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Abstract

Cryotherapy is utilized as a physical intervention in the treatment of injury and exercise recovery. Traditionally, ice is used
in the treatment of musculoskeletal injury while cold water immersion or whole-body cryotherapy is used for recovery
from exercise. In humans, the primary benefit of traditional cryotherapy is reduced pain following injury or soreness fol-
lowing exercise. Cryotherapy-induced reductions in metabolism, inflammation, and tissue damage have been demonstrated
in animal models of muscle injury; however, comparable evidence in humans is lacking. This absence is likely due to the
inadequate duration of application of traditional cryotherapy modalities. Traditional cryotherapy application must be repeated
to overcome this limitation. Recently, the novel application of cooling with 15 °C phase change material (PCM), has been
administered for 3—-6 h with success following exercise. Although evidence suggests that chronic use of cryotherapy during
resistance training blunts the anabolic training effect, recovery using PCM does not compromise acute adaptation. Therefore,
following exercise, cryotherapy is indicated when rapid recovery is required between exercise bouts, as opposed to after
routine training. Ultimately, the effectiveness of cryotherapy as a recovery modality is dependent upon its ability to maintain
a reduction in muscle temperature and on the timing of treatment with respect to when the injury occurred, or the exercise
ceased. Therefore, to limit the proliferation of secondary tissue damage that occurs in the hours after an injury or a strenu-
ous exercise bout, it is imperative that cryotherapy be applied in abundance within the first few hours of structural damage.
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CWI  Cold-water immersion
ICE  Ice compression elevation

the grandfather of the cryotherapy movement (Rivenburgh
1992). In the 1960s, cryotherapy in the form of ice was rec-
ommended for use in the treatment of musculoskeletal injury

PCM  Phase change material (Grant 1964; Hayden 1964). In the 1970s, Knight broke
WBC Whole-body cryotherapy down the series of events that follow athletic injuries into
primary and secondary-injury classifications (Knight 1976),
and went on to investigate and detail the application of ice
Introduction for its ability to retard secondary injury (Knight 1985, 1995;

Cryotherapy, the reduction of tissue temperature by the
withdrawal of heat from the body (Michlovitz 1990), has
been utilised in the treatment of injury for centuries. Hip-
pocrates, who mentioned the use of snow and ice in his work
to reduce oedema with good results, has been credited as
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Knight et al. 2000). The tenets of Knight’s original model
were updated in the early 2000s with a specific focus on the
role of cryotherapy in the injury sequelae (Merrick 2002).
Ultimately, the processes that transpire within the mus-
cle during injury or exercise are both defined by damage
of the myofilament structures (Fig. 1), are initiated rapidly,
and occur in several stages (Armstrong 1990; Armstrong
et al. 1991; Huard et al. 2002; Jarvinen et al. 2005; Lieber
2018). These events can be divided into the initial damage
response, followed by a secondary damage response, and
culminating in a regenerative/repair phase. Since the ini-
tial phase occurs during the injury or exercise, administer-
ing a recovery modality at this stage is not possible. The
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Fig. 1 One direct pathway to injury induced structural damage and
three indirect pathways to exercise-induced structural damage. Local-
ized soft tissue injury is always the result of a direct insult to the area
(e.g. blunt force trauma, sheer stress, etc.) On the other hand, during
exercise, three indirect pathways exist which all result in exercise-
induced structural damage. (1) Mechanical stress, occurring from an
increase in the net mechanical stress per muscle fibre (Enoka 1996),
causes structural damage to the muscle fibre directly due to a failure
in the myofibrils during eccentric contractions. (2) Exercise of pro-
longed duration and/or high metabolic intensity, such as marathon
running results in metabolic stress. In the metabolic damage model,
the initial events resulting in structural damage are caused by meta-

