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Abstract

Background: Cold water immersion (CWI) and heat exposure, including hot water
immersion (HWI) and sauna bathing, are commonly used to enhance post-exercise recovery.
Although both interventions are widely applied in sport, they elicit distinct physiological
responses and may differently influence recovery and training adaptations.

Aim: This narrative review aimed to summarize current evidence on the effects of CWI and
heat exposure on post-exercise recovery and training adaptations, focusing on physiological
mechanisms and practical applications.

Materials and methods: A narrative review was conducted using publications retrieved from
PubMed, Scopus, Web of Science, and Google Scholar. Original studies, randomized
controlled trials, systematic reviews, and meta-analyses investigating CWI, HWI, and sauna
bathing were included. Priority was given to studies published between 2023 and 2025, with
earlier landmark studies providing physiological context.

Results: Current evidence indicates that CWI effectively reduces delayed-onset muscle
soreness and perceived fatigue, supporting short-term recovery. However, regular post-
exercise use after resistance training may attenuate hypertrophic adaptations by suppressing
anabolic signaling. In contrast, HWI and sauna bathing promote thermoregulatory adaptations,
increase plasma volume, and improve heat tolerance, although evidence for post-exercise
recovery remains limited. Their effectiveness depends on training goals, exercise modality,
timing, and treatment protocol.

Conclusions: Cold and heat exposure should be regarded as complementary rather than
competing recovery strategies. CWI is primarily supported for short-term recovery, whereas
HWTI appears most beneficial for enhancing thermoregulatory adaptations and preparation for
exercise in hot environments. Thermal therapies should be individualized according to the
athlete's training goals and training phase.

Keywords: cold water immersion; hot water immersion; heat exposure; sauna; exercise
recovery; exercise adaptations; sports performance.

1. Introduction

Intense physical exertion leads to fatigue, exercise-induced muscle damage, and a temporary
decline in exercise capacity. Training loads may also result in delayed-onset muscle soreness
(DOMS), which is often accompanied by impaired neuromuscular function and heightened
perceptions of fatigue (Moore et al., 2023). Effective recovery is a fundamental component of
the training process, as it helps maintain the quality of subsequent training sessions, reduces



the risk of excessive fatigue and overuse, and supports the long-term development of exercise
capacity. Consequently, considerable attention has been devoted to strategies that optimize
post-exercise recovery, with thermal interventions attracting particular interest.

The most commonly used methods include cold water immersion (CWI), hot water
immersion (HWI), and sauna bathing (Ihsan et al., 2021; Ahokas et al., 2025). Although all
are intended to enhance post-exercise recovery, these interventions elicit distinct
physiological responses. Cold water immersion decreases tissue temperature, alters blood
flow, and modulates the inflammatory response (Ihsan et al., 2021). In contrast, heat exposure
increases core body temperature, activates thermoregulatory mechanisms, and stimulates
cellular responses associated with heat stress, including the expression of heat shock proteins
(Normand-Gravier et al., 2025). These physiological differences suggest that the effects of
cold and heat extend beyond short-term recovery and may also influence the mechanisms
responsible for long-term training adaptations.

The strongest scientific evidence currently centers on cold water immersion. Systematic
reviews and meta-analyses consistently show that CWI effectively reduces delayed-onset
muscle soreness, decreases perceived fatigue, and may accelerate recovery of selected
performance parameters after strenuous exercise (Moore et al., 2023; Wang et al., 2025).
However, growing evidence indicates that regular use of CWI after resistance training may
attenuate muscle hypertrophy by suppressing anabolic signaling pathways and satellite cell
activity (Roberts et al., 2015; Pifiero et al., 2024). These findings have reshaped perceptions
of recovery interventions, emphasizing that strategies that enhance short-term recovery are
not necessarily optimal for maximizing long-term training adaptations (Ihsan et al., 2021).

Recently, interest has grown in using heat exposure to aid post-exercise recovery and support
training adaptations. New evidence indicates that regular use of hot water immersion (HWI)
or sauna bathing may foster beneficial thermoregulatory changes, boost plasma volume, and
enhance exercise tolerance in hot conditions (Zurawlew et al., 2015; Solomon and Laye,
2025). Greater focus is now on the possible effects of heat therapies on recovery, heat shock
protein activation, and tissue remodeling mechanisms (Normand-Gravier et al., 2025).
However, compared to cold water immersion (CWI), there are fewer studies on these effects,
and their results are often inconsistent (Ahokas et al., 2025).

