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Abstract
Purpose  This narrative umbrella review evaluates the efficacy of recovery strategies for elite winter sports athletes by com-
paring their scientific and clinical validity. It aims to provide evidence-based recommendations for coaches and athletes, 
preparing them for the Milano-Cortina 2026 Olympic Games through a critical evaluation of various post-training and 
competition recovery methods.
Methods  This narrative umbrella review involved a systematic literature search on PubMed, focusing on recent meta-analyses 
and review articles related to recovery strategies. Special emphasis was placed on their practical applications to ensure the 
findings are relevant to real-world settings.
Results  The study examined multiple recovery strategies, including sleep, nutrition, and physical methods, revealing a gen-
eral scarcity of high-quality studies and insufficient  control over placebo effects. A key finding emphasizes the crucial roles 
of nutrition and sleep in the recovery process, highlighting the need for personalized recovery plans tailored to the athlete's 
and sport's specific demands. The effectiveness of physical recovery methods varied, with some demonstrating significant 
benefits in specific contexts (e.g., massage and cold-water immersion to alleviate muscle pain and fatigue), whereas others 
(e.g., stretching and sauna) lacked robust evidence of their efficacy as recovery methods.
Conclusion  This paper presents recommendations for optimizing recovery strategies in elite winter sports, focusing on the 
specific demands of the Milano-Cortina 2026 Olympic Games. It provides a framework for athletes and coaches aiming to 
enhance performance recovery and achieve optimal athletic condition.

Keywords  DOMS · Fatigue · Nutrition · Sleep · Sport performance · Winter sports

Abbreviations
DOMS	� Delayed onset of muscle soreness
CWI	� Cold-water immersion

CWT​	� Contrast-water therapy
WBC	� Whole-body cryotherapy
NMES	� Neuromuscular electrical stimulation
ROM	� Range of motion
PNF	� Proprioceptive neuromuscular facilitation

Introduction

The Winter Olympics feature a variety of disciplines, 
each requiring specific physical skills. They also demand 
customized recovery strategies due to their unique physi-
ological challenges. Athletes aiming for the 2026 Winter 
Olympics are expected to dedicate over 1000 h to annual 
training [1], encompassing numerous (altitude) training 
camps, high-intensity and volume sessions, and neuro-
muscular demanding activities. This makes integrated 
training and recovery schedules crucial for optimal perfor-
mance. Elite athletes’ training and competition regimens 
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include crucial recovery processes to restore physiological 
function, reduce chronic fatigue, and prevent illness and 
injury [2–4].

Olympic winter athletes face distinct physiological dis-
turbances necessitating specialized recovery protocols. 
Endurance disciplines (e.g., cross-country skiing, biathlon 
and speed skating) require neuromuscular and metabolic 
recovery [1]. High-impact and acrobatic pursuits (e.g., 
freestyle skiing and snowboarding) may demand address-
ing the effects of physical trauma [5]. Disciplines involv-
ing speed and agility (e.g., short-track speed skating and 
alpine skiing) require rapid muscular recovery and efficient 
muscle buffer capacity [6]. Mixed-demand sports (e.g., 
Nordic combined and ice hockey) combine these require-
ments, highlighting the need for comprehensive recovery 
strategies that span neuromuscular and metabolic dimen-
sions [7]. Precision sports (e.g., curling and shooting in 
biathlon) emphasize cognitive recovery and stress man-
agement, essential for maintaining concentration and fine 
motor skills [8]. Conversely, sliding sports such as bob-
sleigh, skeleton, and luge can entail high-velocity physical 
stresses and psychologically demanding risk navigation, 
necessitating tailored approaches to physical and mental 
recovery [9].

Each winter sports discipline involves unique physiologi-
cal perturbations depending on its physical and environmen-
tal demands. This underscores the complexity of designing 
effective, comprehensive recovery protocols that cater to the 
multifaceted challenges of these varied sports. However, the 
aim is always to reduce exercise-induced fatigue and accel-
erate recovery of physical capacity following training and 
competition.

Preparation for all winter sports involves demanding exer-
cise, which may damage muscle fibers and/or connective 
tissues. This often results in tissue inflammation, perceived 
fatigue, and DOMS, temporarily diminishing muscular force 
capacity and physical performance, and increasing the risk 
of illness and injuries [10]. Thus, reducing the severity and 
duration of these impairments is crucial to all winter sports 
athletes preparing for Olympic competition.

Despite the acknowledged importance of recovery meth-
ods, few studies have comprehensively compiled, analyzed, 
compared, and evaluated various strategies to expedite the 
body's short-term return to homeostasis and the dynamic 
adaptation induced by allostasis [11]. In this narrative 
umbrella review, we draw upon current scientific literature, 
focusing on systematic reviews and meta-analyses, to criti-
cally evaluate the evidence for, and clinical validity of, vari-
ous recovery strategies, and provide evidence-based recom-
mendations for coaches and elite winter athletes preparing 
for the 2026 Olympics. This will enable them to select and 
utilize suitable recovery modalities to enhance training and 
performance.

