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Abstract 
This study compared the effects of cold water immersion (CWI) and hot water immersion 

(HWI) on muscle recovery following a muscle-damaging exercise protocol in women. 

Thirty healthy women (23.3 ± 2.9 years) were randomly assigned to either the CWI, HWI, 

or control (CON) groups. Participants completed a standardised exercise protocol (5 x 20 

drop-jumps), followed by a 10 min recovery intervention (CWI, HWI, or CON) immediately 

and 120 min post-exercise. Physiological responses, including muscle oxygen saturation 

(SmO2), core and skin temperature, and heart rate, were assessed at baseline, imme-

diately post-exercise, after the first recovery intervention (postInt), and during 30 min 

follow-up. Recovery was evaluated through maximal voluntary isometric contraction, 

muscle swelling, muscle soreness ratings, and serum creatine kinase at baseline, 24, 48, 

and 72 h post-exercise. A mixed-effects model was used to account for repeated measures 

over time. Results showed lower SmO2 values in the CWI compared to the HWI group 

at 20 min (Δ-6.76%, CI: −0.27 to −13.25, p = 0.038) and 30 min (Δ-9.86%, CI: −3.37 to 

−16.35, p = 0.001), and compared to CON at 30 min (Δ-7.28%, CI: −13.77 to −0.79, p = 

0.022). Core temperature was significantly higher in the HWI than the CWI group (postInt 

and 30 min), while it was significantly lower in the CWI group than CON (30 min). CWI 

caused a substantial decrease in skin temperature compared to HWI and CON between 

postInt and 30 min follow-up (all p < 0.001). Skin temperature was higher in the HWI group 

compared to CON at postInt and throughout 30 min follow-up (all p < 0.001). No significant 

differences in recovery markers were observed between CWI and HWI groups, although 

HWI led to slightly higher creatine kinase levels (24 h and 72 h) and greater muscle swell-

ing (24 h) compared to CON. Despite distinct acute physiological responses to CWI and 

HWI, neither improved subjective or objective recovery outcomes during the 72 h follow-up 

compared to CON in women following a muscle-damaging exercise protocol.
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Trial registration number

NCT04902924 (ClinicalTrials.gov), SNCTP000004468 (Swiss National Clinical Trial 

Portal).

Introduction
Unaccustomed physical exercise can lead to exercise-induced muscle damage (EIMD). The 
physiological response varies individually and mainly depends on the type of contraction, 
genetic factors, muscle group being trained, exercise volume, intensity, and type of exercise 
[1]. Mechanical stress can cause microscopic damage to muscle tissue, characterised by an 
inflammatory response in the days following exercise. Recovery from muscle damage is typi-
cally assessed using subjective and objective markers of recovery (e.g., loss of strength, delayed 
onset of muscle soreness [DOMS], upregulation of pro-inflammatory muscle proteins, such 
as creatine kinase [CK], and oedema-induced muscle swelling) [2,3]. While the inflamma-
tory response is fundamental to tissue repair processes [4], excessive symptoms of EIMD can 
lead to prolonged recovery times with impaired physical performance. Various post-exercise 
interventions, including water immersion, cold air exposure, massage, and active or passive 
recovery, have emerged as potential techniques to accelerate recovery [5,6].

Of particular interest is post-exercise water immersion, which is a commonly used recov-
ery strategy [7,8] and is of relatively low cost. The hydrostatic pressure during immersion 
can cause a shift of fluids from the extremities towards the central cavity, leading to increased 
cardiac output, promoting translocation of metabolites from the muscles, accelerating 
substrate transport and reducing oedema [9]. In addition, cold water immersion (CWI) 
decreases superficial and subcutaneous tissue temperature, inducing local vasoconstriction 
in the immersed body parts. A reduction in cellular metabolism is reported to be the primary 
mechanism for reducing the acute inflammatory response and, consequently, muscle swelling 
[9,10]. On the other hand, hot water immersion (HWI) increases subcutaneous and cutane-
ous tissue temperatures, causing peripheral vasodilation and an increase in blood flow of the 
affected areas, metabolism, nutrient delivery and removal of waste by-products [9].

Several studies have investigated the influence of post-exercise CWI on acute physiological 
changes or recovery (24–72 h) [11–14]. Its effectiveness appears to depend strongly on the 
type of the previous exercise performed [8,15,16]. However, unlike CWI, there is limited data 
on HWI used as a recovery intervention [15], with mixed results regarding its effectiveness. 
While a recently published study found no beneficial effect of post-resistance exercise HWI 
compared to a control group (CON) on recovery (muscle function, muscle soreness, and 
blood markers) [17], others reported advantages of HWI compared to CON in recovery of 
strength [18,19], lower creatine kinase activity and ratings of muscle soreness [19]. In addi-
tion, recent evidence by Sautillet et al. suggests maintaining a core body temperature between 
38.5°C and 39°C during HWI may significantly improve muscle recovery in active males [20]. 
Recent reviews summarise that CWI has generally been shown to be a more effective recovery 
method following strenuous exercise than other modalities- such as active recovery, contrast 
water therapy, warm water immersion, air cryotherapy, and massage- for reducing DOMS 
and pro-inflammatory CK levels. However, directly comparing the efficacy of post-exercise 
CWI and HWI on recovery is challenging due to the variability in protocols, making it nearly 
impossible to draw definitive conclusions and make practical recommendations.