Despite the rapid growth of research on thermal therapies, it remains unclear how individual
interventions influence the balance between post-exercise recovery and the development of
training adaptations. Most available studies have focused on specific physiological outcomes,
such as delayed muscle soreness, markers of muscle damage, or exercise tolerance in hot
environments, whereas comparatively little attention has been paid to a comprehensive
comparison of how cold and heat impact recovery and long-term adaptations (Ahokas et al.,
2025; Porgba et al., 2025). Consequently, selecting the most appropriate recovery strategy in
sports practice remains challenging and should consider not only the immediate benefits but
also the potential long-term effects on training adaptations.

No single recovery strategy appears universally effective across all training contexts. Instead,
there is growing emphasis on individualizing recovery interventions based on the type of
exercise, the stage of the training cycle, and the primary training objective (Por¢ba et al.,



2025). For example, athletes engaged in resistance training may prioritize maximizing
hypertrophic and strength adaptations. In contrast, endurance athletes or those preparing for
competition in hot environments may benefit more from interventions that promote
thermoregulatory and endurance adaptations. Therefore, the effectiveness of thermal therapies
should be evaluated not only by their effects on post-exercise recovery but also by their
influence on long-term training outcomes (Zurawlew et al., 2015; Solomon and Laye, 2025).

This narrative review aimed to summarize the current state of knowledge on the effects of
cold water immersion and heat exposure on post-exercise recovery and training adaptations.
Particular attention was paid to the physiological mechanisms underlying thermal therapies,
the comparative effectiveness of cold- and heat-based interventions on key recovery outcomes,
and their potential influence on muscular, performance, and thermoregulatory adaptations.
Furthermore, this review sought to discuss the practical implications of thermal therapies for
training planning and to identify areas requiring further investigation.

2. Materials and Methods

This narrative review aimed to critically summarize current evidence on the effects of post-
exercise thermal therapies on post-exercise recovery and training adaptations. A literature
search was conducted using the PubMed, Scopus, Web of Science, and Google Scholar
databases. The search was conducted between January and February 2026 using combinations
of the following keywords: cold water immersion, hot water immersion, sauna bathing, heat
therapy, exercise recovery, exercise adaptation, athletic performance, muscle damage, and
endurance training.

The review primarily included original experimental studies, randomized controlled trials,
systematic reviews, and meta-analyses examining the effects of cold-water immersion, hot-
water immersion, and sauna bathing on post-exercise recovery and training adaptations.
Particular emphasis was placed on publications from 2023 to 2025 to reflect the most recent
evidence. However, landmark earlier studies that have substantially contributed to the current
understanding of thermal therapies in sport were also included where appropriate.

Studies were selected for their relevance to this review's objectives. The review included
publications addressing both the physiological mechanisms underlying thermal therapies and
their effects on post-exercise recovery, muscular performance, and thermoregulatory
adaptations. To provide a balanced overview of the available evidence, studies reporting
beneficial effects as well as those with inconsistent or contrasting findings on cold- and heat-
based interventions were considered.

The review focused on identifying the main directions of current research, evaluating the
quality of the available evidence, and critically synthesizing findings relevant to the practical
application of thermal therapies in sport. Particular attention was given to comparing the
effects of cold- and heat-based interventions on post-exercise recovery and long-term training
adaptations. Owing to the narrative design of this review, no formal assessment of
methodological quality or risk of bias was conducted, as these procedures are characteristic of
systematic reviews.



3. Mechanisms of Action of Thermal Therapies
3.1. Mechanisms of Action of Cold Water Immersion

Cold water immersion (CWI) is one of the most widely used strategies to support post-
exercise recovery in both competitive and recreational sports. Despite its widespread use, the
physiological mechanisms underlying its effects have not yet been fully elucidated. Recent
studies suggest that the effects of CWI result from the interaction among hemodynamic,
neural, and molecular responses, with the relative contributions of these responses depending
on the type of exercise performed, the cooling protocol applied, and the timing of outcome
assessment (Thsan et al., 2021).

The immediate physiological response to cold water immersion is a rapid drop in skin
temperature and, with sufficient exposure, a decline in muscle temperature. The extent of
tissue cooling depends primarily on water temperature, immersion duration, immersion depth,
and individual characteristics such as subcutaneous fat thickness. Cold exposure triggers a
vascular response marked by vasoconstriction of superficial blood vessels and transient
changes in blood flow. However, recent evidence suggests that these hemodynamic changes
are more complex than initially assumed and do not fully account for the physiological effects
observed after CWI (lhsan et al., 2021).

