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Abstract

Background Cold-water immersion (CWI) is widely used after strenuous exercise, but review-level findings
vary by outcome, comparator, recovery window, population, and protocol. Reuse of the same primary studies
across reviews can also exaggerate apparent consistency.

Methods We searched PubMed, Web of Science, SPORTDiscus, Cochrane Library, Embase, and Scopus from incep-
tion to 30 January 2026 for systematic reviews, meta-analyses, and network meta-analyses of post-exercise CWI.
Fourteen reviews were included. Primary-study overlap was quantified using the corrected covered area (CCA) overall
and for outcome-specific study-to-review mappings. Because overlap was high and review-level estimates were
statistically dependent, we did not perform second-order meta-analysis. Source-verified estimates were synthesized
in a structured, overlap-aware format. Methodological quality was assessed with AMSTAR 2.

Results Of the 14 included reviews, 13 provided quantitative estimates, whereas one review provided narrative
evidence on heart rate variability (HRV). Overall CCA was 12.68% (high); 99 of 165 primary-study families appeared

in at least two reviews. Outcome-specific CCA was 15.03% for delayed onset muscle soreness (DOMS; very high)

and ranged from 0.00% for interleukin-6 (IL-6) to 25.00% for C-reactive protein (CRP). It was not calculable for HRV,
because one review contributed. AMSTAR 2 confidence was low in 2 reviews and critically low in 12. DOMS showed
the most consistent favorable pattern: source-review standardized mean differences ranged from —1.04 to —0.37,
although the largest estimate was soccer-specific and its 95% prediction interval crossed zero. Because DOMS evi-
dence was highly redundant across the contributing reviews, this apparent consistency does not represent independ-
ent replications. Findings for objective performance and biochemical outcomes were inconsistent, time-dependent,
or comparator-dependent.

Conclusions Within the available review-level evidence, CWI was associated with the most consistent reduction

in self-reported short-term post-exercise DOMS, but the clinical importance of the observed effects remains uncer-
tain. Evidence does not support a uniform benefit across objective performance or inflammatory outcomes. Protocol
observations, including commonly studied temperatures and durations, are descriptive and should not be interpreted
as an optimized prescription.
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« The 14 included reviews had a high overall primary-study overlap (corrected covered area [CCA] 12.68%),
so dependent review-level estimates were not combined in a second-order meta-analysis.

- Delayed onset muscle soreness (DOMS) showed the most consistent favorable pattern, with overall source-
review standardized mean differences (SMDs) from —1.04 to —0.37, but clinical importance, expectation effects,

and future-study reproducibility remain uncertain.

- Evidence on cold-water immersion (CWI) for objective performance, biochemical, inflammatory, and autonomic
outcomes was inconsistent or insufficient, and protocol-related findings remain descriptive rather than prescrip-

tive.

Keywords Cold-water immersion, Post-exercise recovery, Delayed onset muscle soreness, Umbrella review, Corrected

covered area, Evidence overlap

Background

Post-exercise recovery strategies are used to reduce sore-
ness, restore function, and maintain readiness between
exercise bouts [1, 2]. Cold-water immersion (CWI) is
common in sport and exercise settings, because it is inex-
pensive, practical, and readily standardized [1, 2]. Evi-
dence for CWI is not uniform across recovery domains.
Earlier reviews generally reported reduced muscle sore-
ness, whereas effects on performance, muscle-damage
biomarkers, and inflammatory outcomes were smaller,
inconsistent, or dependent on the comparator and recov-
ery window [3-7]. These differences limit broad claims
that CWI improves recovery in all settings.

CWI may act through thermal and hydrostatic mecha-
nisms. Hydrostatic pressure shifts blood centrally and
increases central blood volume, whereas cooling reduces
peripheral skin and muscle blood flow and lowers tis-
sue temperature [1, 2, 8]. Cooling can also alter afferent
signaling, reduce nerve conduction velocity, and increase
pain threshold or tolerance [2, 9]. These mechanisms
may affect perceived soreness more directly than objec-
tive performance or circulating biomarkers. Evidence for
a reproducible systemic anti-inflammatory effect remains
limited [4, 10].