To date, literature directly comparing the effects of post-exercise CWI, and HWI on 
recovery is scarce. To our knowledge, existing studies have only been conducted on male sub-
jects. Female participants are significantly underrepresented in sports and exercise medicine 
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research, including studies related to CWI and HWI [7,21]. Hormonal status (e.g., estrogen 
levels) and differences in body composition, such as the amount and distribution of subcu-
taneous adipose tissue [22], could potentially contribute to divergent outcomes following 
muscle-damaging exercise regimens and water immersion in women. Therefore, this study 
aimed to compare the physiological responses and effects of post-exercise CWI and HWI 
on subjective and objective recovery characteristics in a female population. We hypothesised 
that CWI could have a more significant impact on the physiological response and, therefore, 
would be a more effective method than HWI for enhancing subjective recovery (DOMS) and 
objective recovery, measured as MVIC recovery.

Methods

Study design
The trial followed a parallel-group study design. Participants were randomly assigned to one of 
three intervention groups (CWI, HWI, and CON) using block randomisation with an alloca-
tion ratio of 1:1:1. A block of 30 participants was used to ensure an equal distribution across the 
groups. Randomisation was done using 30 opaque envelopes, each containing a number (1, 2 or 
3). The investigator (EH) prepared all envelopes and made them available to the participants for 
random selection. Participants were assigned to their respective groups based on the number 
drawn from the envelope (Fig 1). Due to the nature of the study, blinding of participants and 
assessors to the recovery intervention was not feasible. Based on previous studies with a similar 
methodological design [23,24], an A priori sample size calculation for repeated-measures 
ANOVA, within-between interaction (G*Power, V 3.1, Franz Faul, Germany) with an estimated 
effect size of 0.3, alpha = 0.05 and power of 0.8 was conducted. According to these specifi-
cations, a sample size of n = 24 was estimated. To account for a potential loss of data of 20% 

Fig 1.  CONSORT flowchart of participants.

https://doi.org/10.1371/journal.pone.0322416.g001

https://doi.org/10.1371/journal.pone.0322416.g001
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owing to dropouts and incomplete records, the target sample size was set at 30. There were 
no dropouts among the selected participants. The study was registered at the clinialtrials.gov 
registry (NCT04902924) and approved by the local Ethics Committee of Zurich (2021–00546) 
in accordance with the Declaration of Helsinki (ICH-GCP). All measurements were performed 
between October 2021 and April 2022 in the Laboratory of the University of Applied Sciences 
and Arts of Southern Switzerland (RESlab, Landquart, Switzerland).

Participants
A total of n = 30 recreationally active volunteers were included. Women aged between 18 and 
35 years old with no previous surgery on the musculoskeletal system of the trunk and lower 
limbs were eligible for the study. Participants were excluded if they were smokers, pregnant, 
had acute injuries or pain, had injuries in the trunk area or lower extremities within less 
than one year, or were taking medication. All participants were fully informed of the aims, 
risks, and discomforts related to the experimental protocol of the study and provided writ-
ten informed consent before participating. The characteristics of the study participants are 
presented in Table 1.

Experimental overview
Experiments were completed over five days. On day 1, participants completed a screening 
questionnaire to determine eligibility and subsequently signed the informed consent form. 
Subjects were instructed to refrain from alcohol, dietary supplements, or additional exercise 
during the experimental period. They were familiarised with the experimental setup of the 
maximum voluntary isometric contraction (MVIC) test on a custom-designed ergome-
ter chair. One week after familiarisation, on experimental day 2, standing body height was 
assessed using a GPM stadiometer (Zurich, Switzerland). The TANITA-TBF 611 scale (Tokyo, 
Japan) was used to measure body weight and estimate lower body fat percentage. Body mass 
index (BMI) [25], body surface area (BSA) [26], and BSA to mass ratio were calculated from 
the height and weight of participants. Anthropometry, menstrual cycle (using the calendar 
counting method), and baseline data were recorded before performing the exercise proto-
col. Immediately after exercise and two hours later, participants underwent their assigned 
recovery interventions. All physiological parameters were measured at baseline (BL), directly 

Table 1.  Demographic data of female participants (n = 30).

Parameters CWI
(n = 10)

HWI
(n = 10)

CON
(n = 10)

Body height [cm] 166.9 ± 7.8 171.0 ± 5.5 165.0 ± 6.8
Body weight [kg] 61.3 ± 8.7 68.7 ± 9.2 58.8 ± 6.7
Lower body fat mass [%] 31.6 ± 2.9 33.9 ± 4.2 29.3 ± 3.9
Age [years] 23.8 ± 3.3 23.1 ± 3.6 23.1 ± 1.6
BSA [m2] 1.69 ± 0.15 1.80 ± 0.13 1.64 ± 0.11
BSA/mass [m2/kg] 0.03 ± 0.001 0.03 ± 0.002 0.03 ± 0.002
BMI [kg/m2] 21.9 ± 2.0 23.4 ± 2.4 21.6 ± 2.2
Menstruation ph. [%] 30 0 10
Proliferative ph. [%] 50 40 40
Secretory ph. [%] 20 60 50

BSA = body surface area, BMI = body mass index, ph = phase; values are mean ± SD.

https://doi.org/10.1371/journal.pone.0322416.t001

https://doi.org/10.1371/journal.pone.0322416.t001
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following exercise (postEx), and 1 min (postInt), 10 min, 20 min, and 30 min after the first 
recovery intervention. Markers of muscle recovery were evaluated at BL, 24 h (experimental 
day 3), 48 h (day 4), and 72 h (day 5) after exercise. Experiments were conducted without 
any deviation from the protocol. A schematic representation of the experimental protocol is 
illustrated in Fig 2.