subsequent secondary stage involves a proliferation of the
initial muscle injury, coupled with an inflammatory response
surrounding the damaged area (Knight 1976; Merrick 2002).
Following the natural course of catabolic events, the mus-
cle fibre returns to its pre-exercise condition, and cellular
homeostasis and physiological function are restored. The
time course of this cycle is dependent on the magnitude of
damage (Huard et al. 2002; Paulsen et al. 2012). Based on
what is known about the post-injury (McArdle and Jackson
1997; Abrams 1997; Huard et al. 2002) and post-exercise
(Kendall and Eston 2002; Lapointe et al. 2002; Peake et al.
2005; Howatson and van Someren 2008) cellular response,
it is at the secondary stage where the application of cryother-
apy might be advantageous in diminishing the proliferation
of initial damage (Knight 1995; Merrick 2002; Enwemeka
et al. 2002; Bleakley et al. 2012b; Thsan et al. 2013), reduc-
ing secondary muscle damage (Knight 1985, 1995; Swenson
et al. 1996; Merrick et al. 1999; Knight et al. 2000), and
enhancing the regenerative response (Jarvinen et al. 2005;
Dykstra et al. 2009). As a result, the application of cryother-
apy has been adopted for use not only by clinicians to treat
injuries (Barnes 1979; Hubbard and Denegar 2004; Bleak-
ley et al. 2004, 2011; Collins 2008; Carvalho et al. 2010;
Bleakley and Davison 2010a; Tiidus 2015; Page 2018), but
also by athletes to facilitate recovery from exercise (Bishop
et al. 2008; Robson-Ansley et al. 2009; Nédélec et al. 2012;
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bolic deficiencies which increase the vulnerability of the muscle fibre
to mechanical stress (Tee et al. 2007). Metabolic stress and (3) the
increase in temperature which occurs during exercise cause struc-
tural damage indirectly through an increase in the metabolic rate and
nicotinamide adenine dinucleotide phosphate oxidase (NOX) activity,
respectively. Both result in an increase in mitochondrial reactive oxy-
gen species (ROS) activity. Cryotherapy cannot influence the primary
damage response. However, if applied immediately following primary
damage, and ideally prior to the potentiation of secondary damage,
cryotherapy might minimise the risk of further damage to the mus-
culature by mitigating the impairments typically occurring following
injury or exercise

Versey et al. 2013; Kovacs and Baker 2014; Dupuy et al.
2018; Peake 2019).

In practice, ice packs have become ubiquitous in training
rooms. There is a longstanding tradition of applying ice (I),
compression (C), and elevation (E), or ICE, and its many
derivatives (Bleakley et al. 2012a), in the treatment of acute
musculoskeletal injury (Merrick et al. 1993, 2003; Barlas
et al. 1996; Block 2010; Tomchuk et al. 2010; Bleakley and
Davison 2010a; Gillette and Merrick 2018). Although icing
remains the standard of care following injury and despite
its widespread use, evidence to support its use is limited
(Knight 1995; Bleakley and Davison 2010a). Furthermore,
no conclusive clinical evidence exists in humans in favour
of ice, or the use of cryotherapy in any form for that mat-
ter, following injury (Block 2010). Additionally, there is
a growing trend throughout the literature recommending
against icing injuries so as not to blunt the natural healing
response (Takagi et al. 2011; White and Wells 2013). As
a result, there has recently been much debate amongst cli-
nicians about best practice following injury (Mirkin 2014;
Page 2018), with some recomending that cryotherapy be
removed entirely from the standard management of soft-
tissue injuries (Dubois and Esculier 2020).

Comparably, several other cryotherapy modalities vary-
ing in convenience and expense, traditionally in the form
of whole-body cryotherapy (WBC) and cold-water immer-
sion (CWI), and more recently phase change material
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(PCM), are omnipresent throughout professional, col-
legiate, and recreational athletic training facilities, spas,
and even the home. Modalities that can be administered
to larger areas of the body at a time are more commonly
implemented than ice in an attempt to accelerate recov-
ery following exercise. There are data showing beneficial
effects, no benefits and even detrimental effects when
cryotherapy is used in this context (Bleakley et al. 2010;
Leeder et al. 2012; Poppendieck et al. 2013; Hohenauer
et al. 2015) and evidence suggests that repeated use of
cryotherapy attenuates strength gains following resistance
training (Yamane et al. 2015; Roberts et al. 2015b; Fyfe
et al. 2019; Hyldahl and Peake 2020).