Methods

To provide a comprehensive narrative umbrella review 
of current scientific insights into recovery strategies and 
methodologies employed by elite athletes to optimize their 
recovery and overall health, we conducted a systematic lit-
erature search on PubMed, focusing on reviews and meta-
analyses. The search emphasized fatigue, DOMS, physical 
performance, and injury prevention. Between October 2, 
2023, and October 16, 2023, and again in March 2024, we 
utilized various combinations of keywords. These included 
'nutrition', 'diet', 'hydration', 'carbohydrate', 'protein', 
'sleep', 'meta-analysis', 'review', 'recovery', 'overtraining', 
'physical performance', 'muscle strength', 'sprint', 'jump', 
'cryotherapy', 'cold water immersion', 'cold bath', 'contrast 
therapy', 'active recovery', 'stretching', 'sauna', 'infra-red 
sauna', 'compression garments', 'pneumatic garments', 
'massage', 'massage gun', 'electrical stimulation', ' neuro-
muscular electrical stimulation ', and 'hyperoxia'.

All identified titles and abstracts were examined metic-
ulously by one author (PE), and relevant articles were 
selected for full-text review by all other authors. To ensure 
coverage of pertinent literature, the reference lists of these 
papers were also examined. Moreover, if our initial search 
identified no meta-analyses or review articles on a spe-
cific recovery method, we broadened the search to include 
original research papers. Given the wide scope of the study 
and the extensive number of literature reviews identified, 
we have narrowed our results to focus on the most recent 
work to avoid redundancy.

Inclusion criteria stipulated that studies must focus on 
outcome parameters related to fatigue, DOMS, perfor-
mance, illness, or injury prevention and must have been 
conducted on either athletes or healthy individuals. Studies 
investigating recovery after injury, in patients or individu-
als with existing injuries or pathologies, and studies not 
written or available in English were excluded.

Given the extensive range of recovery methods identi-
fied through this literature review, we have narrowed our 
analysis to physiological recovery methods. It is important 
to emphasize that mental and psychological methods con-
stitute a crucial pillar in the training and recovery process. 
For further information, we refer to other reviews within 
this context [12].

Recovery modalities

In this section, we describe the most common recovery 
strategies employed by elite athletes. Strategies with 
robust scientific support for significant and direct influence 
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on recovery are presented first and in greatest detail, fol-
lowed by methods with weaker scientific support. The 
aim is to provide athletes, coaches, and practitioners with 
evidence-based insights into available recovery methods 
and their impact on athletes' recuperation, thereby ena-
bling informed decision-making to optimize recovery. Fig-
ure 1 illustrates the selection process of recovery methods 
depending on the main perturbation induced by the differ-
ent loads of the different winter sport disciplines.

Sleep

Sleep is essential for human health, enhancing brain func-
tions such as memory consolidation and problem-solving, 
and promoting cellular repair, hormone production, and 
immune function via cytokine production [13]. It also plays 

a crucial role in regulating metabolism and supporting emo-
tional well-being [14]. Despite anecdotal claims of its fun-
damental role as a recovery strategy among athletes, their 
lifestyle—marked by intense training, irregular schedules, 
frequent travel, altitude stays, psychological stress, and pre-
exercise caffeine consumption—negatively impacts sleep 
quality, potentially hindering recovery and regeneration [13].

Studies using reference methods such as actigraphy to 
estimate sleep behavior have revealed that although athletes 
and non-athletes spend similar amounts of time in bed, ath-
letes achieve less actual sleep time [15]. This is attributed 
to longer sleep latency and lower sleep efficiency among 
athletes [15, 16]. In fact, over half of the athletes at the 
2016 Rio Olympics experienced poor sleep quality, indicat-
ing that this is a widespread issue [17]. Athletes may need 
more sleep for optimal recovery [18], but factors such as pre-
competition stress and anxiety [19] contribute to their sleep 

Fig. 1   A tool for selecting recovery techniques to optimize perfor-
mance and minimize the risk of injury. This dashboard presents vari-
ous recovery strategies, their infrastructure requirements, application 

frequency, and timing relative to training or competition and high-
lights the importance of individualized strategies that consider the 
athlete's discipline, intensity, duration, and frequency of activity
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disturbances. Addressing these issues is vital and might 
improve athletes' performance and well-being.

Sleep deprivation adversely affects mental and physical 
health [13]. While specific research on its effects on ath-
letic performance is limited, evidence indicates that aero-
bic performance declines after a single sleepless night, and 
anaerobic performance after 30 h without sleep [14]. Perfor-
mance in sustained or repeated exercises is more negatively 
affected than single efforts, likely due to increased percep-
tion of effort [14]. The effects of moderate sleep restriction, 
such as getting only 4 h of sleep per night, on performance 
are unclear [20]. Nonetheless, even shorter sleep deprivation 
can impair sports-specific skills and prolonged submaximal 
strength and anaerobic power, especially after the initial 
nights of partial deprivation [14]. In addition, short-term 
sleep restriction adversely affects attention, reaction time, 
and executive functions—key components for athletic suc-
cess—potentially leading to poor decision-making in compe-
titions [14, 20]. These findings underscore the critical role of 
adequate sleep in maintaining optimal athletic performance 
and the importance of prioritizing sleep for athletes' health 
and performance.

Sleep influences the immune system, affecting suscepti-
bility to infections and chronic diseases, with implications 
for health outcomes [14]. For example, Prather et al. [21] 
found that individuals sleeping less than 5 h were three times 
more likely to catch colds when exposed to a common rhi-
novirus than those sleeping more than 7 h. Sleep also plays 
a role in injury susceptibility, especially among elite ath-
letes and adolescents. For instance, it has been reported that 
young athletes with less than 8 h of sleep had nearly double 
the injury risk compared to those with longer sleep dura-
tions [22, 23]. Insomnia and excessive daytime sleepiness 
have also been linked to a higher incidence of concussions 
in college athletes [24], indicating the importance of sleep 
quality in reducing injury risks. These studies underscore the 
impact of sleep on immune function and injury risk, stress-
ing the importance of sufficient sleep for optimal health and 
well-being.