Muscle-damaging exercise protocol
A validated, muscle-damaging exercise protocol (5 x 20 drop-jumps from a 0.6 m box), pre-
viously described in the literature [23], was employed to induce damage to the knee extensor 

Fig 2.  Schematic representation of the experimental protocol over time. CWI cold water immersion, HWI hot 
water immersion, CON control, SmO2 muscle oxygen saturation, Tskin skin temperature, Tcore core temperature, HR 
heart rate, MVIC maximum voluntary isometric contraction, DOMS delayed onset of muscle soreness, CK creatine 
kinase.

https://doi.org/10.1371/journal.pone.0322416.g002

https://doi.org/10.1371/journal.pone.0322416.g002
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muscles [2,24,27]. The participants were verbally encouraged, and the correct execution of the 
protocol was visually monitored. Participants were not allowed to drink water between BL and 
the 30 min follow-up period due to the potential influence of ingested water on core tempera-
ture (Tcore) measurements.

Recovery modalities
Participants in the CWI and HWI groups were immersed up to the level of the sternum in 
a square inflatable pool (length: 168 cm, width: 168 cm, height: 70 cm) filled with cold (10 ± 
0.5°C) and hot (40 ± 0.5°C) water respectively. The water temperature and duration of 10 min 
were set as described previously [24,28–30]. Water temperature was controlled with a ther-
mometer (Voltcraft MT52 digital multimeter, Hirschau, Germany) and ice or hot water was 
added if necessary. Two hours after the first CWI or HWI, a second set of immersions of iden-
tical duration (10 min) and water temperature (10°C or 40°C) was performed. CON received 
no treatment and recovered for 10 minutes in a supine position in a room with an ambient 
temperature of 21 ± 2°C and a relative humidity of 40 ± 5%.

Physiological outcomes
Muscle oxygen saturation.  To quantify muscle oxygen saturation (SmO2) of the knee 

extensor muscles, a deep tissue oxygenation monitor (moorVMS-NIRS, Moor Instruments, 
Millwey, UK) was used. The detector consisting of two identical photodiodes and the emitter 
were placed 30 mm from each other on the muscle belly of the right quadriceps femoris 
muscle secured with adhesive tape (Hypafix, BSN, Hamburg, Germany), as described 
previously [31]. Oxygenated haemoglobin (oxyHb), deoxygenated haemoglobin (deoxyHb) 
and total haemoglobin (TotHb) were assessed in arbitrary units and SmO2 was calculated as 
oxyHb/TotHb x 100 value (%). Near-infrared spectroscopy (NIRS) provides a non-invasive 
valid and reliable assessment tool for skeletal muscle oxidative metabolism [32].

Heart rate.  HR was recorded using a Polar watch (Vantage M2, Polar, Kempele, Finland) 
and a Bluetooth chest belt (H10, Polar, Kempele, Finland) in beats per minute (bpm).

Core temperature.  Tcore was monitored continuously using the gastrointestinal telemetry 
capsule e-Celsius and receiver e-Viewer (Body Cap, Caen, France). Participants were required 
to ingest the e-Celsius capsule upon entry into the laboratory (day 2). Data was recorded at 
30s intervals and transmitted for further analysis. E-Celsius is a valid system for measuring 
Tcore with good test-retest reliability [33,34], which tends to underestimate rectal temperature 
by ~0.2°C during exercise [33,35] and rest [35].

Skin temperature.  Tskin of the right thigh was evaluated using infrared thermal imaging 
(FLIR A600 series, Emitec Industrial, Rotkreuz, Switzerland) and the corresponding data 
analysis software (FLIR ResearchIR Max). The infrared camera’s emissivity factor was adjusted 
to 0.954. In a predefined skin area on the midsection of the right frontal thigh, the region of 
interest (covering 3650 px) was manually marked in the software. The average temperature of 
this area was utilised for analysis.

Recovery outcomes
Muscle soreness.  DOMS of the knee extensor muscles was evaluated subjectively using 

a 10 cm Visual Analogue Scale (VAS) during isometric squatting at a 90° knee angle after 
3s [36]. The VAS ranged from 0 cm, indicating “no soreness”, to 10 cm, indicating “severe 
soreness”. DOMS is considered a practical and indirect marker of muscle damage [37].

Muscle strength.  Muscle strength of the right knee extensor was assessed based on the 
performance of a MVIC on a custom-designed ergometer chair. Participants sat upright 
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on the chair with the knee flexed at 120°, hip angle of 100°, and the right shin fixed to the 
ergometer with a strap to ensure isometric contraction [12]. For evaluation of muscle strength, 
participants maximally extended their knees three times for 4s, with each session separated 
by a 2-min break. No verbal encouragement was given, and the subjects were blinded to the 
MVIC values. The highest value from the three attempts was used as the MVIC (in N) for the 
analysis.