Responses may also vary across recreationally active
participants, trained athletes, and sport-specific popu-
lations. Training status, sex, age, body composition,
exercise mode, and the magnitude of exercise-induced
muscle damage can modify thermal strain, symptom
reporting, and functional recovery. Review-level findings
should be interpreted within their population context
and not assumed to apply to all athletes. The evidence
base contains many systematic reviews that reuse the
same primary trials while applying different comparators,
outcome definitions, and recovery windows [6, 7, 11-14].
Treating their pooled estimates as independent observa-
tions can overstate precision. An umbrella review should,

therefore, quantify primary-study overlap and preserve
the context of each source review.

This umbrella review aimed to (1) synthesize source-
verified review-level evidence on the effectiveness of
CWI for post-exercise recovery; (2) quantify overall and
outcome-specific primary-study overlap; (3) describe
how population, comparator, recovery window, and
protocol characteristics influence interpretation; and
(4) appraise the methodological quality of the included
reviews.

Methods

Search Strategy and Selection Criteria

This umbrella review was reported in accordance with
PRISMA 2020 and with consideration of the PRIOR
statement for overviews of reviews [15, 16]. The pro-
tocol was prospectively registered in PROSPERO
(CRD420261332482). The systematic review was the unit
of searching and inclusion [14, 17].

Six electronic databases (PubMed, Web of Science,
SPORTDiscus, Cochrane Library, Embase, and Scopus)
were searched from inception to 30 January 2026. Search
terms combined CWI and related cold-immersion terms,
post-exercise recovery outcomes, and review-level study
designs. No language restrictions were applied. Reference
lists of included reviews were also screened. Full data-
base-specific strategies are provided in Additional file 1:
Table S1.

Eligible reviews included healthy individuals, physi-
cally active individuals, or athletes; evaluated post-exer-
cise CWI; compared CWI with passive recovery, active
recovery, thermoneutral water immersion, contrast water
therapy, body cryotherapy, or another recovery modal-
ity; and reported perceptual, functional, biochemical,
inflammatory, or autonomic recovery outcomes. These
participants, intervention, comparators, outcomes, and
study—design criteria constituted the prespecified PICOS
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framework. Systematic reviews with or without meta-
analysis and network meta-analyses were eligible. Narra-
tive reviews, expert commentaries, and primary studies
were excluded.

Study Selection and Data Extraction
Two reviewers independently screened titles, abstracts,
and full texts, with disagreements resolved by discussion
and, when required, a third reviewer. Re-examination of
the screening record identified one full-text report (Veen
et al,, 2026) that had been misclassified at final eligibil-
ity adjudication; it met the prespecified PICOS criteria
and was included [18]. Two reviewers independently
extracted review design, primary-study count, partici-
pant characteristics and training level, exercise context,
comparator structure, CWI protocol, outcome defini-
tion, effect metric, pooled estimate and 95% confidence
interval (CI), heterogeneity, prediction interval where
available, and the risk-of-bias method used by the source
review. Every retained estimate was rechecked against
the source review. Exact source time labels and compara-
tor categories were retained, and only source-verifiable
estimates were included. When a source review reported
both fixed-effect and random-effects estimates, the
model selected by the source-review authors was treated
as the primary estimate. Source-review p values were
retained only as descriptive information; when a reported
p value was inconsistent with its 95% CI, both were
reproduced as reported and interpretation followed the
CLI. Full characteristics and extraction details are reported
in Table 1 and Additional file 1: Tables S2 and S3; com-
plete datasets are provided as Additional files 2 and 3.
For descriptive comparability, “direction-harmonized”
means that estimates were sign-inverted where neces-
sary, so that negative values consistently favored CWIL
This harmonization did not change effect magnitude or
precision. Source time labels were also mapped to broad
recovery windows for display only. Overall and time-
specific estimates from the same review were treated as
dependent and were not counted as independent replica-
tions. No primary-study effect estimate was newly calcu-
lated from a trial report.

Methodological Quality Assessment and Handling of Risk
of Bias

Methodological quality was appraised with A MeaSure-
ment Tool to Assess Systematic Reviews 2 (AMSTAR 2)
[19]. Two reviewers assessed each review independently,
and disagreements were resolved by consensus or a third
reviewer. Items 2, 4, 7, 9, 11, 13, and 15 were treated as
critical domains, and overall confidence was rated as
high, moderate, low, or critically low according to the
number of critical flaws and non-critical weaknesses
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[19]. Item-level judgments and rationales are provided in
Additional file 1: Table S4.