One of the best-established physiological mechanisms of CWI is its effect on the nervous
system. Reduced tissue temperature decreases nerve conduction velocity and lowers the
excitability of peripheral nociceptors, thereby reducing pain perception. This mechanism is
considered one of the most plausible explanations for the consistent reduction in delayed-
onset muscle soreness (DOMS) observed after strenuous exercise. Importantly, reduced pain
perception should not be interpreted as evidence of accelerated muscle repair, as analgesic

effects do not necessarily reflect faster restoration of muscle tissue (Ihsan et al., 2021; Xiao et
al., 2023).

For many years, attenuation of the exercise-induced inflammatory response was considered
the primary mechanism underlying the effects of CWI. More recent evidence, however,
suggests a more nuanced interpretation. Cold exposure appears to modulate specific
components of the inflammatory response, although the magnitude and physiological
significance of these changes remain uncertain. Importantly, inflammation is an essential
component of tissue repair and adaptation following exercise. Consequently, available
evidence does not support the view that modulation of inflammation is the sole or dominant
mechanism responsible for the beneficial effects of CWI (Ihsan et al., 2021).

Increasing attention has been directed toward the molecular responses induced by CWIL
Experimental studies suggest that post-exercise muscle cooling may influence the expression
of genes associated with metabolic adaptations, including increased expression of peroxisome
proliferator-activated receptor gamma coactivator-1 alpha (PGC-la), a key regulator of



mitochondrial biogenesis (Ihsan et al., 2014). Conversely, studies involving resistance-trained
individuals have demonstrated that regular use of CWI following resistance exercise may
attenuate activation of the mammalian target of rapamycin (mTOR) signaling pathway and
reduce satellite cell activity, both of which play central roles in skeletal muscle hypertrophy.
These findings indicate that the influence of CWI on training adaptations depends largely on
the type of exercise performed and should not be evaluated solely on its short-term recovery
effects (Roberts et al., 2015; Fyfe et al., 2019).

3.2. Mechanisms of Action of Heat Exposure

Heat exposure, primarily through hot water immersion (HWI) and sauna bathing, elicits a
complex physiological response involving thermoregulatory, cardiovascular, and cellular
mechanisms. Unlike cold water immersion, which primarily lowers tissue temperature and
modulates recovery-related physiological responses, heat-based interventions raise core body
temperature and induce controlled heat stress. This stimulus activates multiple physiological
pathways that maintain thermal homeostasis and, with repeated application, promotes
adaptations that enhance tolerance to exercise in hot environments (Hussain and Cohen, 2018;
Zurawlew et al., 2015; Solomon and Laye, 2025).

The initial response to elevated core temperature is activation of thermoregulatory
mechanisms controlled by the hypothalamus. Increased body temperature induces cutaneous
vasodilation, increases skin blood flow, and stimulates sweating, thereby promoting heat
dissipation. Simultaneously, heart rate and cardiovascular strain rise, allowing the body to
maintain adequate perfusion of the skin and exercising muscles despite elevated thermal stress.
These responses constitute the fundamental physiological mechanisms that maintain thermal
balance during heat exposure (Hussain and Cohen, 2018).

Repeated heat exposure induces adaptations characteristic of heat acclimation. The most
consistently reported changes include increased plasma volume, an earlier onset of sweating,
a lower core temperature threshold for initiating sweating, and a lower core temperature
during exercise in hot environments. Together, these adaptations reduce physiological strain
and improve exercise tolerance under heat stress. Zurawlew et al. (2015) demonstrated that
several consecutive days of post-exercise hot water immersion can induce physiological
adaptations comparable to those observed with conventional heat acclimation protocols.
Subsequent studies have confirmed similar responses in both recreationally active individuals
and competitive athletes (Zurawlew et al., 2015; Zurawlew et al., 2018; Solomon and Laye,
2025).

Systemic adaptations are accompanied by cellular responses that are a key component of the
body's adaptation to heat stress. One of the best-characterized mechanisms is the increased
expression of heat shock proteins (HSPs). These proteins function as molecular chaperones by
stabilizing protein structure, preventing denaturation, and facilitating the repair and refolding
of damaged proteins. Their expression increases in response to various forms of cellular stress,
including heat stress, and is considered a fundamental mechanism underlying cellular



adaptation to repeated heat exposure (Hussain and Cohen, 2018; Normand-Gravier et al.,
2025).

