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Abstract

Contrast heat-cold showering is popular for recovery, but multi-
system evidence and persistence after cessation remain unclear.
To evaluate whether a 4-week post-training contrast heat-cold
shower intervention produces an integrated recovery profile
across four domains (autonomic, endocrine, perceptual, and mi-
crovascular) rather than testing a single isolated physiological
pathway, across baseline (T0), post-intervention (T1), and 2-
week wash-out (T2). Sixty combat-sport athletes were random-
ized to contrast showers (10 min alternating warm 38 - 40°C and
cold 13 - 15°C) or an active thermoneutral-shower comparator
(10 min, 32 - 34°C) after training for 4 weeks. Primary analyses
were per-protocol ( > 75% compliance; n = 57), with intention-
to-treat sensitivity analyses. Outcomes were Total Quality Recov-
ery (TQR), morning salivary cortisol (two mornings averaged),
resting HRV, and post-occlusive reactive hyperemia (PORH).
From TO to T1, favorable between-group changes were observed
for resting HR (AA -2.10 bpm, 95% CI -2.24 to -1.96; g -0.65; p
<0.001), InRMSSD (AA 0.123 log units, 95% C10.108 to 0.137;
g0.74; p<0.001), with similar T1 effects for RMSSD and SDNN,
and TQR (AA 0.61 points, 95% C10.27 t0 0.95; g 0.80; p <0.001).
These T1 autonomic and perceptual changes were not maintained
at T2 (all T2-TO AA p > 0.05). Cortisol and PORH-derived out-
comes showed no statistically clear between-group differences at
T1 or T2 (all p > 0.05). Compared with thermoneutral showering,
4 weeks of post-training contrast heat-cold showering produced
short-term favorable between-group changes in autonomic regu-
lation and perceived recovery, but not in morning cortisol or
PORH-derived microvascular reactivity. These effects were not
maintained after wash-out; therefore, causal attribution to the
shower intervention alone and claims of persistent physiological
adaptation should be made cautiously. Trial registration:
ISRCTN15418049.

Key words: Recovery, combat sports, heart rate variability, post-
occlusive reactive hyperemia.

Introduction

High-performance combat sports impose repeated, high-
intensity mechanical and metabolic stressors that require
efficient recovery to sustain training quality and reduce the
risk of maladaptive fatigue (Ostapiuk-Karolczuk et al.,

2025). These stressors are distinctive because combat ath-
letes are exposed to repeated grip fighting, clinch and pull-
ing actions, striking impacts, dense sparring blocks, mixed
aerobic-anaerobic energy demands, and, in many competi-
tive contexts, weight-management practices that may fur-
ther challenge hydration, sleep, endocrine regulation, and
perceived recovery (James et al., 2016; Franchini, 2023).
Monitoring recovery using objective physiological mark-
ers is increasingly emphasized because subjective recovery
alone can diverge from underlying stress-adaptation biol-
ogy in athletes (Coutts et al., 2021). Accordingly, sport sci-
ence encourages integrated evaluation across vascular, au-
tonomic, and endocrine systems to better characterize re-
covery status and training adaptation (Lee et al., 2017). In
this contexts, autonomic indices reflect cardiac regulatory
state and parasympathetic reactivation, endocrine markers
provide information about systemic hypothalamic-pitui-
tary-adrenal-axis load, perceptual scores capture the ath-
lete’s conscious recovery appraisal, and microvascular
measures represent local perfusion responsiveness. These
domains are related but not interchangeable, and they may
change at different rates after training or recovery interven-
tions (Babos, 2013; Mishica et al., 2021).

Autonomic regulation is a central component of re-
covery physiology, and resting heart rate variability (HRV)
provides a noninvasive window into cardiac autonomic
modulation in athletes (Aubert et al., 2003). Time-domain
vagal indices such as RMSSD and InRMSSD are widely
used in applied monitoring because they are sensitive to
training load and recovery fluctuations in athletic popula-
tions (Esco and Flatt, 2014). In parallel, salivary cortisol
reflects hypothalamic-pituitary-adrenal axis activity and
has been repeatedly used as a marker of training-related
stress and recovery balance in sport contexts (Cevada et al.,
2014). However, basal morning cortisol should be distin-
guished from acute cortisol stress reactivity since morning
values primarily index the basal circadian/endocrine state
under standardized sampling conditions, whereas acute re-
activity requires repeated sampling around a defined
stressor or exercise bout (Diaz et al., 2013; Cevada et al.,
2014). If a recovery intervention meaningfully reduces
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accumulated physiological strain, the expected direction
would generally be a lower or more stable morning cortisol
profile relative to control, rather than a transient post-ex-
posure cortisol spike (Cevada et al., 2014). Nevertheless,
cortisol is strongly influenced by circadian timing, sleep,
psychosocial stress, and recent training load, so small in-
tervention effects may be difficult to detect in field scenar-
ios (Bonato et al., 2017). Microvascular regulation is
mechanistically relevant to recovery because it governs tis-
sue perfusion dynamics that influence oxygen delivery and
metabolite clearance following loading (Morales et al.,
2005). Post-occlusive reactive hyperemia (PORH) as-
sessed with laser Doppler methods is a well-established ap-
proach to quantify microvascular reactivity and has
demonstrated reproducible parameterization for research
applications (Yvonne-Tee et al., 2005). Inter-day reproduc-
ibility of PORH has also been documented in methodolog-
ical work, supporting its use for longitudinal designs that
test physiological adaptation over time (Roustit et al.,
2010b). Because laser Doppler PORH primarily quantifies
cutaneous microvascular perfusion at the measurement
site, it should not be interpreted as a direct measure of mus-
cle oxygenation or systemic cardiovascular function (Fa-
bregate-Fuente et al., 2019).

Contrast water therapy is widely implemented as a
pragmatic recovery strategy, and systematic review evi-
dence indicates it can influence recovery-related outcomes
after exercise-induced muscle damage, although study
quality and effects vary (Bieuzen et al., 2013). Meta-ana-
lytic findings in sport contexts similarly suggest potential
benefits of cold and contrast water interventions for recov-
ery, but outcomes depend on protocols, comparators, and
the specific endpoints measured (Higgins et al., 2017). Im-
portantly, much of the existing evidence concerns cold-wa-
ter or contrast-water immersion (Wilcock et al., 20006),
whereas the research in contrast heat-cold showering is
limited (Shadgan et al., 2018). Immersion and showering
are not physiologically equivalent since immersion pro-
vides hydrostatic pressure, greater body-surface contact,
and different heat-transfer and tissue-cooling characteris-
tics, whereas showering mainly delivers a surface thermal
stimulus without the same hydrostatic loading (Torres-
Ronda and Schelling i del Alcazar, 2014). Therefore, im-
mersion findings are transferable to shower protocols only
at the level of shared alternating thermal exposure and
plausible thermoregulatory/autonomic stimulation, not at
the level of hydrostatic-pressure-mediated fluid shifts or
whole-limb immersion effects (Wilcock et al., 2006;
Shadgan et al., 2018).

Plausible explanations commonly propose that al-
ternating thermal exposure induces cyclic vasocon-
striction-vasodilation and modifies local hemodynamics,
yet direct multi-system validation in applied athletic sce-
narios remains limited (Shadgan et al., 2018). Moreover,
cutaneous blood flow, intramuscular oxygenation, and sys-
temic cardiovascular responses may not change in parallel
because they represent different compartments and regula-
tory mechanisms, therefore using PORH assessment can be
relevant to represent cutaneous microvascular reactivity
(Shadgan et al., 2015; 2018).

In combat-sport context, a recent single-blind ran-
domized trial in MMA-trained athletes reported that partial
contrast-water immersion produced acute shifts in forearm
muscle mechanics, reducing stiffness/elasticity indices
while increasing pressure pain threshold and maximal iso-
metric force within ~5 - 60 minutes post-treatment (Try-
bulski et al., 2025). Given the central role of forearm flexor
function for gripping and clinch control, these short-term
biomechanical changes are plausibly relevant to session-
to-session readiness in combat sports, even though they do
not establish longer-term multi-system adaptation (Trybul-
ski et al., 2025). This combat-sport-specific evidence mo-
tivates the present trial because it suggests that thermal
contrast may influence recovery-relevant perception and
tissue-level function in athletes exposed to repeated grip-
ping and striking demands. However, it does not determine
whether a more feasible shower-based protocol produces
coordinated autonomic, endocrine, perceptual, and cutane-
ous microvascular changes over repeated post-training use.