Muscle swelling.  Oedema-induced muscle swelling of the right knee extensor was assessed 
based on acute changes in muscle thickness measured via ultrasound (MyLabClass C, Esaote, 
Genoa, Italy) using B-mode. Participants lay in a supine position and a minimal pressure 
technique was applied. The area of interest was defined as 60% of the distance between the 
greater trochanter and lateral epicondyle, 3 cm lateral to the midline [23,24,38] and labelled 
with a waterproof marker to ensure reliability throughout the experimental period. Muscle 
thickness was determined as the distance (in mm) between the femoral bone and the outer 
layer of the quadriceps muscle (excluding the overlying adipose tissue). The mean distance of 
three images was calculated (Pixmeo SARL, OsiriX V.8.0.2., Bernex, Switzerland). Ultrasound 
has been demonstrated to be a valid and reliable tool to measure muscle thickness [39].

Concentration of serum CK.  Blood samples were obtained from the antecubital fossa to 
assess serum CK concentration (%). Samples were collected in 8.5mL tubes (BD Vacutainer, 
Plymouth, UK), centrifuged at 3000g for 10 min (Hettich, EBA 20, Baech, Switzerland) and 
analysed using an automated ultraviolet method (Roche, Basel, Switzerland). CK is an indirect 
blood marker of muscle damage commonly used to indicate muscle membrane permeability. 
However, given the significant inter- and intra-subject variability of CK, other indirect 
markers, such as loss of muscle strength and DOMS, should also be considered for a more 
accurate assessment of muscle damage [2,40].

Statistical analysis
Details of the demographics and anthropometric characteristics of participants are presented 
in Table 1. For each outcome variable, physiological and recovery parameters, a mixed-effects 
model with a restricted maximum likelihood method was fitted to account for repeated 
measures over time. Subjects were included as a random effect, while the intervention (CWI, 
HWI, CON), time points (for physiological parameters: BL, postEx, postInt, 10, 20, 30 min; 
for recovery parameters: BL, 24, 48, 72 h) and their interaction were included as fixed effects. 
All these models were adjusted for body fat (%) and the baseline level of the outcome being 
analysed. As the estimated lower body fat was the only baseline characteristic that differed 
significantly between the three intervention groups, it was included as an adjustment in the 
mixed-effect models. After fitting the model, pairwise comparisons of the intervention effects 
(CWI vs CON, HWI vs. CON, HWI vs CWI) were tested both overall and at each time point 
using the Bonferroni correction for multiple comparisons. To measure the magnitude of 
the difference between groups, we also reported the Hedge’s G effect size as supplementary 
material (Table S3 and S4). The menstrual cycle was assessed as descriptive data and was not 
included as a covariate in the mixed-effects model. Statistical analyses were performed using 
Stata V18 (StataCorp LLC, Texas, USA), with the significance level set at p < 0.05. Figures were 
created using Prism 9 (GraphPad, Software Inc.).

Results

Physiological parameters
Muscle oxygenation saturation.  Analysis of SmO2, using a joint test, revealed a significant 

main effect of time (p < 0.001) and a time*intervention interaction (p < 0.001), but no 
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significant intervention effect (p = 0.105). Bonferroni-adjusted p-values indicated significant 
differences in between-group pairwise comparison at 20- and 30 min follow-up (Table 2, Fig 
3A).

Core temperature.  Significant main effects were observed for time (p < 0.001), 
intervention (p = 0.009), and time*intervention interaction (p = 0.002). Pairwise comparison 
showed significant between-group differences for Tcore at postInt between the CWI and 
the HWI groups and at 30 min follow-up between the CWI and the HWI groups as well as 
between the CWI group and CON (Table 2, Fig 3B).

Table 2.  Pairwise comparisons of the intervention effects by time point for physiological parameters.

Comparison Muscle oxygen saturation [%] Core temperature [°C] Skin temperature [°C] Heart rate [bpm]

β*
(95% CI)

P-value β*
(95% CI)

P-value β*
(95% CI)

P-value β*
(95% CI)

P-value

postEx
CWI vs CON −1.68

(−8.17; 4.81)
1.000 −0.13

(−0.46; 0.19)
0.997 0.89

(−0.25; 2.03)
0.186 −0.00

(−11.74; 11.74)
1.000

HWI vs CON −1.12
(−7.61; 5.37)

1.000 −0.16
(−0.49; 0.16)

0.685 0.15
(−0.99; 1.29)

1.000 −3.40
(−15.14; 8.34)

1.000

HWI vs CWI 0.56
(5.93; 7.05)

1.000 −0.03
(−0.36; 0.29)

1.000 −0.74
(−1.88; 0.40)

0.362 −3.40
(−15.14; 8.34)

1.000

postInt
CWI vs CON 3.92

(−2.57; 10.41)
0.444 −0.27

(−0.59; 0.06)
0.152 −16.29

(−17.43; −15.15)
<0.001 2.90

(−8.84; 14.64)
1.000

HWI vs CON 3.78
(−2.71; 10.27)

0.489 0.24
(−0.08; 0.57)

0.226 3.10
(1.96; 4.24)

<0.001 2.00
(−9.74; 13.74)

1.000

HWI vs CWI −0.14
(−6.63; 6.35)

1.000 0.51
(0.18; 0.83)