Activation of HSPs is part of a broader cellular response that enhances resistance to
subsequent stressors. Recent evidence suggests that heat exposure may also modulate cellular
homeostasis, inflammatory signaling, and mechanisms involved in tissue protection and repair.
Nevertheless, most evidence describing these mechanisms comes from experimental and
preclinical studies, and their relevance to post-exercise recovery and athletic performance
requires further confirmation in well-designed human studies (Normand-Gravier et al., 2025).

Cardiovascular adaptations also substantially contribute to the physiological effects of
repeated heat exposure. Plasma volume expansion helps maintain stroke volume, improves
heat transfer from the body's core to the skin, and reduces cardiovascular strain during
exercise in hot environments. Similar adaptations have been observed after repeated sauna
bathing and post-exercise HWI protocols, suggesting that different forms of passive heat
exposure elicit comparable physiological responses (Scoon et al., 2007; Zurawlew et al., 2015;
Solomon and Laye, 2025).

4. Effects of Thermal Therapies
4.1. Cold Water Immersion (CWI)

Cold water immersion (CWI) is among the most extensively studied post-exercise recovery
interventions and has been widely used in both competitive and recreational sports for many
years. Its popularity stems largely from its potential to reduce post-exercise fatigue and
support recovery between successive training sessions or competitions. Over the past decade,
the evidence base supporting CWI has grown substantially, with numerous randomized
controlled trials, systematic reviews, and meta-analyses evaluating its effectiveness (Moore et
al.,, 2023; Xiao et al., 2023; Wang et al.,, 2025). Current evidence indicates that the
effectiveness of CWI depends on several factors, including the type of exercise performed, the
recovery outcomes assessed, and the characteristics of the cooling protocol.

4.1.1. Effects on Delayed Onset Muscle Soreness and Markers of Muscle Damage

The most consistent and well-established effect of CWI is reduced delayed-onset muscle
soreness (DOMS). Recent meta-analyses show that cold-water immersion after strenuous
exercise significantly reduces muscle soreness, particularly during the first 24-72 hours post-
exercise (Moore et al., 2023; Xiao et al., 2023; Wang et al., 2025). Beneficial effects have
been observed after both endurance and resistance exercise, suggesting that the analgesic
effects of CWI are broadly applicable across exercise modalities (Moore et al., 2023; Xiao et
al., 2023). These effects are primarily attributed to reduced tissue temperature and decreased
nerve conduction velocity, which lower pain perception (Ihsan et al., 2021). Importantly,
reduced pain perception should not be interpreted as evidence of accelerated muscle repair, as
analgesic effects do not necessarily reflect faster restoration of damaged muscle tissue (Ihsan
etal., 2021).



The consistency of these findings across multiple systematic reviews indicates that reducing
DOMS is the most robust and reproducible benefit associated with CWI. Although the
magnitude of the effect varies by cooling protocol and exercise modality, improvements in
perceived muscle soreness have consistently been reported after endurance, team-sport, and
resistance-based exercise (Moore et al.,, 2023; Wang et al., 2025). Consequently, CWI
remains one of the few post-exercise recovery interventions supported by high-quality
evidence for reducing post-exercise muscle soreness.

Evidence on markers of muscle damage, particularly creatine kinase (CK) activity, is
considerably less consistent. Although some studies have reported moderate reductions in CK
concentrations after CWI, these effects are substantially more variable than those observed for
DOMS (Xiao et al., 2023; Wang et al., 2025). Such discrepancies may reflect differences in
exercise modality, timing of blood sampling, and characteristics of the cooling protocol
(Wang et al., 2025). Moreover, CK exhibits considerable inter-individual variability and does
not always accurately reflect the extent of muscle damage or the rate of functional recovery
(Moore et al., 2023; Xiao et al., 2023). Similar findings were reported by Horgan et al. (2024),
who observed reduced CK concentrations after both CWI and HWI compared with a control
condition, with a greater reduction after HWI. Overall, current evidence suggests that thermal
interventions may influence CK activity; however, the magnitude and practical significance of
these changes depend on the intervention applied, the exercise performed, and the
experimental conditions.

4.1.2. Effects on Fatigue and Recovery

The beneficial effects of CWI have also been demonstrated with respect to perceived fatigue.
Recent meta-analyses consistently report that athletes undergoing CWI experience lower
perceived fatigue and reduced ratings of perceived exertion in the hours after strenuous
exercise (Moore et al., 2023; Xiao et al., 2023). These findings are particularly relevant in
sports with congested competition schedules or high training frequency, where rapid recovery
between successive bouts of exercise is essential. Nevertheless, improvements in subjective
recovery are not consistently accompanied by corresponding gains in objective measures of
physical performance, indicating that enhanced perceptions of recovery do not necessarily
reflect complete physiological restoration (Moore et al., 2023; Gustafsson et al., 2025).