Critically, most contrast-water research has not
tested whether repeated exposure produces coordinated ad-
aptations across microvascular reactivity, autonomic mod-
ulation, and endocrine stress markers, nor whether any
changes persist after stopping the intervention (Higgins et
al., 2017). This limits interpretation and practical decision-
making for coaches who need to know whether contrast
showers produce only transient effects or longer-lasting
adaptive responses (Higgins et al., 2017). The exact gap
addressed here is whether repeated post-training contrast
heat-cold showering, compared with thermoneutral show-
ering, produces measurable multisystem recovery changes
in trained combat-sport athletes.

Therefore, the objective of this study was to evalu-
ate the effects of a four-week post-training contrast heat-
cold shower intervention, compared with an active ther-
moneutral-shower comparator, on resting autonomic mod-
ulation, perceived recovery, morning salivary cortisol, and
cutaneous microvascular reactivity across three time points
(TO baseline, T1 post-intervention, T2 after wash-out). The
primary contrasts were the between-group differences in
change from TO to T1 and from TO to T2. Resting heart rate
variability (HRV) indices and total quality recovery (TQR)
were treated as the main recovery outcomes of interest be-
cause they were expected to be most responsive to short-
term recovery-state modulation, whereas morning cortisol
and PORH-derived cutaneous microvascular outcomes
were interpreted as complementary endocrine and micro-
vascular domains within the integrated recovery profile.
We hypothesized that, compared with thermoneutral show-
ering, contrast heat-cold showering would produce favora-
ble T0O-to-T1 between-group changes in resting autonomic
indices and perceived recovery, with smaller or less con-
sistent changes in morning cortisol and PORH-derived cu-
taneous microvascular outcomes. The two-week wash-out
was used to test whether any observed effects persisted af-
ter cessation of the shower protocol.

Methods

Study design and setting
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This study was a randomized, field-based, parallel-group
trial conducted under real-world training conditions in
trained combat sport athletes recruited from two clubs lo-
cated in Cieszyn and Zory, Poland. The trial was prospec-
tively registered at ISRCTN (ISRCTN49499065) on 23
June 2025, before recruitment of the first participant, as
part of a broader randomized controlled research pro-
gramme evaluating different recovery strategies in physi-
cally active individuals. Ethical approval was granted by
the Ethics Committee for Scientific Research of Physio-
therapists of the Polish Physiotherapy Association (Reso-
lution No. 1.06.2025, approved on 11 June 2025). All pro-
cedures were conducted in accordance with the Declaration
of Helsinki. All participants provided written informed
consent before enrolment after receiving detailed infor-
mation about the study procedures.

Recruitment was conducted between 22 September
2025 and 20 October 2025. Baseline assessments were per-
formed immediately after enrolment between 22 Septem-
ber and 24 October 2025. Each participant subsequently
completed a 4-week intervention followed by a 2-week
wash-out period. Final follow-up assessments were com-
pleted on 5 December 2025. The control condition con-
sisted of thermoneutral showering and should therefore be
interpreted as an active comparator rather than a no-treat-
ment control. Consequently, the study does not estimate the
absolute efficacy of contrast heat-cold showering versus no
intervention, but rather its relative effect compared with an
equivalent-duration thermoneutral shower routine. All
physiological and subjective assessments were performed
at the same external medical facility (Provita Medical Cen-
ter, Zory) under standardized clinical conditions to mini-
mize site-related variability in measurement procedures.

The experimental period consisted of a 4-week in-
tervention followed by a 2-week wash-out period to evalu-
ate persistence or reversibility of effects after cessation of
the recovery protocol, with measurements at three prede-
fined time points: baseline (T0), immediately post-inter-
vention (T1), and post wash-out (T2).

Participants and eligibility criteria

A convenience sampling approach was used, recruiting
athletes from local combat-sport academies/gyms and
training centers through direct contact with coaches, on-
site announcements, and study flyers/shared posts on acad-
emy communication channels. Because recruitment was
conducted through open club announcements, coach-medi-
ated invitations, and shared academy communication chan-
nels, the total number of athletes exposed to recruitment
materials could not be precisely enumerated. Sixty athletes
formally contacted the research team, underwent eligibility
screening, met the inclusion criteria, provided written in-
formed consent, and were randomized. No athlete was ex-
cluded at formal screening. Reasons for non-participation
among athletes who may have seen recruitment materials
but did not contact the research team were not recorded.
Interested athletes completed an eligibility screening
(training history, health status, and medication use) and, if
eligible, provided written informed consent before enroll-
ment. Sixty combat sport athletes (49 men, 11 women)
were recruited. Athletes were actively training throughout

the study and represented Brazilian jiu-jitsu (n = 18), kick-
boxing (n = 15), karate (n = 14), and mixed martial arts (n
= 13), with at least 3 years of continuous training experi-
ence and a minimum habitual training frequency of three
sessions per week. Participants were classified as Tier 3 -
4 athletes (trained to highly trained) according to the
McKay Framework (McKay et al., 2022), reflecting sys-
tematic involvement in organized sport and a high level of
training status. In female participants, menstrual-cycle
phase and hormonal contraceptive status were not used as
eligibility criteria and were not standardized for the timing
of TO, T1, or T2 testing.

Inclusion criteria were age > 18 years and the ab-
sence of acute musculoskeletal injury at enrollment. Exclu-
sion criteria included known cardiovascular, neurological,
or metabolic disorders and the use of medications likely to
influence autonomic regulation or vascular function, in or-
der to reduce confounding of HRV and microvascular end-
points.

Sample size planning

An a priori sample size was determined to ensure adequate
power to detect the primary longitudinal treatment effect,
defined as the between-group difference in change (AA)
corresponding to the GroupxTime interaction in the
planned longitudinal models. The sample-size calculation
was anchored to InRMSSD, which was selected as the pri-
mary outcome for sample-size planning because it repre-
sents a vagally mediated HRV index, is commonly used in
applied athlete recovery monitoring, and was expected to
be more responsive to short-term recovery-state modula-
tion than morning cortisol or PORH-derived cutaneous mi-
crovascular outcomes. For planning, the primary power-
driving contrast was the between-group AA in InRMSSD
from baseline to post-intervention (T1-T0). The T2-TO
contrast was retained as the planned persistence contrast,
but the sample-size calculation was based on detecting the
post-intervention INnRMSSD effect. We used a conservative
change-score framework, with two-sided o = 0.025 to ac-
count for the two planned temporal contrasts (T1-TO and
T2-T0) and 80% power. The smallest effect considered
practically relevant was set to a moderate standardized AA
of d = 0.60, defined as the between-group difference in
InRMSSD change standardized by the pooled baseline SD.
This value was considered consistent with the magnitude
of autonomic effects reported in water-based post-exercise
recovery contexts and allowed for additional variability ex-
pected under real-world training conditions (Ravier et al.,
2022; Ahokas et al., 2025). Under these assumptions, 55
participants were required. Therefore, 60 athletes were ran-
domized to allow for non-compliance or attrition. The
study was not powered independently for TQR, salivary
cortisol, or PORH-derived outcomes, which were analyzed
using the same longitudinal rationale and interpreted using
effect estimates, confidence intervals, and standardized ef-
fects.

Randomization, allocation concealment, and blinding

Participants were randomly allocated to a contrast heat-
cold recovery group or a control group. The allocation se-
quence was generated before enrollment by an independent
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researcher who was not involved in recruitment, interven-
tion delivery, outcome assessment, or data analysis. Ran-
domization was stratified by club and implemented with
proportional sex allocation within each club. The random
sequence was generated using Research Randomizer
online application with simple stratified 1:1 allocation.
Randomization was conducted separately within each club
to minimize club-specific effects and to achieve balanced
allocation, with proportional distribution by sex within
each club. For sex allocation, separate allocation lists were
prepared within each club-by-sex stratum. Allocation con-
cealment was maintained using sequentially numbered,
opaque, sealed envelopes, which were opened only after
eligibility confirmation, written consent, and baseline test-
ing. Outcome assessors remained blinded to group alloca-
tion throughout physiological testing. Due to the nature of
the recovery intervention, participant blinding was not fea-
sible. To reduce detection bias, all physiological outcome
assessments were performed by a blinded medical team
(physiotherapists and nurses) who were unaware of group
allocation, and all assessments were carried out at the same
medical facility using identical environmental and organi-
zational procedures.