Risk of bias in the primary trials was not reassessed de
novo. We extracted the tool and judgments reported by
each source review and examined whether primary-study
risk of bias was incorporated into the review conclusions.
These data informed interpretation but were not used as
an exclusion criterion.

Primary-Study Overlap Assessment

Primary-study overlap was calculated for the included
reviews using the corrected covered area (CCA) [11, 12].
Within each review, multiple reports, arms, subgroups,
and timepoints from the same primary-study or publi-
cation family were collapsed to one unit. CCA was cal-
culated as (N — r)/[r(c — 1)], where N is the number of
study—review inclusion cells, r is the number of unique
primary-study families, and c is the number of reviews.
Values of 0-5%, >5-10%, >10—15%, and >15% were inter-
preted as slight, moderate, high, and very high overlap,
respectively [12]. Outcome-specific cells were included
only when the source review directly linked a primary-
study family to the corresponding synthesis domain.
Broad muscular-power syntheses were coded as power
and were not duplicated into jump or sprint domains
solely because of the primary test label. Narratively syn-
thesized outcomes were eligible when complete study-
level mapping was available; unresolved cells were not
coded as absent. CCA was calculated overall and for
outcomes represented by at least two reviews. Pairwise
Jaccard coefficients, primary-study multiplicity, analyses
excluding selected reviews, and leave-one-review-out
CCA analyses were also examined. The matrices, out-
come tags, and decision rules are provided in Additional
file 4; summary results are provided in Additional file 1:
Tables S5 and S6 and Figures S1-S3.

Overlap-Aware Evidence Synthesis
Pooled estimates from different reviews were not com-
bined. Overall CCA was high, several outcome-specific
CCA values were high or very high, and CCA does not
estimate the covariance induced by repeated primary
studies. Standard second-order meta-analysis would treat
dependent estimates as independent and could produce
confidence intervals that are too narrow [12-14]. We
presented source-review estimates with population, com-
parator, metric, recovery window, 95% CI, and available
prediction intervals (Additional file 1: Table S7).
Interpretation emphasized effect magnitude, CI com-
patibility with the null, temporal consistency, and repli-
cation across distinct review contexts. No multiplicity
adjustment was applied to the many source outcome-
window tests, because these tests were not recomputed.
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Isolated significant timepoints were not interpreted as
confirmatory evidence.

Standardized mean differences (SMDs), Hedges g
values, mean differences (MDs), weighted mean differ-
ences (WMDs), and network relative effects were kept
in their source metric and comparator context. SMD-
based and MD/WMD-based estimates were not com-
bined. Thirteen reviews provided quantitative evidence,
and the HRV-focused systematic review contributed
narrative evidence only.

Water temperature, duration, immersion depth, tim-
ing, and frequency were summarized descriptively
(Additional file 1: Table S8). Protocol ranges were often
mixed within reviews, and dose nodes from the same
network meta-analysis were dependent. No trial-level
dose—response model was fitted. Observations around
5-15 °C and 5-15 min are reported as commonly stud-
ied or descriptively favorable patterns, not as an opti-
mal protocol. Evidence for protocols below 5 °C was
especially sparse.

Analyses Not Performed Because of Dependence
Second-order random-effects models, review-level
funnel plots, Egger-type tests, and inferential leave-
one-source-out meta-analyses were not performed,
because review-level estimates were not independent.
Although CCA quantifies redundancy, it does not sup-
ply the covariance matrix required to repair statistical
dependence. Sensitivity analyses were limited to over-
lap metrics, comparator-stratified source results, and
transparent inspection of source-review estimates.

Structured Interpretation

No de novo credibility grade was assigned. The PICOS
framework and eligibility criteria were prospectively
registered. The interpretive domains used to structure
the synthesis were defined during peer review, after
protocol registration, and were not part of the reg-
istered protocol: direction and magnitude of source
effects; temporal consistency; subjective versus objec-
tive measurement; participant and exercise context;
comparator structure; AMSTAR 2 confidence; primary-
study overlap, quantified from primary-study/publica-
tion-family matrices; and prediction intervals where
available. These domains organized the presentation
of the evidence and were not used as a certainty-grad-
ing instrument. Evidence was described as insufficient
when too sparse for a conclusion, which was kept dis-
tinct from evidence showing no effect.
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Results

Study Selection and Characteristics of Included Reviews
The search identified 679 records. After 345 duplicate or
other pre-screening removals, 334 records were screened
and 79 full-text reports were assessed. Of these, 65 were
excluded and 14 reviews were included (Fig. 1).