Research on the effects of acute sleep extension (ca. 
9-10  h of daily sleep) on athletic performance yields 
diverse outcomes. A recent systematic review [25] observed 
improved sports performance, ranging from small to large 
effect sizes, in four out of seven original studies included. 
Of the remaining studies, two reported neither positive nor 
negative effects on performance, and one study lacked suf-
ficient information for a clear conclusion. The variability in 
findings may arise from differences in research methodolo-
gies, including the types of sports performance investigated, 
such as prolonged endurance versus short-term precision. 
Nonetheless, these mixed results highlight the intricate 
relationship between sleep and performance, suggesting 
that while sleep extension may enhance certain aspects 

of athletic performance, individual responses and specific 
sports requirements may significantly influence outcomes.

Napping is a valuable tactical behavior for athletes to 
compensate for sleep deficits and boost afternoon perfor-
mance, offering benefits like enhanced physical and cog-
nitive performance and improved psychological state [26]. 
A systematic review concluded that optimal nap timing is 
around 12 h from the midpoint of an athlete's regular sleep 
cycle, that wake-up should occur at least 30 min before 
training/competition to avoid sleep inertia and that naps of 
20–90 min achieve benefits while minimizing  nocturnal 
sleep quality [26]. Future studies should investigate the lim-
its of sleep duration's impact on performance and health and 
further define the best timing and length of naps to maximize 
athletic performance.

Optimizing sleep is paramount for athletes, especially in 
preparation for events like the Milano-Cortina 2026 Olym-
pics. Key recommendations, grounded in the current scien-
tific understanding:

–	 Aim for 8–9 h of sleep nightly, potentially more for ath-
letes completing high training volumes. Incorporate stra-
tegic naps of 20–90 min between 13:00 and 16.00 h to 
boost total sleep and enhance alertness. Wake up at least 
30 min before training or competition to minimize sleep 
inertia.

–	 Maintain consistent sleep patterns to support uninter-
rupted sleep cycles, facilitating deep and REM sleep 
stages essential for recovery.

–	 Practice good sleep hygiene by adhering to a regular 
sleep schedule, creating a sleep-friendly environment 
(dark, quiet, cool), and minimizing blue light exposure 
before bedtime.

–	 Schedule training and competitions in harmony with nat-
ural circadian rhythms, preferably timing intense activi-
ties earlier to promote better sleep and recovery. Time 
caffeine consumption to avoid interference with sleep.

–	 Recognize individual differences in sleep needs and 
patterns. Monitor and adjust sleep strategies to match 
athletes’ personal needs, considering their chronotype to 
optimize training times, sleep, and recovery.

Nutrition

Nutrition plays a crucial role in athlete recovery. This under-
scores the importance of a comprehensive nutrition plan that 
includes proper hydration, macronutrients (i.e., carbohy-
drates and proteins), essential micronutrients and carefully 
timed nutrient intake for optimal recovery and performance 
[27].

Proper hydration before, during and after exercise is 
essential for optimal recovery, especially during winter 
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conditions and altitude training when fluid loss is substan-
tial due to high sweat loss and high ventilation rates in cold 
and dry air [28]. Post-exercise rehydration, possibly with 
high-sodium solutions (~ 60 mmol/L) or consumption of a 
sodium-containing meal, is important in optimizing recovery 
and performance. Replacement of 150–200% of lost sweat 
within 4–8 h is advised for effective rehydration [28].

Muscle glycogen and carbohydrate intake are vital for 
skeletal muscle function and energy provision during most 
exercise [29]. Thus, maintaining glycogen through sufficient 
carbohydrate intake is critical for performance and recovery 
in athletes [30]. Glycogen utilization varies with exercise 
intensity and duration and is the primary energy source for 
efforts from 75% VO2max to maximal exertion, as seen in 
typical Olympic winter sports [31]. Prolonged, low-inten-
sity activities (60–70% VO2max) deplete glycogen after 
1.5–2 h, leading to fatigue [30]. High-intensity efforts result 
in marked glycogen depletion, with reductions of 15–25% in 
brief sprints and 25% during 4-min intense sessions, affect-
ing both upper and lower body muscles [30].

Optimizing carbohydrate intake before, during, and after 
exercise is crucial for athletes, and sports nutrition guide-
lines emphasize strategic glycogen management to enhance 
training adaptations and achieve peak performance. Carbo-
hydrate intake influences glycogen resynthesis rates, with 
optimal storage occurring at 7–10 g/kg body mass daily [31]. 
The immediate post-exercise periods require 25–35 g/h of 
carbohydrates, but a higher intake (1 g/kg/hour) can expedite 
glycogen replenishment [30]. Extensive depletion necessi-
tates up to 24 h for full recovery, challenging for athletes 
with tight schedules or multiple daily sessions [31].

Carbohydrate consumption immediately post-exercise can 
enhance glycogen resynthesis, leveraging the "window of 
opportunity" offered by increased glycogen synthase activity 
and improved insulin sensitivity [32]. This strategy is vital 
for short recovery periods but less so for longer recovery 
times, as delayed intake still replenishes glycogen effec-
tively over longer durations. High-glycemic carbohydrates 
are preferable for rapid glycogen synthesis due to stronger 
glucose and insulin responses [33], although exercise type 
and muscle activation can affect replenishment rates, with 
slower recovery after muscle-damaging activities [34].