The effects of CWI on objective recovery outcomes are less consistent than those observed
for delayed-onset muscle soreness. Although several studies have reported faster recovery of
selected neuromuscular performance measures, such as jump height and muscle power, the
available findings are not entirely consistent. Moore et al. (2023) reported that CWI
outperformed active recovery, contrast water therapy, and warm water immersion for selected
recovery outcomes in some analyses. However, these advantages were not consistently
observed across all performance measures. Similarly, Gustafsson et al. (2025) found no
superiority of either CWI or HWI over placebo for recovery following a simulated soccer
match or for subsequent training adaptations.



The discrepancy between subjective and objective recovery outcomes warrants particular
attention. Athletes frequently report feeling less fatigued and better prepared to perform after
CWI, despite modest or inconsistent improvements in objective performance measures. This
distinction is of considerable practical importance, as perceived readiness may positively
influence confidence, motivation, and the ability to tolerate repeated training sessions or
competitions, even when physiological recovery remains incomplete (Moore et al., 2023;
Gustafsson et al., 2025).

4.1.3. Effects on Training Adaptations

The effects of CWI extend beyond short-term recovery and may also influence training
adaptations. This issue has received considerable attention in recent years, particularly in
resistance training. Experimental studies indicate that regular use of CWI after resistance
exercise may attenuate anabolic signaling, reduce satellite cell activity, and limit skeletal
muscle hypertrophy (Roberts et al., 2015; Fyfe et al., 2019). More recent evidence supports
these observations. A meta-analysis by Pifiero et al. (2024) reported that regular post-exercise
CWI may yield smaller gains in muscle mass than other recovery strategies. In contrast,
Grgic’s (2023) meta-analysis found that evidence regarding strength development is less
consistent and considerably weaker than that for muscle hypertrophy. Collectively, these
findings suggest that the potential adverse effects of regular CWI are primarily associated
with hypertrophic adaptations, whereas its influence on maximal strength remains
inconclusive.

A different pattern emerges after endurance exercise. Current evidence does not indicate that
regular use of CWI attenuates endurance-related adaptations to the same extent as it does after
resistance training. Some experimental studies suggest that post-exercise cooling may
increase expression of peroxisome proliferator-activated receptor gamma coactivator-1 alpha
(PGC-1a), a key regulator of mitochondrial biogenesis (Ihsan et al., 2014). However, there is
currently no convincing evidence that this molecular response translates into superior long-
term endurance adaptations. As highlighted by lhsan et al. (2021), the physiological
significance of increased PGC-la expression remains uncertain and requires further
investigation. These findings suggest that the effects of CWI on training adaptations depend
largely on the type of exercise performed and the physiological pathways involved.

Importantly, current evidence does not indicate that the effects of CWI on training adaptations
are uniformly detrimental. Although attenuation of muscle hypertrophy has been consistently
reported after resistance training, comparable reductions in maximal strength or endurance
adaptations have not been demonstrated with the same consistency. This distinction suggests
that the physiological mechanisms regulating muscle hypertrophy, strength development, and
endurance adaptations respond differently to post-exercise cooling. Consequently, the
potential impact of CWI should be interpreted in the context of the specific exercise modality
and the desired training adaptations rather than generalized across all forms of exercise (Fyfe
et al., 2019; Grgic, 2023; Pifiero et al., 2024).
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4.1.4. Practical Implications of Using Cold Water Immersion

The practical effectiveness of CWI depends not only on the application of cold but also on
selecting appropriate intervention parameters and the training context in which it is used. The
most recent network meta-analysis, which included 55 randomized controlled trials, found
that immersion for 10—-15 minutes at 11-15°C was most effective for reducing delayed-onset
muscle soreness, whereas immersion at 5-10°C for a similar duration produced greater
reductions in creatine kinase (CK) activity and more favorable effects on selected
neuromuscular performance outcomes (Wang et al., 2025). Nevertheless, substantial
heterogeneity in study protocols limits the ability to define a universally optimal cooling
strategy, highlighting the need to individualize CWI protocols according to the intended
application.