The 14 included reviews comprised 11 systematic
reviews with pairwise meta-analysis, 2 network meta-
analyses, and 1 systematic review without meta-analysis.
Thirteen reviews contributed quantitative estimates; Gal-
vez-Rodriguez et al. (2025) contributed narrative HRV
evidence [20]. Veen et al. (2026) contributed evidence
from 10 studies of trained-soccer players, including
SMDs and 95% prediction intervals for maximal volun-
tary contraction, countermovement jump, 20-m sprint,
creatine kinase (CK), and delayed onset muscle soreness
(DOMS) [18]. Review characteristics are summarized in
Table 1 and Additional file 1: Tables S2 and S3. Figure 2
summarizes source-review outcome patterns, and Fig. 3
displays overall source-review SMDs for key outcomes.

Methodological Quality and Primary-Study Overlap
AMSTAR 2 confidence was low in 2 reviews and critically
low in 12 (Fig. 4; Additional file 1: Table S4). No review
achieved moderate or high confidence. Common critical
weaknesses were absence of an excluded-study list, lack
of prospective protocol information, inadequate integra-
tion of primary-study risk of bias into interpretation, and
incomplete investigation of reporting bias.

The overall overlap matrix contained 437 study-review
inclusion cells from 165 unique primary-study fami-
lies across 14 reviews, yielding a CCA of 12.68% (high).
Ninety-nine of 165 families (60.0%) appeared in at least
two reviews, and 272 of 437 inclusions (62.24%) were
redundant. Outcome-specific CCA was very high for
DOMS (15.03%), perceived recovery (23.08%), jump per-
formance (17.10%), strength (19.64%), power (21.79%),
CK (16.75%), CRP (25.00%), and lactate (15.38%); high
for sprint performance (14.29%); moderate for perceived
fatigue (6.25%); and slight for IL-6 (0.00%). CCA was not
calculable for HRV/autonomic recovery, because one
review contributed. The 0% IL-6 value did not establish
exchangeability or justify pooling, because only two clini-
cally heterogeneous reviews contributed. Overall CCA
remained high in every leave-one-review-out analysis
(11.11-14.23%) (Table 2; Additional file 1: Tables S5 and
S6 and Figures S1-S3).

Structured Synthesis of Perceptual and Performance
Outcomes

DOMS showed the most consistent favorable pattern.
Overall SMDs from Chen et al., Leeder et al., Ma et al,,

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Identification of studies via databases

> Records removed before Screening
(n=345)

Records excluded
(n=255)

Full-text reports excluded
(n=65):
e Wrong population (n=20)

* Wrong intervention (n=25)
e Wrong outcome (n=12)
* Wrong publication type (n=8)

Records identified through database
5 searching (n=679):
g * PubMed (n=204)
8 * Web of Science (n=164)
= e Cochrane Library (n=76)
=] e Scopus (n=86)
a9 « SPORTDiscus (n=44)
o * Embase (n=105)
g
= Records screened
() (n=334)
()
—
(@]
(V)]

Full-text reports assessed for

2 eligibility
= (n=79)
2
2
w
3
o) Reviews included in the
% umbrella review (n=14)
c

Fig. 1 Study selection flow. The search identified 679 records; 334 records were screened, 79 full-text reports were assessed, 65 reports were

excluded, and 14 reviews were included in the umbrella review

and Veen et al. ranged from —1.04 to —0.37 [5, 18, 21,
22]. These four estimates were not independent replica-
tions: Chen et al. shared three to six DOMS study fami-
lies with each of the other three reviews, although Leeder
et al,, Ma et al,, and Veen et al. shared at most one fam-
ily with one another, and DOMS evidence across the

13 contributing reviews was highly redundant (CCA
15.03%; Additional file 4). Choo et al. reported favora-
ble estimates from <1 h through 72 h but no clear differ-
ence at >96 h; Leeder et al. reported favorable estimates
at 24-96 h; and Xiao et al. reported a favorable estimate
at 0 h, whereas the 24- and 48-h estimates crossed zero
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[ No clear difference
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Il Comparator-favorable / possible early impairment
I Narrative or quantitatively insufficient