Glycogen depletion for days followed by high intake of 
carbohydrates can double glycogen stores, optimizing com-
petition preparation [35], while not being practical for the 
athlete. However, a substantial glycogen super-compensation 
can be obtained by decreasing exercise training load while 
increasing carbohydrate intake a few days before competi-
tion [29, 32].

While higher glycogen levels enhance performance in 
prolonged or high-intensity intermittent exercise, they also 
increase body mass by increasing water retention [36]. 

This can pose challenges in weight-bearing sports like 
ski jumping and figure skating, where excess body mass 
can hinder performance. Thus, pre-exercise muscle glyco-
gen levels should ideally be adjusted for optimal balance 
between body mass and performance. A recent study found 
that reducing muscle glycogen from 525 to 367 mmol/kg 
dw resulted in a 0.7 kg lower body mass without affecting 
power output during 1 min and 15 min all-out exercise 
[37].

Protein intake is crucial for athletes' recovery, aiding 
muscle repair, synthesis, and adaptation after exercise. 
After intense exercise, muscles undergo protein turno-
ver, with increases in both protein synthesis and break-
down [38]. Essential amino acids from protein are key for 
muscle growth [39], with higher protein doses (> 20 g/
meal, > 1.6  g/kg/day) contribute to enhanced muscle 
protein synthesis [40]. Co-ingesting protein with carbo-
hydrates post-exercise also improves glycogen replenish-
ment, highlighting the importance of optimal protein con-
sumption for recovery and performance [41].

Adequate intake of micronutrients (i.e., vitamins and 
minerals) also plays an important role in post-exercise 
recovery. While athletes consuming a well-balanced diet 
seldom lack micronutrients, winter sports athletes may 
need to deal with reduced sunlight exposure and lim-
ited fresh vegetable availability [42]. To support optimal 
immune health, athletes may supplement their intake of 
key nutrients like vitamins C and D, zinc, and iron [43].

Ongoing research and collaboration with sports nutri-
tionists are essential for developing recovery strategies 
that meet the unique needs of elite athletes, which include 
personalized nutrition [44].

Based on current evidence athletes are advised to:

–	 Consume beverages equivalent to approximately 150–
200% of sweat loss after exhaustive exercise to restore 
hydration status.

–	 Ingest at least 25–35  g of carbohydrates per hour 
(~ 0.35–0.5 g/kg body mass/hour) during the initial 
recovery period. In addition, athletes should consume 
a total of 7–10 g carbohydrate/kg body mass or 500–
700 g per day to optimize glycogen storage.

–	 Consume protein equaling > 20 g per meal and > 1.6 g 
per kg body mass per day to support muscle repair and 
adaptation. Higher doses stimulate muscle protein syn-
thesis more effectively.

–	 Consider taking vitamins C and D, zinc, and iron as 
an extra precaution for optimal immune health during 
winter months.

–	 Adopt personalized nutrition strategies. These are 
imperative for optimizing recovery outcomes based on 
individual needs and sports’ demands.
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Massage therapies

Athletes commonly use manual therapy, including mas-
sage, post-exercise to promote recovery and minimize 
injury risk. These practices are thought to improve nutri-
ent delivery and waste removal via enhanced muscle blood 
flow, alleviate tension, reduce swelling, and relieve pain 
while also supporting psychological well-being. Swedish 
massage, known for its effleurage, petrissage, friction, and 
trigger point techniques, is especially popular. In addition, 
self-massage tools such as massage guns and foam rollers 
have recently gained popularity [45].

Substantial research focused on traditional manual mas-
sage for recovery has yielded mixed findings. Gou et al. 
[46] identified massage as beneficial for reducing post-
exercise DOMS and aiding muscle performance recovery, 
albeit with varying effect sizes. In contrast, other meta-
analyses [47, 48] and reviews [49, 50] confirmed DOMS 
reduction but not consistent benefits for physical perfor-
mance recovery. Foam rolling, a newer method assessed, 
with meta-analysis [51, 52] and reviews [53] demonstrated 
its effectiveness in mitigating DOMS post-exercise. How-
ever, its impact on athletic performance remains minimal. 
Research on massage guns is more limited; a recent review 
including 11 studies suggests potential benefits for muscle 
stiffness, range of movement, and strength recovery post-
fatigue, but no significant effect on DOMS, fatigue, or 
lactate levels following exercise [54].

Current evidence suggests that traditional manual mas-
sage is effective in reducing post-exercise muscle sore-
ness, particularly 48 h after strenuous activities, when 
soreness is most pronounced. However, its contribution 
to post-exercise performance recovery appears limited. 
Athletes participating in sports prone to inducing muscle 
soreness, such as alpine skiing and ice hockey, may benefit 
from post-exercise massage, especially during prolonged 
competitions like the Olympics. Massage is most effective 
when conducted at least 2–3 h after strenuous activity, and 
daily repetition of massage therapy for one to two days 
may enhance pain relief and facilitate recovery. Nonethe-
less, the efficacy of massage to prevent acute or chronic 
injuries remains unsubstantiated by evidence.

–	 Athletes in sports that lead to post-exercise muscle 
soreness and stiffness often use traditional manual mas-
sage therapy to mitigate these effects.

–	 Massaging each muscle group for two to five minutes, 
either through traditional massage or using a foam 
roller, may effectively reduce DOMS. Ideally, this mas-
sage session, which totals 20–60 min, should begin at 
least two hours after intense exercise

–	 Massage guns with low-frequency vibrations, under 
40 Hz, may ease muscle stiffness.