Overall, current evidence supports the use of CWI primarily to reduce delayed-onset muscle
soreness and improve subjective perceptions of recovery (Moore et al., 2023; Xiao et al., 2023;
Wang et al., 2025). In contrast, evidence on its effects on muscle damage markers and
objective measures of physical performance recovery remains less consistent (Moore et al.,
2023; Gustafsson et al., 2025). Furthermore, regular use of CWI after resistance exercise may
attenuate hypertrophic adaptations, whereas comparable effects on maximal strength or
endurance adaptations have not been consistently demonstrated (Roberts et al., 2015; Fyfe et
al., 2019; Grgic, 2023; Pifiero et al., 2024). These findings suggest that CWI should be
implemented selectively, with consideration of the exercise modality, recovery demands, and
intended training adaptations.

4.2. Hot Water Immersion (HWI)

Hot water immersion (HWI) has become an increasingly popular post-exercise recovery
strategy in recent years. Current evidence suggests that HWI may support post-exercise
recovery and selected training adaptations, particularly those related to thermoregulation and
endurance performance. However, compared with CWI, the available evidence remains
considerably less extensive and is marked by substantial heterogeneity in intervention
protocols, participant characteristics, and outcome measures (Ahokas et al., 2025; Normand-
Gravier et al., 2025).

4.2.1. Effects of HWI on Post-Exercise Recovery

Interest in the effects of hot water immersion (HWI) on post-exercise recovery has grown
markedly in recent years. Although the available evidence remains substantially less extensive
than that for cold water immersion, existing studies suggest that heat exposure may facilitate
recovery by raising muscle temperature, activating heat stress responses, and modulating
inflammatory processes (Ahokas et al., 2025; Normand-Gravier et al., 2025).

Most studies have focused on delayed-onset muscle soreness (DOMS) and markers of muscle
damage. In an experimental model of muscle injury induced by electrically stimulated
eccentric contractions, HWI reduced muscle soreness compared with thermoneutral water
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immersion. In contrast, comparable benefits were not observed with cold water immersion.
Furthermore, HWI was associated with lower concentrations of creatine kinase (CK) and
myoglobin, suggesting a potentially more favorable recovery response after muscle damage
(Dablainville et al., 2025).

These findings should, however, be interpreted cautiously. Although reductions in muscle
soreness and circulating markers of muscle damage may indicate beneficial physiological
responses, biochemical markers do not necessarily reflect the restoration of muscle function.
Consequently, the effectiveness of heat-based recovery interventions should be evaluated by
integrating clinical, functional, and molecular outcomes rather than relying exclusively on
individual laboratory markers (Ahokas et al., 2025; Dablainville et al., 2025).

Increasing attention has also focused on the biological mechanisms underlying the effects of
HWI. Heat exposure has been shown to increase expression of the heat shock proteins HSP27
and HSP70, enhance expression of the anti-inflammatory cytokine interleukin-10 (IL-10), and
reduce activation of nuclear factor kappa B (NF-kB), a key regulator of the inflammatory
response. These findings suggest that HWI may facilitate an earlier transition from the pro-
inflammatory to the regenerative phase, thereby creating conditions that may favor muscle
tissue repair (Dablainville et al., 2025).

4.2.2. Effects of HWI on Training Adaptations

Hot water immersion (HWI) is one of the few post-exercise recovery interventions that may
influence not only recovery but also the development of specific training adaptations. Current
evidence suggests that repeated heat exposure induces physiological adaptations across the
thermoregulatory, cardiovascular, and muscular systems. However, the magnitude of these
adaptations depends on the intervention protocol, frequency of exposure, and the type of
training performed (Ahokas et al., 2025; Normand-Gravier et al., 2025).

The strongest evidence supports the development of thermoregulatory adaptations associated
with heat acclimation. Repeated post-exercise heat exposure reduces core temperature during
subsequent exercise, promotes an earlier onset of sweating, and lessens cardiovascular strain.
These responses are accompanied by plasma volume expansion, enhanced heat dissipation,
and lower perceived exertion, collectively improving exercise tolerance in hot environments
(Zurawlew et al., 2015).

The practical relevance of these adaptations has been demonstrated in studies assessing
exercise performance after repeated heat exposure. A six-day protocol involving 40 minutes
of hot water immersion at 40°C immediately after exercise improved 5-km running
performance in hot environmental conditions without significantly affecting performance in
thermoneutral conditions (Zurawlew et al., 2015). Similar findings were reported by Kirby et
al. (2021), who showed that a three-week post-exercise sauna intervention effectively
promoted heat acclimation in both women and men, yielding comparable improvements in
VO:max and running speed at the lactate threshold. Notably, the physiological mechanisms
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underlying these adaptations differed between sexes. Men exhibited greater increases in skin
blood flow, whereas women demonstrated a more pronounced sweating response, suggesting
distinct thermoregulatory strategies that yield similar functional outcomes (Kirby et al., 2021).