Fig. 2 Overlap-aware source-review evidence map. Cells summarize the direction and consistency of source-review findings without second-order
pooling. Blank cells indicate that the review did not report the outcome. A comparator-favorable or possible early impairment, CK creatine kinase,
CRP C-reactive protein, DOMS delayed onset muscle soreness, F predominantly favorable, HRV heart rate variability, / narrative or quantitatively
insufficient, /L-6 interleukin-6, LF limited favorable, M mixed or comparator/time-dependent, NC no clear difference

under the random-effects model that the source review
selected because of heterogeneity [5, 23, 24]. Higgins
et al. reported imprecise time-specific estimates with Cls
crossing zero [25]. Veen et al. reported the largest over-
all effect in trained-soccer players (SMD —1.04, 95% CI
—1.91 to —0.17), but its 95% prediction interval (—4.12 to
2.03) crossed zero [18] (Additional file 1: Table S7; Fig. 3).

Perceived fatigue was assessed quantitatively in three
reviews. Choo et al. and Xiao et al. reported favorable
immediate estimates, whereas later estimates were mixed
or imprecise; Higgins et al. reported a favorable estimate
only at 72 h [23-25]. Perceived recovery was source-
linked in Choo et al., Moore et al. (2022), and Moore
et al. (2023), yielding a very high outcome-specific CCA
of 23.08% [6, 7, 23]. The estimates nevertheless remained
sparse and time- or comparator-dependent and did not
show a stable cross-review pattern.

Sprint findings did not show a consistent benefit.
Choo et al. reported an immediate estimate favoring the
comparator and no clear difference from 1 to 72 h [23].
Higgins et al. reported best- and accumulated-sprint esti-
mates with 95% Cls crossing zero; the 24-h best-sprint
estimate was described as beneficial in the source review

(P = 0.02), but its CI also crossed zero [25]. In trained-
soccer players, Veen et al. reported no clear overall 20-m
sprint effect (SMD —0.59, 95% CI —1.41 to 0.23), with a
wide prediction interval [18].

Jump, strength, and power outcomes were heterogene-
ous (Additional file 1: Figure S4). For jump performance,
Chen et al. favored CWI in a network comparison; Choo
et al. and Xiao et al. reported early impairment (at 1-6 h
and 0 h, respectively), with selected later favorable esti-
mates only in Choo et al. Xiao et al. had an imprecise
source-selected random-effects estimate crossing zero
at 24 h, and no clear difference at 48 h; Higgins et al.
reported estimates with Cls crossing zero; and Liu and
Ma found no overall advantage over body cryotherapy
[21, 23-26]. Ma et al. reported no clear overall counter-
movement-jump effect, whereas Veen et al. reported a
favorable overall estimate in trained-soccer players but
a prediction interval crossing zero [18, 22]. Strength
was favorable only at selected timepoints in Choo et al;
Leeder et al. reported no clear overall effect, while Veen
et al. reported favorable maximal voluntary contrac-
tion estimates with prediction intervals crossing zero [5,
18, 23]. Broad power syntheses in Leeder et al. and the
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Network control

DOMS — Leeder 2012
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DOMS — Ma 2025
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Passive/control

Jump — Chen 2024
Network control

Jump — Liu and Ma 2026
Body cryotherapy

Jump (CMJ) — Ma 2025
Passive/control

Jump (CMJ) — Veen 2026
Passive/control

Sprint (20 m) — Veen 2026
Passive/control

Strength — Leeder 2012
Passive/control

Strength (MVC) — Veen 2026
Passive/control

Power — Leeder 2012
Passive/control

CK — Chen 2024
Network control

CK — Leeder 2012
Passive/control

CK — Ma 2025
Passive/control

CK — Veen 2026
Passive/control

CRP — Ma 2025
Passive/control

'

-4 -3 -2

-1 0 1 2 3

Direction-harmonized standardized mean difference (negative favors CWI)
Fig. 3 Overall source-review standardized mean difference estimates for key outcomes. Points and thin lines show direction-harmonized
source-review estimates and 95% confidence intervals; pale thick lines show direction-harmonized 95% prediction intervals where reported.
Negative values favor CWI. No pooled diamonds are shown, because review-level estimates are dependent. CK creatine kinase, CMJ
countermovement jump, CRP C-reactive protein, CW/ cold-water immersion, DOMS delayed onset muscle soreness, MVC maximal voluntary

contraction

Moore reviews combined heterogeneous tests and were
retained as a separate power domain rather than dupli-
cated into jump or sprint [5-7].