–	 Due to the intense manipulation by massage guns, espe-
cially at high force and frequency, athletes with condi-
tions like eczema should consult a healthcare profes-
sional before using them.

Cold‑ and heat‑based therapies

Temperature-based therapies like CWI, WBC, CWT, and 
saunas are widely used by athletes for recovery and well-
being. Cold therapies such as CWI (5–15 °C) and WBC (-60 
to -140 °C) are believed to facilitate recovery by lowering 
skin and muscle temperature, reducing tissue metabolism, 
cardiovascular strain, and inflammation, and offering anal-
gesic effects that may alleviate DOMS and fatigue. How-
ever, their repeated use might inhibit training adaptations, 
particularly gains in muscle mass and strength [55]. CWT, 
alternating between cold and warm water, aims to enhance 
recovery through a “pumping action”, though its effective-
ness and mechanisms are not fully understood [56]. Heat 
therapies, including traditional Finnish saunas (80–100 °C 
dry or 60–80 °C wet) and infrared saunas (40–60 °C), pro-
mote vasodilation and blood flow, proposed to aid muscle 
recovery by improving nutrient and waste exchange, reduc-
ing muscle tension, enhancing immunity, and possibly low-
ering the risk for colds [57, 58]. Still, findings on the effects 
of temperature-based therapies are inconclusive.

Recent meta-analyses confirm the efficacy of CWI in 
reducing DOMS, with varied effect sizes. However, its 
impact on physical function recovery appears mixed, with 
some evidence suggesting benefits for recovery of mus-
cle power but not maximal strength or sprint performance 
[59–64]. Moreover, extended CWI use may reduce training-
induced muscle strength and power gains, as indicated by 
Malta et al. [65], though no adverse effects on aerobic per-
formance or muscle mitochondrial content were reported 
[66]. Furthermore, current findings indicate that reducing 
muscle temperature is a more important effect of CWI than 
local vasoconstriction. Once muscle temperature drops, it 
remains low for up to 30 min post-bath, provided athletes 
remain seated without towel drying [67]. Therefore, it is 
recommended that athletes perform CWI as soon as possi-
ble post-exercise and refrain from towel drying or reheating 
after the bath to maximize recovery benefits.

A systematic review of WBC including 16 studies found 
DOMS improvements in 80% of cases, but only half showed 
performance recovery benefits [68]. This is consistent with 
another review, who reported enhanced subjective recov-
ery and reduced DOMS in around half the included studies, 
without definitive proof of functional recovery improvement 
[69].
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CWT studies yield mixed and inconclusive results on 
post-exercise recovery. One meta-analysis [56] reported ben-
efits of CWT on DOMS and performance recovery, while 
other failed to see such effects [70, 71]. Despite anecdotal 
endorsements, scientific evidence for CWT as an effective 
treatment for injuries or as a recovery aid is limited, largely 
due to methodological flaws and unaccounted placebo 
effects.

Research on sauna use for post-exercise recovery is 
sparse and inconclusive, lacking systematic reviews or meta-
analyses. One study [72], found no recovery benefits from 
infrared sauna use after intense resistance exercises, while 
another [73] reported that sauna bathing could impair swim 
performance due to added thermal stress. Thermal stress 
may elevate core body temperature and strain the body's 
thermoregulatory and circulatory systems, triggering vaso-
dilation, increasing skin blood flow and heart rate, and acti-
vating sympathetic nervous system and hormonal responses 
for thermal balance maintenance [74].

Current evidence endorses CWI and WBC as effective 
post-exercise recovery methods to mitigate training-induced 
muscle soreness, benefiting sports with high DOMS inci-
dence, such as alpine skiing, speed skating, and ice hockey. 
CWI has been shown to potentially improve muscle power 
recovery, though its impact on muscle strength and sprint 
performance is less clear. Studies indicate CWI's superiority 
over WBC in lowering blood flow, tissue temperature, and 
DOMS, highlighting its practicality and cost-effectiveness 
for athletes [67]. However, the chronic use of CWI during 
resistance training may dampen gains in muscle mass and 
strength, and the discomfort it causes poses challenges, espe-
cially for winter sports athletes.

The effectiveness of CWT in recovery is uncertain, limit-
ing its widespread recommendation. Finnish saunas, which 
raise core temperature and evoke neurohormonal stress, may 
not suit all elite athletes. Infrared saunas show promise but 
require further investigation. Athletes considering sauna 
use for recovery must carefully weigh the potential benefits 
against the physiological stress of thermal exposure, custom-
izing their approach to individual tolerance and recovery 
objectives. Based on current evidence, the following recom-
mendations can be made:

–	 Depending on the ambient conditions, athletes should ini-
tiate CWI within 30 min after finishing intense exercise, 
for a duration of 10–15 min, using water temperatures 
of 10–15 °C. After immersion, they should avoid towel 
drying and sit in a cool environment for up to 30 min to 
extend the cooling effect on muscles.

–	 Submerging just the exercised muscle in water is ade-
quate for CWI benefits, though full-body immersion 
up to the neck is also effective. For CWI targeting the 

lower limbs, sitting has no added recovery over standing, 
despite exerting greater hydrostatic pressure.

–	 Regular use of CWI could diminish the anabolic response 
to resistance training, particularly affecting muscle 
hypertrophy and maximum strength gains. Nonetheless, 
this detrimental effect does not extend to enhancements 
in muscle mitochondrial function and endurance capac-
ity.