Similarly, regular sauna bathing after endurance training has been linked to increased plasma
volume and a longer time to exhaustion, suggesting that repeated heat exposure may enhance
adaptations relevant to endurance performance (Scoon et al., 2007). Although improvements
in exercise performance in hot environments are well established, evidence supporting
comparable benefits in thermoneutral environments remains inconsistent (Solomon and Laye,
2025).

Beyond thermoregulatory adaptations, increasing attention has focused on the effects of HWI
on skeletal muscle adaptation. Experimental evidence suggests that heat exposure may
enhance heat shock protein expression and modulate inflammatory signaling, creating a
physiological environment that may support muscle remodeling and recovery. Heat exposure
has also been linked to activation of molecular pathways involved in angiogenesis, protein
synthesis, and satellite cell function. However, the relevance of these cellular responses to
long-term training adaptations in humans remains uncertain (Normand-Gravier et al., 2025).

Overall, the strongest evidence supports using HWI to promote thermoregulatory adaptations
and improve heat tolerance, whereas its effects on skeletal muscle adaptation and exercise
performance outside hot environments remain less clearly established (Zurawlew et al., 2015;
Solomon and Laye, 2025).

4.2.3. Practical Implications of Using HWI

The practical application of hot water immersion (HWI) depends primarily on the intended
training objective and the context in which the intervention is implemented. Unlike cold water
immersion, which is primarily used to facilitate short-term recovery, HWI may support
selected recovery processes while promoting physiological adaptations, particularly those
related to thermoregulation and exercise tolerance in hot environments. Consequently, HWI
appears especially relevant for athletes preparing for competition in the heat or undertaking
endurance-oriented training (Ahokas et al., 2025; Normand-Gravier et al., 2025).

The strongest evidence supports the regular use of HWI as part of a heat acclimation strategy.
Repeated post-exercise heat exposure promotes plasma volume expansion, improves
thermoregulatory function, and reduces physiological strain during exercise in hot conditions.
These adaptations may enhance exercise tolerance and performance in the heat, making HWI
a valuable adjunct to preparation for competitions in warm climates and other situations
requiring improved heat tolerance (Zurawlew et al., 2015; Scoon et al., 2007).

5. Discussion

The available evidence indicates that the effects of post-exercise thermal therapies extend
beyond short-term recovery and also influence the physiological processes that underlie
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training adaptations. Cold water immersion (CWI) and hot water immersion (HWI) elicit
distinct physiological responses, and their effectiveness depends primarily on the
intervention's intended purpose, the type of exercise performed, and the stage of the training
process. Consequently, these interventions should not be viewed as competing recovery
strategies but rather as complementary approaches that can be implemented according to
specific training objectives (Ahokas et al., 2025; Normand-Gravier et al., 2025).

5.1. Post-Exercise Recovery and Long-Term Training Adaptations

One key finding from the available literature is the need to distinguish between short-term
recovery gains and long-term training adaptations. Accelerating recovery may help maintain
the quality of subsequent training sessions or competitions, but it does not necessarily
optimize the physiological processes that improve performance or promote muscle
hypertrophy. In the case of CWI, mechanisms that reduce muscle soreness and modulate
inflammatory responses may simultaneously attenuate anabolic signaling pathways involved
in skeletal muscle remodeling. This apparent trade-off illustrates that interventions beneficial
for short-term recovery may not always support long-term training adaptations (Roberts et al.,
2015; Fyfe et al., 2019).

The present review also highlights that the effectiveness of thermal therapies should be
interpreted in the context of the exercise modality and the desired training adaptations. Most
studies investigating CWI have focused on short-term recovery outcomes, including
reductions in delayed-onset muscle soreness and improvements in perceived recovery. In
contrast, comparatively few have examined long-term physiological adaptations. This
imbalance is even more pronounced for HWI, where evidence on training adaptations remains
limited and is derived primarily from a relatively small number of experimental studies and
recent reviews. Consequently, the strength of current recommendations varies substantially
between these interventions and should be interpreted in light of the quality and quantity of
the available evidence (Ahokas et al., 2025; Normand-Gravier et al., 2025; Poreba et al.,
2025).

5.2. Practical Application of Thermal Therapies According to Training Objectives

The practical use of CWI appears most appropriate when the primary objective is the rapid
restoration of exercise capacity between successive training sessions or competitions. This is
particularly relevant in team sports, tournament settings, and disciplines with high training or
competition density, where reducing delayed-onset muscle soreness and perceived fatigue
may help maintain performance across repeated bouts of exercise (Porgba et al., 2025; Moore
etal., 2023).