Intervention and control conditions

Contrast water group

The recovery intervention consisted of contrast heat-cold
water exposure applied after training sessions. The proto-
col was based on commonly described contrast-water ther-
apy procedures used in sports and rehabilitation research
and was designed to provide a meaningful thermoregula-
tory and vascular stimulus while remaining feasible in
club-based settings. The intervention lasted 10 minutes and
involved alternating exposures to warm and cold water in
a 1:1 ratio. The protocol always started with warm-water
exposure and ended with cold-water exposure, consistent
with standard contrast water-therapy approaches aimed at
recovery. This sequence is recommended to enhance toler-
ance of the intervention, prepare the vascular system for
thermal stress, and promote vasoconstrictive responses
during the final phase of exposure. The sequence consisted
of five cycles of 1 minute of warm water followed by 1
minute of cold water.

The water temperature was maintained at 38 - 40°C,
a range shown to induce peripheral vasodilation without
excessive thermal strain. The cold-water temperature was
maintained between 13 and 15°C, a range commonly re-
ported in the literature as sufficient to elicit vascular and
sensory responses while remaining tolerable during re-
peated exposure. Prior to the start of the intervention pe-
riod, water temperatures were measured and verified in
both clubs using calibrated thermometers to establish ref-
erence values and confirm the ability to maintain target
temperatures. Implementation of the protocol was facili-
tated by the thermostatic mixing valves installed in the
shower facilities of both clubs.

Exposure time was controlled using portable timers
installed in the shower area. Participants were instructed to
self-monitor the duration of each phase and to switch water
temperature precisely every 60 seconds according to the
predefined protocol. Before the intervention period, all

participants received standardized instructions and a brief
practical demonstration on how to correctly perform the
contrast procedure and control both time and temperature.
The shower sessions were self-administered by athletes in
the club shower facilities after standardized instruction.
Protocol fidelity was supported by coach/research-team
contact, weekly adherence recording, portable timers, ther-
mostatic shower controls, and periodic temperature and
timing spot checks. Participants were instructed to com-
plete the assigned shower as soon as possible after each
scheduled training session, before leaving the club facili-
ties and before undertaking any additional recovery modal-
ity. The time from training cessation to shower initiation
was within 5 minutes. The intended exposure was whole-
body showering, with participants instructed to expose the
trunk and upper and lower limbs as uniformly as possible
during each phase. Participants completed the assigned
shower protocol in the same club shower facilities in which
the intervention had been standardized.

During the 4-week intervention, protocol fidelity
was monitored using periodic spot checks of water temper-
ature and phase timing. Water temperature was checked
twice weekly in both clubs using calibrated thermometers,
and phase duration was verified using the installed timers.
Recorded temperatures remained within the prespecified
ranges for warm exposure (38.6 = 0.9°C), cold exposure
(14.1 £ 0.7 °C), and thermoneutral control showers (33.3 +
1.1°C).

Thermoneutral shower control

The thermoneutral shower control condition consisted of a
10-minute shower using thermoneutral water intended to
avoid eliciting marked thermoregulatory or vascular re-
sponses. Water temperature in the control condition was
maintained between 32 and 34°C, a range commonly de-
scribed in the literature as thermoneutral for human skin
and not inducing marked vasodilation or vasoconstriction.
As in the intervention group, shower duration in the control
condition was controlled using timers, and participants fol-
lowed standardized instructions. The use of a fixed se-
quence of thermal exposures, standardized temperature
ranges, and controlled exposure times allowed for con-
sistent application of both intervention and control proto-
cols across participants and clubs, thereby reducing varia-
bility in the execution of the procedures.

The recovery intervention was performed after
every scheduled training session throughout the interven-
tion period. Training frequency at both clubs typically
ranged from 3 to 5 sessions per week, and the contrast heat-
cold protocol was applied after each completed training
session. Consequently, participants were exposed to the re-
covery intervention up to five times per week during the
four-week intervention period. Attendance at training
sessions and completion of the assigned recovery protocol
were recorded weekly. Missed training sessions and
omitted recovery interventions were documented, allowing
for the calculation of individual compliance with the inter-
vention protocol.

As in the contrast heat-cold shower group, ther-
moneutral shower control sessions were self-administered
in the standardized club shower facilities after scheduled
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training sessions, using portable timers to standardize the
10-minute duration. Participants were instructed to expose
the body as uniformly as possible under the shower stream
and to complete the assigned shower before leaving the
club facilities.

Adherence monitoring and analysis populations

The recovery protocol was performed after every sched-
uled training session during the 4-week intervention pe-
riod. Typical training frequency was three to five sessions
per week, resulting in up to five recovery exposures
weekly, and attendance plus completion of the assigned re-
covery protocol were recorded weekly. Adherence was cal-
culated as the percentage of completed assigned shower
sessions relative to the number of scheduled eligible post-
training shower sessions during the intervention. A per-
protocol threshold of > 75% compliance was predefined to
ensure adequate exposure to the stimulus; participants not
meeting this threshold were excluded from per-protocol
analyses, while their data were retained for complementary
intention-to-treat analyses when appropriate.

Standardization of training context and monitoring of
training load and fatigue

The study was conducted under natural training conditions,
with athletes continuing their usual sport-specific pro-
grams prescribed by their clubs, and no study-driven mod-
ifications to training volume, intensity, or structure were
imposed. To reduce confounding from intergroup differ-
ences in training exposure, both clubs implemented a com-
parable weekly microcycle structure consisting of approx-
imately 90-minute primary sessions, including task-based
training, sparring, general motor preparation/cross-train-
ing-type work, and grappling/wrestling technique sessions,
with an optional low-intensity session on Saturday and a
scheduled rest day on Sunday.

Subjective internal training load was monitored us-
ing the session-RPE approach. After each training session,
athletes recorded session-RPE in training diaries and re-
ported weekly summaries to coaches, who forwarded the
data to the research team. Weekly session-RPE training
load was calculated as session duration in minutes multi-
plied by session-RPE and by the number of recorded ses-
sions completed during that week (Haddad et al., 2017).
The primary club sessions were approximately 90 minutes,
weekly load was expressed in arbitrary units per week. Di-
ary completeness was checked weekly. No missing entries
were observed. Training frequency, mean session-RPE,
weekly session-RPE load, fatigue, wellness, and shower
compliance were summarized by group across the inter-
vention.

Measurement procedures and testing environment

All assessments followed a standardized protocol in clini-
cal rooms with ambient temperature maintained at 21 -
23°C and relative humidity 40 - 60% to minimize environ-
mental influences on vascular and autonomic measures.
The same pre-assessment restrictions were applied to
PORH, HRYV, and cortisol testing, i.e., participants were
instructed to avoid vigorous exercise, caffeine, nicotine, al-
cohol, and heavy meals before testing, and compliance

with these restrictions was confirmed verbally at each visit
before physiological measurements began.

Participants completed a resting acclimatization pe-
riod before each testing session to stabilize cardiovascular
parameters. Testing order was fixed across all time points
to reduce procedural interactions: HRV assessment was
conducted first to avoid potential carryover effects from
vascular occlusion or anticipatory stress related to biologi-
cal sampling, then PORH assessment, then saliva collec-
tion for cortisol, and finally subjective ratings and diary-
derived outcomes.

Heart rate variability assessment

Heart rate variability (HRV) was analyzed to characterize
resting modulation of the autonomic nervous system. RR
intervals were recorded using a Polar H10 telemetry chest
strap (Polar Electro, Finland) connected via Bluetooth to
the HRV Logger mobile application (Altini, version 2.6).
Recordings were performed at the same time of day for
each participant, within the standardized morning testing
window used for physiological assessments. Participants
were instructed to avoid vigorous exercise, caffeine, nico-
tine, alcohol, and heavy meals before testing according to
the same pre-assessment restrictions applied across physi-
ological outcomes. After arrival, participants completed a
standardized resting stabilization period of 5 minutes in a
supine position before HRV acquisition. RR intervals were
then recorded for 5 minutes under quiet resting conditions
(Malik et al., 1996). Participants were instructed to remain
still, avoid speaking, and breathe spontaneously. Paced
breathing was not imposed because the aim was to assess
resting autonomic regulation under standardized but eco-
logically conditions.