Compression garments

Compression garments and pneumatic garments, ini-
tially developed for medical purposes such as treating 
lymphedema and post-traumatic edema by enhancing venous 
blood flow and reducing swelling, have gained attention in 
sports for their potential to improve post-exercise recovery 
[75, 76]. Compression garments offer a simple tight-fitting 
clothing approach, while pneumatic garments provide inflat-
able devices designed for the legs or arms. Pneumatic gar-
ments exert up to four times greater pressure (approximately 
80 mm Hg) than standard compression garments through 
an inflation and deflation process, mimicking massage [77]. 
In sports, both compression and pneumatic garments are 
believed to aid in the removal of waste products and to posi-
tively influence sensorimotor systems [78]. Although com-
pression garments have been extensively studied and well-
controlled research supports their effectiveness, scientific 
knowledge regarding pneumatic garments remains limited.

Multiple meta-analyses suggest that both compression 
and pneumatic garments may alleviate post-exercise DOMS 
to some extent [79–82], although the effect sizes are gener-
ally small to moderate. However, their impact on perfor-
mance recovery remains inconclusive. While some reviews 
report a positive effect [80, 82], recent meta-analyses raise 
doubts suggesting that their efficacy may be questionable 
and vary depending on the type of exercise [81, 83, 84]. 
Notably, Brown et al. [80] found a significant effect on per-
formance recovery 24 h after resistance training but not after 
running or swimming. Individual fitting of compression gar-
ments is essential to ensure an optimal external pressure gra-
dient. Taken together, current evidence supports the use of 
compression garments and pneumatic garments in reducing 
post-exercise DOMS, while the effectiveness on the recovery 
of performance remains unclear.

Based on current evidence, the following recommenda-
tions can be made:

1.	 For optimal benefits, compression garments should be 
worn on exercised muscles for up to 24 h post-exercise, 
with no additional benefits observed from wearing them 
during exercise.
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2.	 Repetitive use of pneumatic garments may be recom-
mended for improved efficiency. However, given that 
compression garments demonstrate similar effects, they 
may be more practical and cost-effective.

Active recovery by exercise 
or by neuromuscular electrical stimulation

Active recovery includes activities such as low-intensity 
cycling, skiing, jogging, or elliptical training, which stimu-
late muscle blood flow through gentle muscle contractions 
with low impact force. NMES involves applying electrical 
stimuli via electrodes placed on the skin, inducing muscle 
contraction without voluntary brain activation. Both active 
recovery and NMES are believed to accelerate the return to 
physiological homeostasis by increasing intramuscular blood 
flow and oxygen delivery, thus facilitating clearance of lac-
tate and metabolic byproducts [85]. Despite the prevalence 
of active recovery practices among elite athletes, controversy 
remains over whether such regenerative low-intensity exer-
cise sessions are more effective than passive rest following 
physical activity.

A recent systematic review [85] reports that brief ses-
sions (6–10 min) of light active recovery are more effective 
than both passive rest and longer or shorter active recovery 
sessions for maintaining athletic performance with short 
recovery periods (< 30 min). However, the optimal inten-
sity for active recovery remains unclear, with studies often 
using intensities corresponding to 65–75% of maximal heart 
rate or categorizing the intensity as light to moderate. Such 
low-intensity active recovery may enhance performance 
by promoting removal of lactate and fatigue-related sub-
stances [86]. Conversely, another review [87] found that 
active recovery was ineffective for longer recovery periods 
(> 4 h), such as between same-day or next-day sports per-
formances, showing no significant benefits in performance, 
DOMS, muscle damage or metabolic markers. Moreover, 
studies suggest that active recovery may partially impair 
glycogen synthesis, with effects depending on the recovery 
load, particularly in slow type I muscle fibers, which are 
primarily utilized during low-intensity exercise [88]. Despite 
these findings, athletes often report feeling "more rested" 
and "better prepared" for subsequent activities after active 
recovery, highlighting its psychological advantages [89].

Systematic reviews on NMES [90, 91] present mixed 
findings on the effectiveness on recovery, where NMES may 
alleviate pain better than passive recovery, but advantages 
compared to active recovery methods are less clear. Heyman 
et al. [92] similarly reported that NMES does not consist-
ently improve performance recovery and may even impair it 
compared to active recovery.

In summary, while active recovery can enhance recovery 
of performance between exercise bouts with brief rest peri-
ods (< 30 min), its benefits for longer rest periods or next-
day performance are limited. Nevertheless, it offers some 
psychological benefits and is rarely detrimental. Thus, dur-
ing periods of frequent competitions, active recovery could 
be valuable for maintaining athletes' physical condition. 
Conversely, NMES shows limited effectiveness as a recov-
ery modality compared to light active recovery sessions. Its 
primary positive impact appears to be in reducing pain per-
ception, offering a potential strategy for alleviating exercise-
induced discomfort and enhancing athletes' well-being.

Based on current knowledge:

1.	 Athletes may benefit from 6–10 min of light active 
recovery to enhance recovery and maintain perfor-
mance when the recovery time between bouts is short 
(< 30 min).

2.	 While no precise guidelines for optimal intensity exist, 
intensities around 65–75% of maximal heart rate or 
light-to-moderate exercise are recommended.

3.	 For recovery intervals longer than 30 min, including 
next-day performance, the benefits of active recovery 
appear limited to psychological aspects.