In contrast, routine use of CWI during periods primarily focused on maximizing muscle
hypertrophy and strength development warrants more careful consideration. Current evidence
suggests that regular post-exercise cooling may attenuate molecular pathways involved in
skeletal muscle remodeling, potentially limiting hypertrophic adaptations over time.
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Nevertheless, these findings do not support eliminating CWI from resistance training
altogether. Instead, its use should be strategically integrated into periods of intensified
training or competition, taking into account the potential trade-off between accelerated
recovery and the maximization of long-term training adaptations (Roberts et al., 2015; Fyfe et
al., 2019; Porgba et al., 2025).

The available evidence yields conflicting conclusions about HWI. Although substantially
fewer studies have examined this intervention, repeated heat exposure appears to promote
thermoregulatory adaptations and improve exercise tolerance in hot environments. Expansion
of plasma volume, enhanced heat dissipation, and reduced cardiovascular strain during
exercise suggest that HWI may be a valuable strategy for athletes preparing for endurance
events or competitions in hot environmental conditions (Zurawlew et al., 2015; Scoon et al.,
2007; Normand-Gravier et al., 2025).

Rather than representing competing recovery strategies, CWI and HWI should be viewed as
complementary interventions with distinct physiological applications. Their use should
therefore be guided by the desired training adaptations and the specific demands of the
training process, rather than by the assumption that one method is universally superior to the
other (Ahokas et al., 2025; Normand-Gravier et al., 2025).

5.3. Limitations of the Available Evidence and Future Research Directions

Several limitations of the available evidence should be considered when interpreting the
findings presented in this review. Considerable heterogeneity across studies exists with
respect to water temperature, immersion duration, immersion depth, and the timing of
intervention after exercise. Furthermore, the included studies involve participants with
different training statuses, sporting backgrounds, and exercise protocols, making direct
comparisons difficult and limiting the generalizability of current recommendations (Ahokas et
al., 2025; Porgba et al., 2025).

Another important limitation is the underrepresentation of women in the available literature.
Solomon and Laye (2025) reported that women accounted for only about 21% of participants
in studies investigating passive heat acclimation. Together with the limited number of
investigations examining menstrual cycle phase and recent evidence demonstrating sex-
specific responses to thermal interventions (Wellauer et al., 2025), these findings indicate that
current recommendations should be applied cautiously to female athletes.

Direct comparisons of CWI and HWI using standardized experimental protocols remain
scarce. Most studies assess individual interventions separately, making it difficult to
determine their relative effectiveness under comparable conditions or to establish evidence-
based recommendations for specific training contexts (Ahokas et al., 2025; Normand-Gravier
et al., 2025).

Finally, substantial variability exists in the outcome measures used across studies.
Investigators have assessed subjective perceptions of recovery, biochemical markers of
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muscle damage, inflammatory and molecular responses, performance outcomes, and long-
term training adaptations. This methodological heterogeneity complicates comparisons across
studies and limits the possibility of robust quantitative synthesis. Future research should
prioritize standardized intervention protocols and comprehensive assessment of both short-
term recovery and long-term training adaptations to strengthen the evidence base for thermal
recovery strategies.

6. Conclusion

Thermal therapies are valuable tools for supporting post-exercise recovery and optimizing
training outcomes in athletes. However, their effectiveness depends on the context in which
they are applied, as cold water immersion (CWI) and hot water immersion (HWI) elicit
distinct physiological responses and serve different purposes within the training process.
Rather than competing interventions, they should be viewed as complementary strategies.

Available evidence confirms that CWI effectively reduces delayed-onset muscle soreness and
supports short-term recovery, particularly when rapid restoration of exercise capacity is
required. Nevertheless, regular use after resistance exercise may attenuate mechanisms
involved in muscle hypertrophy, underscoring the importance of aligning its use with specific
training objectives. In contrast, HWI appears most beneficial for promoting thermoregulatory
adaptations and improving exercise tolerance in hot environments, although the evidence
supporting its broader application remains less extensive than that for CWL.

The appropriate use of thermal therapies should therefore be based on the intended training
objective, exercise characteristics, and the phase of the training cycle. Integrating CWI and
HWTI into the training process, aligned with their specific physiological effects, may optimize

both short-term recovery and long-term training adaptations, providing a more individualized
and evidence-informed approach to athlete preparation.
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