0.001 19.39
(18.25; 20.53)

<0.001 −0.90
(−12.64; 10.84)

1.000

10 min
CWI vs CON −0.08

(−6.57, 6.41)
1.000 −0.25

(−0.57; 0.08)
0.212 −7.14

(−8.28; −6.00)
<0.001 −8.80

(−20.54; 2.94)
0.218

HWI vs CON 1.68
(−4.81; 8.17)

1.000 −0.03
(−0.35; 0.30)

1.000 2.68
(1.54; 3.82)

<0.001 1.40
(−10.34; 13.14)

1.000

HWI vs CWI 1.76
(−4.73; 8.25)

1.000 0.22
(−0.11; 0.55)

0.318 9.82
(8.68; 10.96)

<0.001 10.20
(−1.54; 21.94)

0.113

20 min
CWI vs CON −4.38

(−10.87; 2.11)
0.318 −0.28

(−0.60; 0.05)
0.128 −4.21

(−5.35; −3.07)
<0.001 −7.70

(−19.44; 4.04)
0.349

HWI vs CON 2.38
(−4.11; 8.87)

1.000 −0.07
(−0.40; 0.25)

1.000 2.12
(0.98; 3.26)

<0.001 −0.30
(−12.04; 11.44)

1.000

HWI vs CWI 6.76
(0.27;13.25)

0.038 0.20
(−0.12; 0.53)

0.413 6.33
(5.19; 7.47)

<0.001 7.40
(−4.34; 19.14)

0.394

30 min
CWI vs CON −7.28

(−13.77; −0.79)
0.022 −0.36

(−0.69; −0.04)
0.023 −2.94

(−4.08; −1.80)
<0.001 −1.90

(−13.64; 9.84)
1.000

HWI vs CON 2.58
(−3.91; 9.07)

1.000 −0.02
(−0.35; 0.30)

1.000 1.95
(0.81; 3.09)

<0.001 6.70
(−5.04; 18.44)

0.516

HWI vs CWI 9.86
(3.37; 16.35)

0.001 0.34
(0.02; 0.67)

0.037 4.89
(3.75; 6.03)

<0.001 8.60
(−3.14; 20.34)

0.238

* Baseline time point as a reference. CWI = cold water immersion group, HWI = hot water immersion group, CON = control group, postEx = post-exercise, postInt = 
post-intervention. P-values adjusted for multiple comparisons with Bonferroni method.

https://doi.org/10.1371/journal.pone.0322416.t002

https://doi.org/10.1371/journal.pone.0322416.t002
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Skin temperature.  Evaluation of Tskin revealed significant main effects of time, 
intervention and a time*intervention interaction (all p < 0.001). Tskin was reduced in the CWI 
group compared to the HWI group and CON at postInt and throughout 30 min follow-up 
(Table 2; Fig 3C). In the HWI group, Tskin was significantly higher than CON at postInt and 
throughout the 30 min follow-up.

Heart rate.  For HR we found a significant main effect of time (p < 0.001) but not for 
intervention (p = 0.118) and time*intervention interaction (p = 0.051). Pairwise comparison 
showed no differences between the groups at any time point (Table 2, Fig 3D).

Recovery parameters after the exercise task and intervention
Maximum voluntary isometric contraction.  For MVIC, a significant time effect  

(p < 0.001) was detected, but no intervention (p = 0.573) and time*intervention interaction  
(p = 0.882) were observed (Fig 4A). No significant between-group differences were noted at 
any specific time point (Table 3).

Muscle swelling.  Significant main effects of time (p < 0.001) and intervention (p = 0.046) 
but no time*intervention interaction (p = 0.057) were found. Muscle swelling was significantly 

Fig 3.  Results of physiological parameters. (A) muscle oxygen saturation of the right quadriceps femoris muscle (SmO2), (B) core temperature (Tcore), (C) 
skin temperature (Tskin), and (D) heart rate (HR) over time in CWI, HWI and CON groups. All data are presented as mean±SD. BL baseline, postEx post-
exercise, postInt post-intervention, ***p < 0.001 CWI vs HWI, *p < 0.05 CWI vs HWI, ###p < 0.001 CWI vs CON, #p < 0.05 CWI vs CON, †††p < 0.01 HWI vs 
CON.

https://doi.org/10.1371/journal.pone.0322416.g003

https://doi.org/10.1371/journal.pone.0322416.g003
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greater in the HWI group compared to CON at 24 h and 72 h follow-up while there was no 
difference between the CWI group and the other groups (HWI and CON) throughout 72 h 
follow-up (Table 3, Fig 4B).

Delayed onset of muscle soreness.  Analysis of DOMS revealed a significant main effect 
of time (p < 0.001) but no intervention effect (p = 0.752) or time*intervention interaction 
(p = 0.454). Even though DOMS tended to decline faster in the CWI group, no significant 
between-group differences were evident at any time point (Table 3, Fig 4C).

Creatine kinase.  Baseline CK values showed high individual variability (CWI: 111.0 ± 
41.5U/l, HWI: 214.3 ± 180.9U/l, CON: 119.8 ± 50.2U/l). A significant main effect of time (p 
< 0.001) was observed, but there was no intervention effect (p = 0.696) or time*intervention 
interaction (p = 0.280). CK was significantly higher in the HWI group compared to CON at 
24 h. No other significant between-group differences in CK levels were detected throughout 
72 h follow-up (Table 3, Fig 4D).