Biochemical, Inflammatory, and Autonomic Outcomes

CK findings varied by review and context (Additional
file 1: Figure S5). Chen et al. and Leeder et al. reported
favorable overall estimates; Choo et al. reported
favorable estimates at 24—72 h; Ma et al. reported no
clear overall effect; and Veen et al. reported favorable

soccer-specific estimates, although the prediction
intervals were compatible with null effects in future
settings [5, 18, 21-23]. CRP showed no consistent ben-
efit in Choo et al. or Ma et al. [22, 23]. The IL-6 matrix
contained two reviews and eight unique study fami-
lies with no shared family (CCA 0.00%). Choo et al.
reported time-specific estimates with Cls crossing zero,
while Xiao et al. provided one source-linked family
within otherwise sparse evidence [23, 24]. Lactate was
null immediately in Choo et al. and Xiao et al.,, with
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Overall confidence

Low

Critically low
Critically low
Low

Critically low
Critically low
Critically low
Critically low
Critically low
Critically low
Critically low
Critically low
Critically low

Critically low

Q9 Qlo
AMSTAR 2 item

Qll Q12 Q13 Q14 Q15 AQi6

s No Not applicable

Fig.4 AMSTAR 2 appraisal of the 14 included reviews. The matrix shows yes, partial yes, no, and not applicable judgments for the 16 AMSTAR 2
items, with the overall confidence rating for each review. AMSTAR 2 A MeaSurement Tool to Assess Systematic Reviews 2, N no, NA not applicable, PY

partial yes, Q1-Q16 AMSTAR 2 items 1-16, Y yes

favorable 24- and 48-h estimates reported only by Xiao
et al. [23, 24].

The HRV review included 12 studies and did not per-
form meta-analysis, because protocols and outcomes
were heterogeneous [20]. Seven studies reported statis-
tically favorable findings, and the narrative pattern was
compatible with acute parasympathetic reactivation.
These data are quantitatively insufficient and should
not be read as evidence of no effect. The available find-
ings were mostly acute and cannot establish durability
or identify an optimal protocol.

Protocol Characteristics: Descriptive Findings

Several reviews reported favorable results in protocol
strata around 5-15 °C for 5-15 min, commonly applied
immediately after exercise [20, 27-29]. However, these
observations came from review-level subgroups, meta-
regressions, or dependent network nodes. Colder pro-
tocols below 5 °C were rarely studied, protocol ranges
were often mixed, and population and comparator dis-
tributions differed across strata. Accordingly, Table 3
and Additional file 1: Table S8 describe observed
patterns only and do not recommend 11-15 °C or
10-15 min as an optimized prescription.

Comparator Dependence and Metric-Specific Evidence
Comparator choice materially changed interpreta-
tion. Passive recovery, active recovery, thermoneutral
immersion, contrast water therapy, body cryotherapy,
and network controls are not exchangeable. In Moore
et al. (2023), comparator-stratified estimates var-
ied by modality and time; CWI reduced DOMS rela-
tive to active recovery at 1 h but not at 24 or 48 h [7]
(Additional file 1: Table S9 and Figure S6). Liu and Ma
reported lower DOMS with CWI than body cryother-
apy but no overall jump advantage [26]. MD/WMD
findings were retained in source units and comparator
strata rather than used as confirmation of SMD results
(Additional file 1: Table S10 and Figure S7).

Structured Interpretation by Outcome

Outcomes were not assigned de novo moderate, low,
or very low credibility labels. Table 4 instead summa-
rizes each outcome across the interpretive domains
described in the Methods and gives an outcome-spe-
cific conclusion that distinguishes a consistent favora-
ble pattern, mixed evidence, no clear difference, and
insufficient evidence.
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Table 2 Quantitative source-review findings and outcome-specific overlap
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Outcome Overlap summary Quantitative source-review pattern Outcome CCA Important qualifiers
(reviews; unique
families)

DOMS 13 reviews; 107 families  Most overall and delayed estimates 15.03% Subjective outcome; heterogeneous
favored CWI; overall SMDs —1.04 Very high scales/comparators; largest soccer
to—0.37 estimate had Pl crossing zero

Perceived fatigue 3 reviews; 16 families Immediate estimates were sometimes  6.25% Few reviews; subjective and expecta-
favorable; later estimates were mixed ~ Moderate tion-sensitive
or imprecise

Perceived recovery 3 reviews; 13 families Estimates were sparse and time- 23.08% Three source-linked reviews; subjective
or comparator-dependent Very high and comparator-sensitive