Resting autonomic modulation was evaluated using
heart rate variability analysis based on RR interval record-
ings. RR interval data were exported as.txt files and pro-
cessed in Kubios HRV Scientific software (version 4.2.0,
University of Eastern Finland, Kuopio, Finland). Record-
ings were visually inspected and processed using the same
artifact-correction settings across all time points. Record-
ings were excluded or repeated when there was signal loss,
non-sinus rhythm, ectopic-beat clustering, or excessive ar-
tifact correction exceeding 5% of beats. Analyses were re-
stricted to time-domain metrics selected for robustness and
practical interpretability in applied settings, specifically
mean heart rate (bpm), mean RR interval (ms), RMSSD
(ms), InRMSSD, and SDNN (ms). HRV was obtained un-
der standardized resting conditions and repeated at TO, T1,
and T2, with consistent procedures across time points to
support longitudinal comparability.

Microvascular reactivity assessment (post-occlusive
reactive hyperemia)

Microvascular function was assessed using post-occlusive
reactive hyperemia (PORH) under standardized resting
conditions. Participants rested > 10 min in a semi-recum-
bent position with standardized limb positioning to
stabilize systemic hemodynamics and minimize prior-ac-
tivity effects. Cutaneous perfusion was recorded continu-
ously using laser Doppler flowmetry (LDF; Perimed,
Perimed AB, Sweden) and expressed in perfusion units
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(PU); the LDF system was calibrated per manufacturer be-
fore data collection. The LDF probe was positioned on the
pulp of the great toe of the examined lower limb, avoiding
visible veins, calluses, wounds, bruising, or skin irritation.
The toe and foot were immobilized with adhesive tape af-
fixed to a stable support to minimize motion artefacts.
Probe placement was standardized using the same anatom-
ical site at each visit and was verified before each record-
ing. Measurements were performed bilaterally on the right
and left lower limbs, with randomized limb order and a 15-
min interval between limbs to allow perfusion to return to
baseline and minimize carryover from the preceding is-
chemic stimulus. Right- and left-limb PORH values were
averaged at each time point to generate one participant-
level value per PORH variable for the primary analysis.

Before PORH, peripheral arterial suitability was
verified by assessing arterial flow and ankle-brachial index
(ABI). Doppler ultrasound (SonoScape system, linear
probe 3 - 18 MHz) was used to evaluate flow at a standard-
ized anatomical site with consistent insonation angle and
ultrasound gel. ABI and Doppler findings were used as
control measures to confirm adequate perfusion prior to
proceeding with occlusion. Skin temperature was not di-
rectly monitored. Environmental standardization, acclima-
tization, and repeated same-site testing were used to reduce
temperature-related variability.

AOP Measurement & PORH
ﬂ Assessment with LDF

HRV Measurement with
E Polar System

»

-

Figure 1. Assessment of vascular and autonomic function us-
ing non-invasive measurement techniques. Ankle occlusion pres-
sure (AOP) and post-occlusive reactive hyperemia (PORH) were evalu-
ated with laser Doppler flowmetry (LDF) to assess peripheral microcircu-
latory function. Heart rate variability (HRV) was measured using the Po-
lar system with a chest-strap heart rate sensor, providing an assessment of
autonomic nervous system activity.

For PORH (Figure 1), a pneumatic cuff was applied
to the proximal upper arm (proximal edge contacting the
inferior border of the axilla) using a 10-cm-wide adult cuff
(clinically approved devices). After obtaining a stable
baseline LDF trace for 2 - 3 min, cuff pressure was in-
creased from 0 mmHg in 10-mmHg steps, holding each
level for 30 s to stabilize the LDF signal, until maximal
arterial occlusion pressure (AOPmax) was reached (de-
fined as complete cessation of arterial inflow). AOPmax
was individualized and recorded separately for each limb.
The mean AOPmax used during PORH testing was 177.3
+ 15.9 mmHg across participants and visits. Occlusion was
then maintained for 5 min, followed by rapid cuff deflation
to initiate reperfusion; the LDF recording continued

through the hyperemic response and recovery. Outcomes
extracted from the perfusion trace were: resting flow (RF)
(baseline), biological zero (BZ) (signal during complete
occlusion), peak hyperemia (RHmax/Peak), time to peak
(TTP) (from release to peak), and recovery time (TR) (time
to return to baseline). Parameters were computed using
automated analysis with consistent smoothing/peak-detec-
tion settings applied across all sessions. Values of variabil-
ity of measures were 9.1% in RF, 8.2% in RHmax, 7.4% in
TTP, and 9.9% in TR.

Salivary cortisol assessment

Salivary cortisol was assessed as an index of systemic
stress/physiological load at three time points: TO (pre-in-
tervention), T1 (immediately post-intervention), and T2
(post-2-week washout). To reduce diurnal and day-to-day
variability, saliva was collected on two consecutive morn-
ings (Monday and Tuesday) at each time point within the
same fixed morning time window, and the mean of the two
values was used for analysis. Samples were collected be-
tween 07:00 and 09:00 and at approximately 30 min after
habitual waking. The same clock-time window and wake-
to-sampling interval were maintained as closely as possible
for each participant across TO, T1, and T2. Sampling was
scheduled to be consistent relative to participants’ habitual
wake time (i.e., collected at a similar clock time and as
comparable as feasible across time points) to limit con-
founding from circadian cortisol dynamics.

Saliva collection was performed at Provita Medical
Center during the standardized morning assessment visits.
Participants were instructed to standardize pre-sampling
conditions by refraining from food, caffeine, smoking/nic-
otine, and vigorous physical activity for > 60 min before
collection, and to avoid behaviors that can contaminate sa-
liva or acutely alter readings (e.g., tooth brushing and
mouthwash immediately before sampling). Immediately
prior to sampling, participants rinsed their mouth with wa-
ter and waited a short, consistent period before providing
saliva. Samples were collected using a consistent method
across all sessions (Salivette-type swab), then stored under
standardized conditions (refrigerated promptly and frozen
at -20°C/-80°C until analysis) to preserve hormone stabil-
ity and reduce pre-analytical variability.

Cortisol concentrations were quantified using a
competitive ELISA with the Cortisol Saliva ELISA kit
(IBL International GmbH, Hamburg, Germany; catalog no.
RE52611), strictly following the manufacturer’s protocol.
The assay limit of quantitation sensitivity was 0.138
nmol/L (0.005 pg/dL), with intra-assay and inter-assay co-
efficients of variation of 4.3% and 13.2%, respectively, ac-
cording to manufacturer specifications. All samples were
analyzed in duplicate, and all time-point samples from the
same participant were run on the same plate/assay batch to
minimize inter-assay variation. Results were reported in
the kit-specified units, with consistent handling of values
below the limit of detection (per manufacturer guidance)
and identical processing rules applied across all partici-
pants and time points.

Subjective outcomes
Perceived recovery was assessed using the Total Quality
Recovery (TQR) scale at each time point (Fessi et al.,
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2016). This self-reported measure utilizes a 20-point scale,
ranging from 6 (indicating incomplete recovery) to 20 (rep-
resenting complete recovery). At TO, T1, and T2, athletes
completed the TQR rating during the assessment visit after
the standardized physiological testing sequence. The rating
was anchored to the athlete’s perceived recovery state that
morning and recent training recovery, not to immediate re-
covery from the laboratory testing procedures. Athletes
were instructed to answer the question as an overall current
recovery appraisal, considering the preceding training ex-
posure and their perceived readiness at the time of assess-
ment. The TQR scale is intended to capture the athlete’s
perceived recovery state (Kenttd and Hassmén, 1998). Par-
ticipants received standardized instructions before the
study and completed ratings independently to support con-
sistency and reduce social influence.

Statistical procedures

All analyses were designed to quantify differential longitu-
dinal change between groups across baseline (T0), post-in-
tervention (T1), and wash-out (T2), while emphasizing ef-
fect magnitude and precision. The primary analysis was
per-protocol, including participants with > 75% compli-
ance, with an intention-to-treat sensitivity analysis retain-
ing all randomized participants and all available observa-
tions. Outcomes are summarized as mean = SD by group
and time point. For each endpoint, inference used linear
mixed-effects models with fixed effects for Group, Time
(categorical), and GroupxTime, and a participant-level
random intercept to account for within-subject depend-
ence; sex and club were included as prespecified covariates
where estimable, and training load/fatigue variables were
evaluated in prespecified adjusted sensitivity models (e.g.,
intervention-period averages) to test robustness to concur-
rent training exposure. Model assumptions were checked
using residual diagnostics, with log-transformation applied
when needed for skewed outcomes (notably cortisol and
selected PORH variables) and results reported consistently

on the interpretable scale.