Fig 4.  Results of recovery parameters. (A) maximum voluntary isometric contraction (MVIC), (B) muscle swelling, (C) delayed onset of muscle soreness 
(DOMS), and (D) creatine kinase (CK) over time in CWI, HWI and CON groups. A, B and D values are normalised to baseline (% mean±SD) for their initial 
values. All values are presented as mean±SD. BL baseline, ††p < 0.01 HWI vs CON, †p < 0.05 HWI vs CON.

https://doi.org/10.1371/journal.pone.0322416.g004

https://doi.org/10.1371/journal.pone.0322416.g004
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Discussion
This study aimed to compare the effects of post-exercise CWI and HWI on acute physiologi-
cal responses and recovery in healthy recreationally active women. The findings of this study 
demonstrate no difference between post-exercise CWI and HWI regarding subjective and 
objective recovery. Despite distinct acute physiological responses to CWI and HWI, neither 
intervention improved subjective or objective recovery outcomes during a 72 h follow-up 
period.

The acute response of SmO2 showed no between-group differences immediately following 
water immersion. However, a subsequent decrease in the CWI group resulted in signifi-
cantly lower values compared to the HWI group at 20 min and to both the HWI group and 
CON at the 30 min follow-up. SmO2 increased in both the HWI and CWI groups following 
water immersion, peaking immediately after immersion (Fig 3A). Previous research [41–43] 
highlights that water temperature and immersion duration primarily influence acute physi-
ological response by affecting tissue and core temperature [10] and subsequent tissue perfu-
sion. The thermal stress applied during HWI, known to cause peripheral vasodilation [41], 
combined with the exercise-induced increase in muscle perfusion and temperature, likely 
explains the immediate peak in SmO2 following HWI. In contrast, the rise in SmO2 after CWI 
seems unexpected, as cooling typically induces vasoconstriction and reduces perfusion via the 
central pooling of blood [44]. However, the observed increase in oxygen supply in our study 
may be attributed, at least in part, to neurogenic activation leading to the release of dilating 
substances, such as nitric oxide, in the endothelium of the blood vessels [45]. This so-called 

Table 3.  Pairwise comparisons of the intervention effects by time point for recovery parameter.

Comparison Maximum voluntary isometric 
contraction [N]

Muscle swelling [mm] Delayed onset of muscle damage 
[cm]

Concentration of CK [U/l]

β*
(95% CI)

P-value β*
(95% CI)

P-value β*
(95% CI)

P-value β*
(95% CI)

P-value

24 hours
CWI vs CON 1.90

(−7.61, 11.41)
1.000 0.07

(−0.06; 0.20)
0.607 0.04

(−2.54; 2.64)
1.000 127.30

(−140.12; 394.72)
0.763

HWI vs CON −1.81
(−11.32; 7.70)

1.000 0.17
(0.04; 0.30)

0.006 −0.21
(−2.79; 2.37)

1.000 271.10
(3.68; 538.52)

0.046

HWI vs CWI −3.71
(−13.22; 5.80)

1.000 0.10
(−0.03; 0.23)

0.206 −0.25
(−2.83, 2.33)

1.000 143.80
(−123.62; 411.22)

0.594

48 hours
CWI vs CON 4.55

(−4.96; 14.06)
0.756 0.02

(−0.11; 0.15)
1.000 −1.09

(−3.67; 1.49)
0.937 55.90

(−211.52; 323.32)
1.000

HWI vs CON −0.35
(−9.86; 9.16)

1.000 0.11
(−0.02; 0.24)

0.135 −0.21
(−2.79; 2.37)

1.000 58.40
(−209.02; 325.82)

1.000

HWI vs CWI −4.90
(−14.41; 4.61)

0.652 0.09
(−0.04; 0.22)

0.304 0.88
(−1.70; 3.46)

1.000 2.50
(−254.92; 269.92)

1.000

72 hours
CWI vs CON 2.00

(−7.51; 11.51)
1.000 0.02

(−0.11; −0.15)
1.000 −0.36

(−2.94; 2.22)
1.000 23.30

(−244.12; 290.72)
1.000

HWI vs CON 0.57
(−8.94; 10.08)

1.000 0.14
(0.01; 0.27)

0.032 1.37
(−1.21; 3.95)

0.612 28.40
(−239.02; 295.82)

1.000

HWI vs CWI −1.43
(−10.94; 8.08)

1.000 0.12
(−0.01; 0.25)

0.087 1.73
(−0.85; 4.31)

0.326 5.10
(−262.32; 272.52)

1.000

* Baseline time point as a reference; CWI = cold water immersion group, HWI = hot water immersion group, CON = control group. P-values adjusted for multiple 
comparisons with Bonferroni method.

https://doi.org/10.1371/journal.pone.0322416.t003

https://doi.org/10.1371/journal.pone.0322416.t003


PLOS ONE | https://doi.org/10.1371/journal.pone.0322416  May 7, 2025 12 / 19

PLOS ONE Muscle damage, women and water recovery

“cold-induced vasodilation” is proposed to occur after a few minutes of cold exposure to 
protect against cold-induced injuries, such as frostbite [46]. The study by Roberts et al. sup-
ports this explanation, reporting elevated SmO2 during post-exercise CWI due to increased 
blood volume from vasodilation [11]. Alternatively, Ihsan et al. proposed that reduced muscle 
metabolic activity during cooling could account for increased SmO2 despite a reduced mus-
cle blood flow [47]. These contradictory findings may arise from different haemodynamic 
responses induced by various exercise modalities (e.g., endurance vs resistance exercise [48]) 
and disparities in the immersion protocols. As we did not measure SmO2 or blood flow during 
the immersion period, we can only hypothesise that cold-induced vasodilation, rather than 
reduced metabolic activity, explains the rise in SmO2 immediately after CWI, given the simi-
larity of our protocol to that of Roberts et al. [11].