Jump performance 8 reviews; 61 families Favorable, null, and early comparator-  17.10% Test protocols, populations, and com-
favorable estimates occurred Very high parators differed; repeated timepoints

were dependent

Sprint performance 3 reviews; 28 families Immediate or overall effects were 14.29% Different sprint constructs; trained-
generally null; no consistent delayed ~ High soccer Pl was wide and crossed zero
benefit

Strength 5 reviews; 42 families Selected favorable timepoints; overall  19.64% MVC and other strength tests were
estimates varied by review and popu-  Very high not interchangeable; soccer Pls crossed
lation zero

Power 3 reviews; 39 families Broad source-review syntheses were 21.79% Heterogeneous tests were retained
favorable, mixed, or comparator- Very high as a broad power domain rather
dependent than splitinto jump/sprint

CK 10 reviews; 67 families  Several overall or delayed estimates 16.75% Indirect, variable biomarker; favorable
favored CWI, while others were null Very high soccer Pls crossed zero

CRP 3 reviews; 18 families Available source-review estimates 25.00% Sparse evidence with substantial
were null or imprecise Very high redundancy

IL-6 2 reviews; 8 families Time-specific estimates crossed zero;  0.00% No shared study family; 0% overlap
additional evidence was quantitatively ~ Slight does not establish exchangeability
sparse

Lactate 2 reviews; 13 families Immediate estimates were null; 15.38% Only two reviews; high overlap
delayed favorable estimates came Very high and time dependence

from one review

HRV/autonomic recovery 1 review; 12 families

Narrative findings generally favored
acute parasympathetic reactivation

Not calculable
(single review)

No pooled effect; protocols and HRV
outcomes were heterogeneous

Outcome-specific CCA uses study-to-review contribution matrices defined by the source reviews

CCA corrected covered area, CK creatine kinase, CRP C-reactive protein, CWI/ cold-water immersion, DOMS delayed onset muscle soreness, HRV heart rate variability,
IL-6 interleukin-6, MVC maximal voluntary contraction, P/ prediction interval, SMD standardized mean difference

Discussion

Principal Findings

This overlap-aware synthesis included 14 reviews and
did not perform second-order pooling. Primary-study
overlap was high overall and high or very high for most
key outcomes, while all included reviews were rated low
or critically low by AMSTAR 2. Across these reviews,
CWI was associated with the most consistent reduction
in self-reported DOMS. Objective performance, bio-
chemical, inflammatory, and autonomic findings were
less consistent, more context-dependent, or too sparse
for firm conclusions.

This affects how apparent agreement across reviews
should be read. Multiple favorable estimates do not
represent the same number of independent replica-
tions when the underlying trials are repeatedly reused.

Presenting each source-review estimate with its over-
lap, population, comparator, timepoint, and methodo-
logical quality avoids false precision.

Interpretation and Plausible Physiological Mechanisms
The DOMS pattern is biologically plausible, because
cooling can reduce tissue temperature and nerve conduc-
tion velocity, alter nociceptive input, and increase pain
threshold, while immersion changes hydrostatic pres-
sure and fluid distribution [2, 3, 8, 9]. However, these
responses may differ with training level, sex, body com-
position, exercise mode, and the magnitude of muscle
damage. Mechanistic plausibility in mixed physically
active samples should not be assumed to apply uniformly
to elite athletes or to every sport.

Performance recovery is multifactorial. Sprint, jump,
strength, and power tests differ in neuromuscular

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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demands and measurement error, and their response can
depend on exercise mode, comparator, and assessment
time. The trained-soccer review added a sport-specific
signal for maximal voluntary contraction and counter-
movement jump but not sprint performance; prediction
intervals indicated that future settings could produce null
effects [18]. This sport-specific evidence should not be
generalized to all athletic populations.

CK should also be interpreted cautiously. It is an indi-
rect marker of muscle membrane disruption with marked
inter-individual variability related to training status, mus-
cle mass, sex, ethnicity, and exercise exposure [10, 30].
A lower CK concentration does not necessarily indicate
better functional recovery. The absence of consistent
CRP or IL-6 effects further argues against using circulat-
ing biomarkers alone as evidence of a broad anti-inflam-
matory recovery mechanism.