Between-group effects were quantified as differ-
ences in change (AA) for T1-TO and T2-TO derived from
the GroupxTime interaction, reported with 95% Cls and
two-sided p-values (p < 0.001 when applicable). Within-
group changes were estimated from the same models using
estimated marginal means and pairwise contrasts within
each group (T1 vs TO, T2 vs TO, T2 vs T1), with multiplic-
ity control for the three time comparisons per group. Prac-
tical relevance was addressed using standardized effects
for pretest-posttest control designs (Hedges’ g for the be-
tween-group difference in change, standardized by pooled
baseline SD) with 95% Cls obtained by participant-level
bootstrap; within-group standardized mean changes were
computed analogously for context. Figures display group
means across time with SD error bars in black-and-white
to facilitate direct visual comparison. Statistical analysis
was conducted in R environment (R 4.5.2, R Core Team).

Results

Participant flow, adherence, and outcome availability

Sixty athletes were randomized after baseline testing, with
30 allocated to contrast heat-cold showering and 30 allo-
cated to thermoneutral showering. All randomized partici-
pants received the allocated condition and were retained for
intention-to-treat sensitivity analyses. The primary per-
protocol analysis included 57 participants who achieved at
least 75% compliance with the assigned shower protocol:
28 in the contrast heat-cold group and 29 in the control
group. Three randomized participants were excluded from
the per-protocol analysis for compliance below the pre-
specified threshold (contrast n = 2; control n = 1). Partici-
pant flow, per-protocol exclusions, and outcome-specific
analytic samples are summarized in Figure 2. Baseline par-
ticipant characteristics for the per-protocol sample are pre-
sented in Table 1. TQR, HRV, PORH and morning salivary
cortisol were available for all 57 per-protocol participants.
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:

3 |
L
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| {
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Discontinued intervention (adherance <T5%)
(n=2)
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{n=1)
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Analysad (n=28)
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Analysed (n=29)
+ Excluded from analysis (n=0)

Figure 2. Participants flow diagram.
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Table 1. Baseline characteristics.

Thermoneutral shower control

Contrast heat-cold

Variable Total Men Women Total Men Women
(n=29) (n=23) (n=26) (n=28) (n=24) (n=4)

Participants, n 29 6 28 24 4
Men, n (%) 23 (79.3) 23 (100.0) 0 (0.0) 24 (85.7) 24 (100.0) 0(0.0)
Women, n (%) 6 (20.7) 0(0.0) 6 (100.0) 4 (14.3) 0 (0.0) 4 (100.0)
A 29.8+4.8 29.4+5.1 31.0+3.2 273+6.5 27.1+6.5 282+73

ge (years) (19.0-38.0) (19.0-38.0) (26.0-34.0) (18.0-37.0) (18.0-37.0) (18.0 - 34.0)
Body height (cm) 179.1 £ 8.1 182.4+4.7 166.5+5.4 180.6 +8.7 183.0+6.1 166.1+7.6
Body mass (kg) 79.6 £ 8.0 79.1 £8.6 81.5+5.1 78.0+£7.3 787+7.6 74.0+3.8
BMI (kg/m?) 25035 23.8+2.7 29.4+2.5 24.1+32 23.6+29 27.0+3.2
Training experience (years) 7.4+33 72+35 85+23 7.7+£3.0 7.5+2.7 8.8+4.5
Training frequency (sessions/week) 4.1+£0.3 4.1£03 42+£03 4.1+£0.3 4.1+03 4.1+0.1

Weight class
Lightweight, n (%) 6 (20.7) 5(21.7) 1(16.7) 6(21.4) 5(20.8) 1 (25.0)
Middleweight, n (%) 17 (58.6) 14 (60.9) 3 (50.0) 18 (64.3) 15(62.5)  3(75.0)
Heavyweight, n (%) 6 (20.7) 4(17.4) 2(33.3) 4(14.3) 4(16.7) 0(0.0)
Baseline recovery and physiological outcomes

TQR (a.u.) 13.1+£0.8 13.1+£0.8 13.2+0.8 13.4+0.7 134+£0.7 132+£1.0
Morning salivary cortisol (nmol/L) 16.0+ 1.4 16.4+1.2 146+ 1.0 16.0+ 1.8 16.5+1.3 13.0£0.9
Resting HR (bpm) 61.4+32 61.0+3.2 62.7+2.38 60.2+3.2 60.1£33 60.6+2.38
InRMSSD (log units) 4.13+0.15 4.13+£0.16 4.14+0.15 4.10+0.17 4.12+0.18 4.01+0.13
RMSSD (ms) 62.9+9.8 62.8 £10.2 63.2+9.1 61.5+£11.0 625+114 555+68
SDNN (ms) 88.1 +£13.3 87.7+12.9 89.8+15.8 86.7+19.0 89.1+£194 73.2+10.1
PORH resting flow (PU) 24.1+1.9 243+£19 23.5+1.7 24119 243+2.0 228+1.0
PORH peak (PU) 352+3.7 345+3.5 383+2.7 353+45 353+£45 347+54
PORH time to peak (s) 229+4.6 22.8+4.1 233+6.6 25.0+4.9 254+48 219+£53
PORH recovery time (min) 626087 632+094 6.02+054 6.14+£093 6.16+0.97 6.00+0.74

Values are mean = SD. Percentages are calculated within each column. Recorded training frequency reflects the mean number of recorded train-
ing/shower sessions per week during the 4-week intervention period. BMI: body mass index; TQR: Total Quality Recovery; HR: heart rate; InNRMSSD:
natural logarithm of the root mean square of successive differences; RMSSD: root mean square of successive differences; SDNN: standard deviation
of NN intervals; PORH: post-occlusive reactive hyperemia; PU: perfusion units.

Training-load, adherence, and wellness monitoring
during the intervention

Training-load and wellness monitoring data are reported in
Table 2. Across the four-week intervention, recorded
weekly training frequency was similar between groups
(contrast 4.05 + 0.30 sessions/week; control 4.13 + 0.31
sessions/week; difference -0.08 sessions/week, 95% CI -
0.24 to 0.09; p = 0.353). Mean session-RPE was also sim-
ilar between groups (contrast 6.28 £ 0.45; control 6.22 +
0.47; difference 0.06, 95% CI -0.19 to 0.30; p = 0.643).
Consequently, estimated weekly sRPE training load did
not show a between-group imbalance (contrast 2289 + 214
AU/week; control 2314 + 264 AU/week; difference -26
AU/week, 95% CI -153 to 102; p = 0.686).

Fatigue scores were comparable between groups
(contrast 5.51 £ 0.39; control 5.53 + 0.46; difference -0.02,
95% CI -0.24 to 0.21; p = 0.882), and wellness scores
showed no clear between-group imbalance (contrast 6.26 +
0.48; control 6.13 + 0.47; difference 0.13, 95% CI -0.12 to

0.38; p=0.308). Completed assigned shower sessions were
similar between groups across the 4-week intervention
(contrast heat-cold shower group: 16.2 + 1.2 sessions; ther-
moneutral shower control group: 16.5 £ 1.2 sessions).
Mean shower-protocol adherence was also similar between
groups (contrast heat-cold shower group: 81.07 + 5.99%;
thermoneutral shower control group: 82.76 + 6.06%; dif-
ference -1.69%, 95% CI -4.89 to 1.51; p = 0.295).

Between-group effects for autonomic, endocrine, per-
ceptual, and microvascular outcomes

Descriptive statistics across T0, T1, and T2 and the primary
between-group differences in change are reported in Tables
3 and 4, with corresponding time-course plots shown in
Figure 3, Figure 4, and Figure 5. The primary interpretation
is based on the between-group difference in change (AA;
contrast minus control) from TO to T1 and from TO to T2,
rather than within-group change alone.

Table 2. Weekly training-load, fatigue, wellness, and adherence monitoring during the four-week intervention.

Variable Week Contrast Thermoneutral ) Period-average p-value
heat-cold shower control difference (95% CI)
Training frequency (sessions/week) 4-week average 4.05 £ 0.30 4.13 +0.31 -0.08 (-0.24 t0 0.09)  0.353
Session-RPE (0 - 10) 4-week average 6.28 +0.45 6.22 £ 0.47 0.06 (-0.19 t0 0.30)  0.643
sRPE training load (AU/week) 4-week average 2289 +214 2314 + 264 -26 (-153 to 102) 0.686
Wellness score (AU/week) 4-week average 6.26 +0.48 6.13 +0.47 0.13 (-0.12 t0 0.38)  0.308
Shower-protocol compliance (%) 4-week average 81.07 £5.99 82.76 + 6.06 -1.69 (-4.89 to 1.51)  0.295

Values are mean + SD. Period-average differences are contrast minus control. SRPE training load was calculated as weekly training frequency x mean
session-RPE x 90 minutes, reflecting the approximate duration of the primary training sessions. AU, arbitrary units; CI, confidence interval; RPE, rating
of perceived exertion.
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Table 3. Autonomic, endocrine, and subjective recovery outcomes.