4.	 Care should be taken not to impair glycogen replenish-
ment during recovery sessions.

Stretching‑based therapies

Many athletes incorporate stretching into their pre- and/or 
post-training routines to reduce injury risk, mitigate sore-
ness, or enhance athletic performance. Stretching techniques 
primarily aim to elongate muscles and soft tissues through 
mechanical and neurological mechanisms [93]. Among these 
techniques, static stretching is prevalent, characterized by 
extending the body or limbs into a position of maximal ROM 
and maintaining this position with the help of gravity, part-
ner assistance, or tension from agonist muscles. In contrast, 
dynamic stretching, involves moving joints through their full 
ROM without holding the positions. PNF stretches the tar-
geted muscle to its maximal ROM, followed by an isometric 
contraction, relaxation, and subsequent further stretching. 
Some research suggests that PNF may increase ROM more 
than static and dynamic stretching [94]. Nevertheless, given 
the apparent similarity in effects among these stretching 
methods, they will be collectively discussed in this report.

A meta-analysis of 10 well-controlled studies [95] found 
no significant impact of post-exercise stretching on DOMS 
or muscle strength compared to passive recovery. This find-
ing aligns with the conclusions of other reviews [96–98] 
that have also failed to demonstrate a protective effect of 
pre- and/or post-exercise stretching on DOMS and muscle 
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fatigue. Some research suggests that stretching may provide 
temporary relief from soreness once DOMS has developed, 
possibly due to a warm-up effect rather than the stretching 
itself [99]. Stretching is often advocated for injury preven-
tion, e.g., tendinopathy, yet robust evidence supporting this 
claim is limited. Meta-analyses found no significant effect 
of stretching on reducing injury risk [100, 101].

Nevertheless, while not universally beneficial across 
diverse athletic populations, stretching may still be useful 
for individuals with increased muscle tone and/or spasms 
resulting from intense training, or for those who are naturally 
less flexible.

Based on current evidence:

1.	 Stretching cannot be broadly recommended to enhance 
recovery or prevent injuries among athletes.

Acupuncture/dry needling

Acupuncture, rooted in Traditional Chinese Medicine, 
involves manipulating energy flow along specific pathways 
(meridians) by inserting needles at designated acupuncture 
points to influence physiological functions and address 
diverse health issues [102]. In contrast, the Western tech-
nique known as dry needling focuses on mechanically stimu-
lating muscles, ligaments, tendons, fascia, nerves, bones, 
and neurovascular bundles to facilitate healing and recovery 
[103, 104]. This paper focuses on dry needling, i.e., West-
ern acupuncture. Current research has primarily explored 
acupuncture's effects on pain management and medical 
conditions, with less emphasis on its potential impact on 
performance recovery and injury prevention. However, the 
existing evidence is mostly of low to moderate quality due to 
challenges in conducting rigorous, invasive studies.

Recent meta-analysis has shown a small to moderate 
effect of dry needling in reducing DOMS and improving 
pressure pain thresholds post-exercise [103, 104], with 
no effect on recovery of physical performance [105]. Two 
reviews offer some support for the use of dry needling in the 
treatment of musculoskeletal pain and tendinopathy [106, 
107].

Dry needling shows some potential in alleviating post-
exercise pain, though it does not significantly outperform 
traditional physiotherapy methods in enhancing performance 
recovery. The effectiveness of dry needling is thought to 
stem from both local and systemic responses, involving the 
nervous system to desensitize pain and improve mobility. 
In addition, it may decrease inflammation at trigger points, 
contributing to its analgesic benefits [108].

Based on current evidence:

2.	 Athletes may consider dry needling to alleviate post-
exercise pain, but there is no strong evidence for effects.

3.	 Techniques that involve identifying trigger points, 
inserting needles, and potentially eliciting local twitch 
responses are commonly used. Some therapists prefer 
to leave the needle in the tissue for 5–15 min before 
removing it, while others remove it immediately. There 
is currently no scientific evidence on which of these pro-
cedures is most effective.

4.	 Most studies investigating dry needling have involved 
treatment once a day. There is no evidence on whether 
more or less frequent treatments are more effective.

Hyperoxia

Hyperoxia, characterized by elevated oxygen levels in bodily 
tissues, can be achieved through inhaling oxygen-rich air at 
standard or increased barometric pressure, such as hyper-
baric chambers [109]. In sports, the use of supplemental 
oxygen, especially through masks delivering 85–100% oxy-
gen, has become a method for improving athlete recovery, 
gaining popularity after 2010 when the World Anti-Doping 
Agency ban was lifted.

While evidence suggests that brief use of supplemental 
oxygen (1–3 min) post-training can hasten recovery and 
enhance subsequent performance, its ergogenic effect dur-
ing short-term recovery is often very small [109]. Only one 
study has investigated the effect of supplemental oxygen 
during long-term recovery (2 × 10 min therapy over a 12-h 
period), demonstrating no ergogenic effect on recovery of 
performance [110].

Meta-analyses examining the impact of hyperoxia on 
DOMS are currently lacking. Furthermore, the evidence 
regarding the effectiveness of hyperoxia in treating mus-
cle injuries such as strains or sprains is inconclusive [111]. 
Nevertheless, some studies, particularly those conducted 
on animal models, suggest a modestly positive effect on 
recovery from tendinopathies and ligament injuries [111]. 
These disparities may stem from the fact that capillariza-
tion is typically poorer in tendons and ligaments compared 
to muscle tissue, leading to reduced normal blood flow and 
oxygen levels.