Effect Magnitude, Subjective Outcomes, and Clinical
Meaning

Overall DOMS SMDs ranged from small-to-moderate-
to-large across source reviews, but the scales, popula-
tions, exercise models, and comparators differed. No
common minimal important difference was available
across the review set, so statistical compatibility with
benefit cannot be translated directly into clinically or
performance-relevant improvement. DOMS is also a
subjective outcome that can be influenced by treatment
expectations; an experimental placebo-controlled study
found that perceived recovery benefits after CWI were
not greater than a thermoneutral placebo condition [31].
The DOMS signal should, therefore, be interpreted as a
consistent reduction in reported soreness, not proof of
accelerated tissue repair.

Population and Contextual Applicability

The included reviews ranged from non-athletes and rec-
reationally active adults to trained, elite, and professional
athletes. Most source reviews combined training levels,
and only Veen et al. focused specifically on trained-soc-
cer players [18]. Practical conclusions apply to healthy
and physically active populations broadly, with sport-spe-
cific use considered only when the population, exercise
demands, comparator, and recovery window match the
underlying evidence. Long-term training adaptation was
outside the scope of this review and has been evaluated
separately [32-34].

Strengths and Limitations

Strengths include source verification of all retained
estimates, explicit comparator and time labels, a pri-
mary-study family overlap matrix with overall and
outcome-specific CCA, and avoidance of second-order
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pooling of statistically dependent estimates. The synthe-
sis also separates standardized and source-unit effects
and reports direction-harmonized prediction intervals
where available.

Several limitations remain. First, CCA quantifies
redundancy but not the covariance among overlapping
meta-analytic estimates; it cannot make second-order
pooling valid. Second, all reviews had low or critically
low AMSTAR 2 confidence, and weaknesses in source
reviews carry forward into an umbrella review. Third,
participant populations, exercise models, compara-
tors, protocols, outcome scales, and recovery windows
were heterogeneous. Sex representation was also imbal-
anced, with women under-represented and sex-specific
estimates rarely available, limiting applicability. Fourth,
some outcomes were represented by one or few reviews,
and multiple timepoints within a review were depend-
ent. Fifth, outcome-specific CCA depended on the
availability of source-linked study-to-outcome contribu-
tion mapping. Sixth, the protocol observations remain
review-level and cannot establish dose—response. Finally,
HRYV and several inflammatory outcomes were too sparse
for quantitative conclusions.

Practical Implications and Priorities for Future
Reviews

CWI may be considered when the immediate objective
is short-term soreness management, but the expected
magnitude and practical value should be judged against
the athlete or participant, exercise context, comparator,
and next performance demand. Current evidence does
not justify presenting CWI as uniformly effective for
performance recovery or systemic inflammation, and it
does not establish an optimal temperature-duration pre-
scription. Future systematic reviews should preregister
protocols, provide complete excluded-study lists, report
duplicate selection and extraction, disclose funding of
primary studies, apply an appropriate risk-of-bias tool,
and integrate risk-of-bias findings into conclusions. They
should also report exact participant training status and
sex, exercise model, comparator, immersion depth, tem-
perature, duration, timing, outcome scale, and timepoint;
provide study-to-outcome contribution tables; and avoid
combining non-exchangeable comparators. These prac-
tices would improve AMSTAR 2 confidence and permit
more reliable overlap and dose—response analyses.

Conclusions

Within the available review-level evidence, which
was highly overlapping and methodologically limited,
CWI was associated with the most consistent reduc-
tion in self-reported short-term post-exercise DOMS.
The clinical importance of this reduction remains
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uncertain, subjective expectation effects cannot be
excluded, and the apparent consistency partly reflects
reuse of the same primary studies. Evidence for objec-
tive performance, CK, lactate, CRP, IL-6, and HRV was
mixed, context-dependent, or insufficient. CW1I should,
therefore, be viewed as a targeted option for soreness
management rather than a uniformly effective recovery
strategy, and current review-level data do not support
an optimized protocol.

Abbreviations

AMSTAR2 A MeaSurement Tool to Assess Systematic Reviews 2
CCA Corrected covered area

cl Confidence interval

CK Creatine kinase

CRP C-reactive protein

CwI Cold-water immersion

DOMS Delayed onset muscle soreness

HRV Heart rate variability

IL-6 Interleukin-6

MD Mean difference

NMA Network meta-analysis

Pl Prediction interval

PICOS Participants, intervention, comparators, outcomes, and study
design

PRIOR Preferred reporting items for overviews of reviews
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