Ther- Ther- Ther- Contrast Contrast  Contrast
moneutral moneutral moneutral Between-group AA (T1-T0 / T2-T0),
Outcome heat-cold  heat-cold  heat-cold 8
shower shower shower To T1 T2 effect size, p-value
control T0O control T1 control T2
AA 0.61 (95% CI 0.27 t0 0.95), p <
TQR (a.w.) 134+£05 159+£05 135+£05 13.1+£1.0 162+£09 133+£0.5 0.001;g0.80. AA0.12 (95% CI1-0.37
to 0.62), p=10.622; g 0.16.
Salivary RRR 1.05 (95% CI1 0.9 to 1.11), p =
cortisol 16.0£1.5 152+14 16.1£15 160+1.7 159+14 16.0+1.5 0.132;g0.43. RRR 1.00(95% CI10.93
(nmol/L) to 1.07), p=0.962; g -0.02.
. AA -2.10 (95% CI -2.24 t0 -1.96), p <
l})e““)‘g HR (i3 61+3 61+3 60 +3 58+3 60+3  0.001; g-0.65. AA 0.01 (95% CI -0.14
(bpm t0 0.15), p = 0.934; g 0.00.
InRMSSD AA 0.123 (95% C10.108 to 0.137), p <
1 its) 4.13+0.15 4.13+0.16 4.13+0.15 4.10£0.17 423+0.17 4.10+0.18 0.001; g 0.74. AA -0.002 (95% CI -
(o=tunlts 0.016 t0 0.012), p=0.776; g -0.01.
RMSSD AA 7.97 (95% CI1 6.91 t0 9.02), p <
) 629+9.8 63.1+£10.1 629+99 61.5+11.0 69.7+12.3 61.3+10.9 0.001; g0.75. AA -0.12 (95% CI -1.02
(ms t0 0.77), p = 0.783; g -0.01.
AA 10.48 (95% CI 6.47 to 14.49), p <
SDNN (ms) 88.1+13.3 89.5+14.0 854+139 86.7+19.0 98.6+18.1 859+162 0.001;g0.63. AA 1.87 (95% CI -1.90

to 5.64), p=0.325; g 0.11.

Values are mean = SD. TQR, Total Quality Recovery; HR, heart rate; InRMSSD, natural logarithm of the root mean square of successive differences between
normal-to-normal RR intervals; RMSSD, root mean square of successive differences between normal-to-normal RR intervals; SDNN, standard deviation of
normal-to-normal RR intervals; AA denotes the between-group difference in change from baseline (contrast minus control). Effect sizes are Hedges g for
pretest-posttest control designs. RRR denotes a ratio of ratios for the log-modeled cortisol outcome.

Table 4. Microvascular reactivity outcomes from post-occlusive reactive hyperemia.

Thermoneutral Thermoneutral Thermoneutral Contrast Contrast Contrast Between-group

Outcome shower control shower control shower control heat-cold heat-cold heat-cold AA (T1-T0 / T2-T0),
TO0 T1 T2 TO T1 T2 effect size, p-value

PORH AA 0.36 (95% CI-1.24 to 1.96), p =
Peak 35.7+4.1 38.01 £5.38 36.4+4.6 348+4.0 37.5+54 356+44 0.651;g0.09. AA 0.08 (95% CI-0.70
PU) to 0.86), p =0.830; g 0.02.
Resting AA 0.15 (95% CI1-0.18 to0 0.47), p =
flow RF 23.9+1.8 24.30 +1.81 24.0+1.9 243+2.0 249+22 244422 0.365;g0.08. AA 0.03 (95% CI -0.28
(PU) to 0.35), p=0.833; g 0.02.
Time to AA 0.01 (95% CI1-0.74 t0 0.77), p =
peak TTP 23.5+£52 22.37+4.89 23.5+£5.1 243+44 23.1+39 245+45 0.972;0.00. AA 0.27 (95% CI -0.08

(s) t0 0.61), p=0.126; g 0.05.

AA 0.02 (95% CI -0.20 to 0.23), p =
6.1+1.0 0.873;g0.02. AA -0.09 (95% CI -0.19
t0 0.02), p = 0.108; g -0.09.

Recovery

time (min) 022208

5.81+0.84 6.1+£09 62+09 59£1.0

Values are mean + SD. PORH, post-occlusive reactive hyperemia; PU, perfusion units; RF, resting flow; TTP, time to peak; AA denotes the between-group
difference in change from baseline (contrast minus control). Effect sizes are Hedges g for pretest-posttest control designs.

Autonomic outcomes showed the clearest post-in-
tervention between-group difference. From TO to T1, the
contrast heat-cold group showed lower resting heart rate
relative to control (AA -2.10 bpm, 95% CI -2.24 to -1.96; g
-0.65; p < 0.001) and higher HRV indices, including
InRMSSD (AA 0.123 log units, 95% CI 0.108 to 0.137; g
0.74; p < 0.001), RMSSD (AA 7.97 ms, 95% CI 6.91 to
9.02; 20.75; p<0.001), and SDNN (AA 10.48 ms, 95% CI
6.47 to 14.49; g 0.63; p < 0.001). These effects were not
maintained at T2 versus TO for resting heart rate (AA 0.01
bpm, 95% CI -0.14 to 0.15; g 0.00; p = 0.934), InRMSSD
(AA -0.002 log units, 95% CI -0.016 to 0.012; g -0.01; p =
0.776), RMSSD (AA -0.12 ms, 95% CI -1.02 to 0.77; g -
0.01; p=0.783), or SDNN (AA 1.87 ms, 95% CI -1.90 to
5.64; g 0.11; p=0.325). The confidence intervals for rest-
ing heart rate and InRMSSD were checked against the
observed change-score variability and reflected low partic-

ipant-level variability in TO-to-T1 change scores (heart-
rate A SD: 0.32 bpm in contrast and 0.18 bpm in control;
InRMSSD A SD: 0.035 and 0.019 log units, respectively),
whereas SDNN showed larger change-score variability
(6.90 and 7.98 ms), explaining its wider confidence inter-
val.

Subjective recovery showed a post-intervention be-
tween-group effect in the same temporal direction as the
autonomic outcomes. TQR increased from 13.4 + 0.5 to
15.9 + 0.5 in the control group and from 13.1 = 1.0 to 16.2
+ 0.9 in the contrast heat-cold group, corresponding to a
TO-to-T1 AA of 0.61 TQR points (95% CI 0.27 to 0.95; g
0.80; p<0.001). The T2-to-TO between-group contrast was
smaller and not statistically clear (AA 0.12 TQR points,
95% CI-0.37 t0 0.62; g 0.16; p = 0.622), indicating that the
post-intervention perceptual effect was not retained after
wash-out.
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Figure 3. Resting HRV outcomes across time points. Bars show mean values and error bars show SD. Control and contrast heat—cold groups
are displayed side-by-side at each time point (TO baseline, T1 post-intervention, T2 post wash-out). InNRMSSD, natural logarithm of the root mean
square of successive differences; RMSSD, root mean square of successive differences; SDNN, standard deviation of NN intervals; *: indicates a sig-
nificant between-group difference in change for a given timepoint (p < 0.05).
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Figure 4. PORH microvascular outcomes across time points (per-protocol). Bars show mean values and error bars show SD. Control and
contrast heat—cold groups are displayed side-by-side at each time point (TO baseline, T1 post-intervention, T2 post wash-out). HRV, heart rate variabil-
ity; InRMSSD, natural logarithm of the root mean square of successive differences; RMSSD, root mean square of successive differences; SDNN,
standard deviation of NN intervals; PORH, post-occlusive reactive hyperemia; TTP, time to peak; TQR, Total Quality Recovery; SD, standard deviation;
CI, confidence interval; RRR, ratio of ratios.
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Figure 5. Salivary cortisol and perceived recovery (TQR) across time points. Bars show mean values and error bars show SD. Control
and contrast heat—cold groups are displayed side-by-side at each time point (TO baseline, T1 post-intervention, T2 post wash-out). *: indicates a signif-

icant between-group difference in change for a given timepoint (p < 0.05).

