the effects of post-exercise cooling or heating such
as the training status, sex [129], body composition [130],
the genetic background [131], and the previous chronic
exposure to cooling or heating.

We identified limited data employing heating as a
recovery intervention in the various forms of exercise,
and further research is warranted in this area, with the
most promise being the use of HWI as a recovery inter-
vention following endurance and sprint exercises. Major
limitations of studies employing cooling and heating
include the lack of a consistent control condition (e.g.,
active recovery, passive stretching, sitting), a lack of
standardized cooling and heating protocols, the limited
data available in elite athletes, and the paucity of long
training interventions employing cooling/heating recov-
ery methods. Moreover, since the benefits of CWT appear

to be partly placebo related [120], it is surprising that
only three studies included in this review used placebo
methods [31, 100, 120]. A strong effort should be made
in future studies to develop effective placebo conditions.
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