After the initial peak, CWI led to a gradual decrease in SmO2, resulting in significantly 
lower values compared to the HWI group at 20 and 30 min, and compared to CON at 30 min. 
The decline in SmO2 of 3.9%, 11.5%, and 15.7% at 10, 20, and 30 min following CWI aligns 
with previous studies showing reduced SmO2 compared to CON following post-exercise CWI 
[11,49]. This biphasic response, where vasodilation persists for up to 10 minutes before transi-
tioning to vasoconstriction [42], may partially underlie the observed drop in SmO2, reflecting 
short-term microvascular adaptations to cold exposure.

Following immersion, Tcore initially showed a similar decline in the CWI group and CON. 
In contrast, HWI maintained Tcore at an elevated level, resulting in significantly higher tem-
peratures than in the CWI group immediately after immersion (postInt) and at 30 min (Fig 
3B). While a higher post-immersion Tcore was expected following HWI [9,43], our expectation 
of a more substantial and faster decrease in Tcore after CWI, as reported in previous studies 
[50,51], was not met. Interestingly, this aligns with findings from Menzies and colleagues, 
who reported that the decline in Tcore in the CWI group was not significantly different from 
CON up to 15 min post-immersion [52]. They suggested that protocol-specific factors, such 
as immersion depth and duration, may influence post-immersion temperature stabilisation. 
Although Menzies et al. did not measure SmO2, they reported a significant decrease in super-
ficial femoral blood flow following CWI. These results support our hypothesis that the applied 
CWI protocol may have induced significant changes in post-immersion peripheral blood flow, 
leading to a centralisation of blood, which could have mitigated a more pronounced drop in 
Tcore compared to CON [9]. Additionally, the insulating effect of subcutaneous adipose tissue, 
which has been shown to directly influence the magnitude of Tcore changes after both CWI and 
HWI [53], could explain the different Tcore kinetics observed in our female study population. 
Indeed, the aforementioned studies [50,51] employed a milder but longer CWI protocol (15 
and 14 min at 15°C) on male participants, differing from our protocol (10 min at 10 ± 0.5°C) 
and our female cohort.

The substantial impact of CWI was also observed in the acute reduction of Tskin. Following 
CWI, Tskin decreased by 48.4% (to 15.2°C) and remained significantly lower than in the HWI 
group and CON throughout the 30 min follow-up. This finding aligns with the results of 
Hohenauer et al. [24], who used an identical CWI protocol and Stephens et al., who reported 
post-exercise Tskin reductions of 6–18°C following CWI [54]. In contrast, Roberts et al. 
reported a less pronounced but more sustained reduction in Tskin, with a minimum of ~25°C, 
using the same CWI protocol [11]. Notably, the study of Roberts et al. involved healthy, active 
men. Consistent with these observations, Klimek et al. reported a more sustained decrease in 
Tskin in men than in women following whole-body cryotherapy, supporting the idea of gender 
difference in skin cooling and rewarming [55].

Although CWI and HWI induced significantly different acute physiological responses, 
no differences in either objective or subjective recovery parameters were observed between 
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the two immersion groups during 72 h follow-up. Our findings, which showed no significant 
differences in recovery of MVIC between the CWI, HWI, and CON groups, are consistent 
with recent reviews that focused on physically active men [7,8,15]. At 24 h, MVIC decreased 
by 38.2 ± 17.7%, 37.0 ± 14.5%, and 43.4 ±12.9% in CWI, HWI, and CON groups, respectively. 
These reductions suggest a large impairment in muscle function, which aligns with findings 
by Miyama and Nosaka [56], who employed the same exercise protocol in non-resistance-
experienced men. Interestingly, only a 20% reduction in MVIC was reported following the 
identical exercise protocol in active women [24] and only a 30% reduction in active men 
[23]. Additionally, Hohenauer et al. observed significantly lower DOMS in the CWI group 
compared to CON during the 72 h follow-up [24]. This contrasts with our results, where no 
differences in DOMS were found between any of the groups despite using the same protocol 
and study population. Prior research has shown that experience with eccentric exercise pro-
tects against functional loss and DOMS in subsequent exercise sessions [57]. The inconsistent 
results from the reported studies suggest that responses to eccentric exercise can be highly 
individual, regardless of sex. The female participants in the present study may have been 
less experienced in eccentric exercise than more trained or athletic individuals, which could 
explain the greater functional losses observed following the drop-jump protocol. Given the 
substantial MVIC losses observed in the present study, it is plausible that the water immersion 
protocols were not effective enough to significantly enhance recovery by reducing DOMS. 
While CWI has been moderately studied, yielding mixed results on its efficacy in promoting 
recovery during 2-–72 h follow-up, comprehensive data on using post-exercise heat applica-
tions or HWI for recovery are lacking. However, a recent study by Sautillet et al. showed that a 
tailored HWI protocol (41°C for ~25 min) successfully mitigates the decline in late-phase rate 
of force development and, therefore, was more efficient compared to CWI in restoring neuro-
muscular function and recovery of DOMS in a male population [58]. This again suggests that 
the temperature and duration of immersion play a critical role in recovery outcomes. Though 
evidence supporting a clear effect of post-exercise CWI on recovery is limited, some studies 
have suggested its potential benefits in reducing DOMS [18,24,28]. However, the study by 
Broatch et al. demonstrated that the perceived benefits of CWI (e.g., DOMS) may be largely 
placebo-driven [59]. Their findings showed that participants in a thermoneutral placebo 
condition experienced recovery outcomes similar to those in the CWI group, highlighting the 
role of belief and expectation in recovery. These findings, together with other recent studies, 
suggest that the beneficial effects of CWI might be partially explained by psychological factors 
rather than solely on physiological mechanisms [59–61].