Morning salivary cortisol did not show a statisti-
cally clear intervention-specific change. The T0-to-T1 ra-
tio of ratios was 1.05 (95% CI 0.99 to 1.11; g 0.43; p =
0.132), and the T2-to-TO ratio of ratios was 1.00 (95% CI
0.93 to 1.07; g -0.02; p = 0.962).

PORH-derived microvascular outcomes are sum-
marized in Table 4 and Figure 4. They are interpreted using
point estimates, confidence intervals, and effect sizes ra-
ther than a formal equivalence or non-inferiority frame-
work. From TO to T1, the between-group AA estimates
were 0.36 PU for PORH Peak (95% CI -1.24 to 1.96; g
0.09; p = 0.651), 0.15 PU for resting flow RF (95% CI -
0.18t00.47; g 0.08; p=0.365), 0.01 s for time to peak TTP
(95% C1-0.74t0 0.77; g 0.00; p = 0.972), and 0.02 min for
recovery time (95% CI -0.20 to 0.23; g 0.02; p = 0.873).
From TO to T2, the corresponding AA estimates were 0.08
PU for PORH Peak (95% CI -0.70 to 0.86; g 0.02; p =
0.830), 0.03 PU for resting flow RF (95% CI -0.28 to 0.35;
g 0.02; p=0.833), 0.27 s for time to peak TTP (95% CI -
0.08 t0 0.61; g 0.05; p=0.126), and -0.09 min for recovery
time (95% CI -0.19 to 0.02; g -0.09; p = 0.108).

Intention-to-treat sensitivity estimates are provided
for every endpoint and contrast in Table 5. From TO to T1,
ITT analyses showed post-intervention between-group ef-
fects for resting HR, HRV indices, and TQR, whereas cor-
tisol and PORH-derived outcomes remained statistically
unclear. From TO to T2, the ITT estimates did not indicate
persistence of the autonomic or TQR effects after wash-
out.

Discussion

In this randomized field trial in trained combat sport ath-
letes, a four-week contrast heat-cold shower protocol
showed short-term relative improvements compared with
thermoneutral showering in resting autonomic indices
(lower resting heart rate and higher vagally mediated HRV)
and perceived recovery. These relative improvements were
not maintained after the two-week wash-out, indicating
predominantly transient rather than persistent group-level
responses. In contrast, morning salivary cortisol did not

show a consistent intervention-specific signal, and micro-
vascular reactivity assessed via PORH improved over time
in both groups without detectable between-group separa-
tion, suggesting that several observed changes likely re-
flected time- or training-related influences rather than a
unique physiological effect of contrast showers.

Autonomic outcomes showed the most coherent in-
tervention pattern, with the contrast group demonstrating a
post-intervention shift consistent with greater parasympa-
thetic modulation that was not retained after wash-out (La-
borde et al., 2024). This interpretation should remain cau-
tious because the present study assessed resting HRV at
scheduled testing time points and did not measure acute
parasympathetic reactivation, baroreflex sensitivity, cate-
cholamines, skin temperature, core temperature, or other
mediator variables. Therefore, mechanisms such as reflex
parasympathetic reactivation or thermally induced auto-
nomic shifts remain plausible explanations rather than pro-
cesses directly demonstrated in this trial (Al Haddad et al.,
2010). Some evidence indicates that post-exercise recovery
techniques, and cold-water immersion in particular, can
yield small-to-moderate increases in vagally mediated
HRV (typically RMSSD), supporting the physiological
plausibility of the short-term HRV improvements observed
in our contrast protocol (Laborde et al., 2024). Previous
report in in combat sport contexts also support sensitivity
of HRV to training stress and recovery status, indicating
that autonomic measures are responsive in athlete groups
with training patterns similar to those studied here (Mo-
rales et al., 2014). However, because the present protocol
used contrast showering rather than immersion and be-
cause no acute autonomic mediator measurements were
collected, the observed HRV changes should be interpreted
as resting autonomic recovery indicators, not as proof of a
specific autonomic pathway (Sheng and Zhu, 2018). The
lack of persistence at wash-out is also consistent with the
concept that many recovery modalities primarily modulate
acute homeostatic state rather than inducing durable train-
ing-like adaptations, especially when the stimulus is brief
and administered post-exercise rather than as a standalone
conditioning exposure (Higgins et al., 2017).
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Table 5. Intention-to-treat sensitivity estimates for all endpoints and primary contrasts.

Measure Contrast ITT estimate 95% CI Hedges g p
TQR (a.u.) T1-TO AA 0.60 TQR points 0.28 t0 0.93 0.78 <0.001
TQR (a.u.) T2-TO AA 0.11 TQR points -0.38 to 0.59 0.14 0.662
Cortisol (nmol/L) T1-TO RRR 1.04 0.98 to 1.10 0.36 0.199
Cortisol (nmol/L) T2-TO RRR 0.99 0.93 to 1.06 -0.09 0.788
Resting HR (bpm) T1-TO AA -2.10 bpm -2.24 t0 -1.96 -0.64 <0.001
Resting HR (bpm) T2-TO AA -0.00 bpm -0.14 t0 0.14 -0.00 0.961
InRMSSD (log units) T1-TO AA 0.122 log units 0.108 to 0.137 0.75 <0.001
InRMSSD (log units) T2-TO AA -0.002 log units -0.016 to 0.011 -0.01 0.722
RMSSD (ms) T1-TO AA 8.02 ms 6.99 t0 9.04 0.77 <0.001
RMSSD (ms) T2-TO AA -0.15 ms -1.00 to 0.70 -0.01 0.722
SDNN (ms) T1-TO AA 10.47 ms 6.52to 14.42 0.64 <0.001
SDNN (ms) T2-TO AA 0.84 ms -3.00 to 4.69 0.05 0.662
PORH Peak (PU) T1-TO AA 0.55 PU -0.99 t0 2.10 0.13 0.477
PORH Peak (PU) T2-TO AA 0.14 PU -0.59 to 0.87 0.03 0.703
Resting flow RF (PU) T1-TO AA 0.18 PU -0.13 to 0.49 0.09 0.243
Resting flow RF (PU) T2-TO AA 0.03 PU -0.29 t0 0.34 0.01 0.851
Time to peak TTP (s) T1-TO AA-0.04 s -0.76 to 0.69 -0.01 0.918
Time to peak TTP (s) T2-TO AA0.22s -0.11 to 0.55 0.05 0.180
Recovery time (min) T1-TO AA 0.03 min -0.18 t0 0.24 0.03 0.759
Recovery time (min) T2-TO AA -0.09 min -0.19 to 0.01 -0.10 0.070

Estimates are AA (contrast minus control), except cortisol, which is reported as a ratio of ratios (RRR). CI, confidence interval; HR, heart rate; HRV,
heart rate variability; PORH, post-occlusive reactive hyperemia; TQR, Total Quality Recovery.

Subjective recovery (TQR) improved after the in-
tervention period, with a clearer post-intervention ad-
vantage for the contrast group, but the effect did not persist
following wash-out, mirroring the time course observed for
autonomic outcomes (Kenttd and Hassmén, 1998). TQR
and HRV should be interpreted as complementary rather
than interchangeable recovery indicators since HRV re-
flects resting cardiac autonomic regulation, whereas TQR
captures the athlete’s perceived recovery state, which may
integrate soreness, affective state, sleep, expectancy, and
perceived readiness. The parallel short-term pattern sug-
gests convergence between physiological and perceptual
recovery indicators, but it does not establish that both out-
comes measured the same underlying construct or that one
mediated the other. This aligns with systematic reviews in-
dicating that contrast water therapy can reduce soreness
and improve perceived recovery in some settings, although
estimates are heterogeneous and methodological quality
varies across trials (Bieuzen et al., 2013). Combat sport-
specific evidence also suggests that cold-water recovery
strategies can improve perceived wellness after simulated
MMA competition, supporting the notion that perceptual
endpoints may be particularly responsive in high-impact,
high-stress modalities (Tabben et al., 2018). Importantly,
placebo-controlled work indicates that a meaningful por-
tion of the perceived recovery benefit attributed to hydro-
therapies can be explained by expectancy and contextual
factors, which is highly relevant for interpreting TQR
changes in real-world, non-blinded interventions such as
ours (Broatch et al., 2014). Perceived recovery may im-
prove through multiple converging pathways including re-
duced pain perception, altered affective state, and shifts in

autonomic arousal, and hydrotherapy is known to produce
systemic physiological effects dependent on water temper-
ature and exposure characteristics (An et al., 2019). There-
fore, the practical value of contrast showers may lie chiefly
in short-term readiness and perceived restoration rather
than durable physiological remodeling, particularly when
implemented as a brief post-training routine (Higgins et al.,
2017).