In summary, hyperoxia lacks evidence for supporting 
long-term recovery (over 12 h) or relieving DOMS, although 
it may offer slight benefits for short-term recovery (1–3 min) 
during intermittent exercise. Its efficacy in injury recovery is 
uncertain, except possibly for tendinopathies and ligament 
injuries. Hyperoxia primarily enhances performance and 
slightly aids recovery between exercise bouts by augmenting 
oxygen delivery to muscles. However, prolonged exposure 
may pose risks of cell damage from increased reactive oxy-
gen species, requiring careful consideration [2].
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Based on current knowledge:

2.	 Hyperoxia cannot be recommended as a method to 
increase the rate of recovery between training sessions.

3.	 Athletes may use supplemental oxygen (85–100% oxy-
gen) or hyperbaric chambers to induce hyperoxia to 
facilitate recovery from tendinopathies and ligament 
injuries. However, the effect of hyperoxia as a thera-
peutic aid is poorly sustained and questionable.

Discussion

Recovery plays a crucial role for Olympic athletes, requiring 
tailored protocols to meet the diverse needs across winter 
sports disciplines and individual athletes, ultimately aiming 
to optimize performance. While numerous physical recovery 
methods have been explored, the scientific literature high-
lights varying effectiveness.

Due to their foundational role in short-term return to 
homeostasis and the dynamic adaptation induced by allosta-
sis, sleep and nutrition are essential factors in optimizing 
recovery for athletes aspiring for a spot at the Milano-Cor-
tina 2026 Winter Olympics, regardless of their event [14, 
27]. Thus, care should be taken to ensure optimal sleep, both 
quantitatively (i.e., at least 8 h per day) and qualitatively 
(i.e., improving sleep hygiene with dark, quiet room condi-
tions, etc.). Despite the importance of sleep and nutrition in 
recovery, they are sometimes overshadowed by novel meth-
ods and devices purported to accelerate recovery. However, 
many of these claims lack scientific validation of efficiency. 
In fact, if sleep and nutrition are sufficient, few, if any, meth-
ods demonstrate convincing evidence in accelerating the 
recovery of physical function. Thus, it appears challenging 
to accelerate recovery of physical performance beyond what 
is normal with passive rest and good sleep and nutrition. 
Nevertheless, among the methods investigated here, CWI 
has repeatedly been shown to accelerate recovery of muscle 
performance and therefore stands out as a potential option 
[59]. However, due to the difficulty of blinding studies inves-
tigating CWI, few have controlled for placebo effects, and 
those that have generally failed to observe any effect on 
post-exercise physical function [55]. For athletes involved 
in sports with high muscle load, rapid acceleration/decelera-
tions, and physical contact, which are known to cause post-
exercise pain and DOMS, several recovery methods have 
demonstrated effectiveness, with massage therapy emerging 
as the preferred choice [47]. CWI and compression garments 
also have reasonable scientific support in the alleviation of 
muscle pain and might be considered by athletes [59, 79].

One of the most important parameters influencing Olym-
pic athletes’ need for recovery is doubtless their training 
load and how their training is structured [1]. While the focus 

on rigorous training for elite athletes is understandable, it 
is imperative to balance training with structured recovery 
strategies [3]. In elite sports, there is a common miscon-
ception that more intense and prolonged training invariably 
improves performance. This often leads to a disproportion-
ate focus on training at the expense of structured recovery, 
potentially leading to non-functional overreaching or even 
more severe overtraining syndrome [112]. To prevent these 
negative consequences, it is crucial to monitor athletes' train-
ing and recovery as a cohesive, interdependent unit.

Biological adaptation results from a complex interplay of 
training, various off-training modulators, and genetic pre-
disposition [2]. Here the use of wearable technologies has 
become important, providing real-time data and enabling 
personalized adjustments [2]. Effective, dynamic decision-
making requires not only interpreting data from fatigue and 
readiness assessments, but also insight into athletes’ psy-
chological state, external stressors, upcoming competition 
schedules, and their unique response to training and recovery 
[113]. Informed decision-making allows coaches and train-
ers to tailor training and recovery programs that optimize 
performance while prioritizing the health and long-term 
well-being of the athlete.

Umbrella reviews like this one provide a comprehensive 
synthesis of evidence by summarizing multiple reviews, ena-
bling broad insights and efficient decision-making. However, 
they may be influenced by biases in the underlying stud-
ies and are constrained by the quality and scope of existing 
research. For instance, the studies underlying this review 
predominantly focused on healthy, well-rested individuals 
and monitored recovery after a single bout of exhaustive 
exercise. This contrasts with the daily reality of elite ath-
letes, who typically train multiple times per day without 
complete recovery between sessions. Consequently, it can-
not be ruled out that certain recovery methods, which may 
not demonstrate significant effects on recovery in the pre-
sent analysis, may still have utility in elite athletes' recovery 
regimens.

Conclusion

This review comprehensively addresses ways of optimizing 
recovery strategies for elite winter athletes, with a focus on 
the Milano-Cortina 2026 Olympic Games. The evidence-
based analysis incorporates a broad spectrum of recovery 
methodologies, ranging from sleep and nutrition to vari-
ous physical and environmental recovery modalities. By 
integrating scientific evidence, the review highlights the 
significance of personalized recovery protocols that cater 
to the unique demands of each winter sport discipline. The 
findings emphasize the critical role of sleep and nutrition 
in the recovery process and suggest a spectrum of physical 
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recovery methods with varying degrees of effectiveness. 
In conclusion, this review provides a well-rounded guide 
for athletes and coaches to enhance performance recovery, 
underscoring the necessity of individualized, sport-specific 
strategies to achieve peak athletic performance in prepara-
tion for the Olympic Games.
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