While we did not observe appreciable differences in CK levels and muscle swelling between 
the CWI and HWI group or CON, HWI resulted in significantly greater muscle swelling at 
24 h and increased CK levels at 24 h and 72 h compared to CON. The use of cold is gener-
ally proposed to reduce the acute inflammatory response and oedema formation by lower-
ing tissue temperature and blood circulation [62]. Additionally, cold-induced analgesia is 
attributed to decreased tissue temperature, which reduces the affected area’s metabolic rate 
and oxygen demand [63]. However, in line with recently published reviews [7,8], we did not 
observe a beneficial effect of CWI on CK levels or muscle swelling. We thus failed to establish 
a medium-term effect of cryotherapy on inflammation. CK is a commonly used marker in the 
assessment of muscle-damaging exercise for inflammatory responses. In our study, CK levels 
increased by an average of 469% at 24 h compared to BL, with considerable variability among 
individual subjects. Given that other factors, such as age, sex, and ethnicity, may also affect 
serum CK levels, the validity of CK as a sole indicator of exercise-induced muscle damage 
has been questioned in the literature [40]. One of the few studies comparing CWI and HWI 
to a control condition found reduced CK levels and swelling at 24 h post-exercise in the CWI 
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group (14 min at 15°C) compared to CON and reduced CK levels in the HWI group (14 min at 
38°C) compared to CON at 48 h post-exercise [18]. While their study reported reductions in 
CK levels at specific time points for both the CWI and HWI groups, highly variable responses 
were observed within the control groups. Our experiment observed no differences in muscle 
swelling between the CWI and HWI group or CON. However, significantly greater swelling 
was found in the HWI group compared to CON at specific time points. These findings suggest 
that muscle swelling is not solely dependent on the hydrostatic pressure but on different 
factors during water immersion, such as shear responses in the superficial femoral artery and 
blood flow, respectively [64]. Based on the findings in the current study, drawing definitive 
conclusions about the inflammatory response to cold or hot water immersion following a 
5x20 muscle-damaging drop-jump exercise protocol remains challenging.

This study is not without limitations. We did not obtain information from participants 
regarding their preferences, beliefs, or prior experiences with specific immersion tempera-
tures. Psychological, social, and contextual factors have been shown to play a major role in 
functional recovery [65], suggesting that neither CWI nor HWI can be recommended as a 
recovery modality without considering individual preferences. Additionally, the assessment 
of sleep quality would have been another interesting variable to evaluate, as it is known to 
affect recovery [66]. However, as our exercise intervention was carried out during the day, we 
assume that none of the water immersion protocols affected sleep quality. Furthermore, the 
selected standardised exercise protocol is not reflective of a functional training or competition 
scenario and therefore, the findings cannot be directly extrapolated into a real-world setting. 
Another limitation concerns the hormonal status of participants, as oestrogen is thought to 
have a protective effect on exercise-induced muscle damage [67]. Due to limited resources, 
we were not able to align measurements with the menstrual cycles of female participants. 
However, 63% of our study participants were using hormonal contraceptives, and the differ-
ent cycle phases were equally represented across all groups (Table 1). Further research in this 
area is needed, incorporating different water immersion protocols in functional and athletic 
exercises within a female population. Future studies should also investigate the mechanisms 
behind the observed discrepancy between acute physiological changes and recovery outcomes. 
Incorporating measurement of tissue temperature, and personal preferences into future 
research could provide more comprehensive evidence to guide recovery practices for female 
athletes.

Conclusion
In conclusion, this study found that, in female participants, CWI applied after a standardised 
drop-jump exercise protocol significantly reduces SmO2 and Tskin. In contrast, HWI led to 
a significant increase in Tcore and Tskin. However, despite these distinct acute physiological 
effects, no measurable differences in recovery parameters were observed over the following 
24–72 hours. Neither CWI nor HWI improved subjective or objective recovery characteristics 
compared to passive CON. These findings highlight the complex relationship between acute 
physiological responses and long-term recovery outcomes in women. They also underscore 
the importance of further investigating female participants in recovery research, as most pre-
vious studies have focused on male participants. For female athletes, our results suggest that 
the choice between CWI and HWI does not significantly affect long-term recovery.
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