Endocrine responses, assessed via averaged morn-
ing salivary cortisol, did not display a clear intervention-
specific pattern, and within-group fluctuations were mod-
est and bidirectional across time points (Cevada et al.,
2014). This outcome is compatible with sport monitoring
literature showing that salivary cortisol is sensitive to train-
ing load, sleep, and psychosocial stressors, but also exhib-
its substantial intra-individual variability, which can mask
small intervention effects in applied designs (Sinnott-
O’Connor et al., 2018). Studies in combat sport demon-
strate that acute training and competition preparation can
meaningfully perturb physiological stress biomarkers, in-
cluding endocrine markers, highlighting that concurrent
training dynamics may dominate the cortisol signal when
recovery interventions are relatively brief (Lindsay et al.,
2017). Evidence on hydrotherapy-related cortisol changes
is mixed across populations and contexts, which further
supports cautious interpretation when null or small effects
are observed in athlete field trials (Mooventhan and
Nivethitha, 2014). Cold exposure can be perceived as a
stressor capable of activating catecholaminergic and neu-
roendocrine pathways, but repeated exposure may also
lead to habituation, and morning cortisol, being strongly
governed by circadian regulation, may be relatively
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insensitive to modest post-exercise thermal manipulations
unless exposure is substantial or timing is targeted (Cevada
et al., 2014). From a recovery-monitoring perspective,
these results suggest that cortisol may be more informative
for detecting broader training-phase stress or maladapta-
tion than for capturing the incremental effects of brief con-
trast shower routines (Sinnott-O’Connor et al., 2018).

Microvascular reactivity assessed with PORH
showed improvements over time in both groups, but with-
out between-group separation, indicating that the contrast
protocol did not produce a detectable incremental effect on
the PORH-derived endpoints used here (Lenasi and Strucl,
2010). A prior study indicates that regular physical activity
and training status can alter reactive hyperemic responses,
supporting the plausibility that time- and training-related
factors contributed to the within-group changes observed
across the study timeline (Lenasi and Strucl, 2010). A pre-
vious study also emphasize that PORH indices derived
from laser Doppler are reproducible but are also sensitive
to site conditions, ambient temperature, and psychophysi-
ological state, which may reduce the detectability of small
between-group effects in longitudinal athlete field contexts
(Roustit et al., 2010a). Although contrast bathing is often
proposed to create a vascular pumping effect through alter-
nating vasoconstriction and vasodilation, experimental
work suggests that the magnitude and localization of he-
modynamic changes depend strongly on protocol parame-
ters and the tissue compartment assessed (Shadgan et al.,
2018). The present data specifically derive from laser Dop-
pler assessment of cutaneous PORH and therefore should
not be interpreted as direct evidence regarding skeletal-
muscle perfusion, intramuscular oxygenation, brachial ar-
tery endothelial function by flow-mediated dilation, or
sport-specific tissue oxygenation in combat-relevant mus-
cles. Thus, the absence of a clear between-group PORH
signal indicates only that this brief contrast-shower proto-
col did not produce a detectable incremental effect on the
cutaneous microvascular endpoints measured here. It does
not exclude possible effects in other vascular compart-
ments, with different thermal doses, or with alternative
measurement approaches.

Several limitations should be considered when in-
terpreting these results and planning future work. The sam-
ple included a small number of women, which limits sex-
specific interpretation. Sex was reported descriptively but
was not included as a covariate or effect modifier because
the small female subsample would have produced sparse
group-by-sex cells and unstable estimates. Therefore, the
findings should be interpreted primarily as group-level ef-
fects in the combined combat-sport sample rather than as
evidence of equivalent responses across sexes. Menstrual-
cycle phase and hormonal contraceptive status were not
standardized, which further limits interpretation of HRV,
cortisol, and vascular responses in female athletes. Future
studies should recruit sufficient numbers of women to per-
mit sex-specific analyses and should record or standardize
menstrual-cycle phase and contraceptive status where fea-
sible.

Training continued in real-world conditions, and
while this enhances ecological validity, variability in train-

ing load, life stress, sleep, and unmeasured recovery behav-
iors may have influenced endocrine, perceptual, auto-
nomic, and microvascular endpoints (Sinnott-O’Connor et
al., 2018). Participants could not be blinded to the thermal
characteristics of the shower protocol, and no sham or ex-
pectancy-control condition was included. Therefore, per-
ceptual outcomes such as TQR may partly reflect expec-
tancy, preference, or contextual effects rather than physio-
logical recovery alone. Although assessors were blinded,
shower timing and temperature switching were self-moni-
tored by participants after standardized instruction, which
may have introduced implementation variability despite
the predefined temperature ranges and timing protocol.
The thermoneutral-shower group was an active comparator
rather than a no-treatment control. Consequently, the find-
ings estimate the relative effect of contrast heat-cold show-
ering compared with equivalent-duration thermoneutral
showering, not the absolute effect of contrast showering
versus no recovery routine. Finally, no direct performance
outcomes, sport-specific readiness tests, muscle oxygena-
tion measures, catecholamines, baroreflex indices, or vas-
cular endothelial assessments such as flow-mediated dila-
tion were collected, limiting interpretation to the auto-
nomic, perceptual, endocrine, and cutaneous PORH out-
comes measured. The wash-out period was two weeks,
which is appropriate for testing short-term persistence but
may be insufficient to capture slower vascular remodeling
processes, especially if the hydrotherapy stimulus is low-
dose compared with protocols designed to induce cardio-
vascular adaptations. Future research may incorporate
standardization or more specific modeling of training load,
include expectancy controls or sham procedures where
possible, evaluate dose-response effects of temperature
contrast, duration, and frequency, and consider perfor-
mance outcomes and other vascular assessments to clarify
whether any effects exist beyond transient autonomic and
perceptual indicators.

From a practical perspective, these findings should
be interpreted as evidence of short-term relative changes in
resting autonomic and perceptual recovery indicators, not
as proof of durable recovery adaptation or performance en-
hancement. Because the broader evidence base shows het-
erogeneity and meaningful placebo contributions for wa-
ter-based recovery methods, implementation should prior-
itize individual preference, tolerability, and consistency
while avoiding overinterpretation of benefits as guaranteed
physiological adaptations. In combat-sport environments
with dense technical, sparring, and conditioning schedules,
contrast heat-cold showering may be considered only as a
short-term recovery-support strategy when the practical
objective is perceived restoration or resting autonomic re-
covery. However, because this study did not measure sport
performance, neuromuscular adaptation, or competition
outcomes, no conclusion can be made about performance
transfer. Practitioners should therefore integrate contrast
showering within a broader recovery framework that in-
cludes sleep, nutrition, training-load management, and in-
dividualized monitoring rather than treating it as a
standalone recovery solution.
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Conclusion

In the current sample of trained combat sport athletes, con-
trast heat-cold showering showed short-term relative
improvements versus thermoneutral showering in resting
autonomic indices and perceived recovery after four
weeks. These effects were not maintained after the two-
week wash-out. No clear intervention-specific effects were
observed for morning salivary cortisol or PORH-derived
cutaneous microvascular outcomes. Because participants
were not blinded, training continued under real-world con-
ditions, the comparator was an active thermoneutral
shower, and no performance outcomes were measured, the
findings should be interpreted as transient autonomic and
perceptual responses rather than definitive evidence of du-
rable multisystem recovery adaptation or performance ben-
efit.
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Key points

Four weeks of post-training contrast heat-cold showering
improved resting autonomic regulation in trained combat
sport athletes, reducing resting heart rate and increasing
vagally mediated HRV indices compared with ther-
moneutral showering.

The intervention enhanced perceived recovery after the
4-week period, but autonomic and perceptual benefits
were not maintained after the 2-week wash-out, suggest-
ing mainly transient recovery effects.

No clear intervention-specific effects were observed for
morning salivary cortisol or PORH-derived microvascu-
lar reactivity, indicating limited evidence for endocrine
or microvascular adaptation beyond training-related
changes.
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