Although the physiological effects and mechanisms
associated with cryotherapy in humans have been investi-
gated (Wilcock et al. 2006; White and Wells 2013; Thsan
et al. 2016; Bongers et al. 2017) and while some advances
have recently been made in the understanding of the
molecular response to cryotherapy (Broatch et al. 2018),
the lack of consistent and unanimous evidence has resulted
in controversy over the efficacy of most cryotherapy inter-
ventions following both injury and exercise. There remains
a large gap in the scientific basis for the use of cryotherapy
for recovery in humans, particularly because recommen-
dations for optimal protocols stem from evidence demon-
strated in animal models (Bleakley and Davison 2010b).
Evidence is specifically lacking to identify and provide
guidelines concerning cryotherapy treatment application,
duration, and frequency (MacAuley 2001; Bleakley et al.
2004), following both injury and exercise. Furthermore,
exactly how cryotherapy might diminish the second-
ary damage response following either injury or exercise
remains unknown, and whether the application of cryo-
therapy has the same effects on secondary damage follow-
ing injury as it does following exercise remains unknown.
Finally, the effects, or lack thereof, of post-injury or post-
exercise cryotherapy on muscle metabolism and inflam-
mation in humans remain to be elucidated.

The role of cryotherapy in the treatment of and recovery
from injury must be revisited, and its use for recovery from
exercise must be reviewed. Specifically, the effect of cryo-
therapy on reducing metabolism and inflammation, and the
mechanisms through which cryotherapy might achieve these
effects in humans, must be addressed. Thus, the purpose
of this narrative review will be to clarify and summarize
the current best available evidence in support of the effects
of various cryotherapy modalities in injury treatment and
exercise recovery, and to provide evidence-based recom-
mendations for the application of cryotherapy modalities
in both injury treatment and exercise recovery scenarios.
Importantly, providing a summary on the use of cooling
techniques prior to (pre-cooling) or during (per-cooling)
exercise is beyond the scope of this review.

The effects of cryotherapy interventions
on metabolism and inflammation

There exists a long-standing belief that cryotherapy reduces
the metabolic rate and thus the inflammation that occurs
after the acute structural trauma by reducing temperature
and blood flow at the site of injury or muscle damage. Sup-
pressing local metabolic demand (Ho et al. 1995; Merrick
2002; Schaser et al. 2006) and limiting the inflammatory
response (Ciolek 1985; Knigh 1985, 1995; Swenson et al.
1996; Merrick Rankin Andres and Hinman 1999; Merrick
2002; Schaser et al. 2006) are believed to diminish the pro-
liferation and magnitude of the secondary injury occur-
ring within the skeletal muscle and the surrounding site
of injury (Meeusen and Lievens 1986; Knight 1995; Eston
and Peters 1999; Merrick et al. 1999; Merrick and McBrier
2010). However, the scientific basis for administering cryo-
therapy to reduce metabolism and inflammation following
both injury and exercise comes from evidence demonstrated
in animal models. Animal models suggest that the optimum
tissue temperature range for a reduction in cellular metabolic
activity (Osterman et al. 1984; Sapega et al. 1988) and oxy-
gen demand (Fuhrman 1959; Fuhrman et al. 1961) without
causing tissue damage, is in the range of 10—15 °C (abso-
lute temperature; Sapega et al. 1988). Tissue temperatures in
excess of 15 °C have also shown suppressed metabolic activ-
ity (Puntel et al. 2012), reduced oedema formation (Smith
et al. 1993; Dolan et al. 1997; Deal et al. 2002; Lee et al.
2005; Schaser et al. 2006), and reduced tissue damage (Mer-
rick et al. 1999; Schaser et al. 2007; Bleakley and Hopkins
2010; Puntel et al. 2012) in animals. Similarly, animal mod-
els have demonstrated that cryotherapy is capable of reduc-
ing the inflammatory response that occurs following injury
(Amon et al. 2003; Lee et al. 2005; Schaser et al. 2006, 2007,
Puntel et al. 2012; Vieira Ramos et al. 2016). Although these
effects demonstrated in animal models have formed the basis
for the application of cryotherapy in humans, in vivo intra-
muscular temperatures below 20 °C during cryotherapy in
humans have not been reported (Bleakley and Hopkins 2010;
Bleakley et al. 2012b).

Clinicians and athletes alike must recognize the chal-
lenge of directly translating the findings from the effects of
cryotherapy treatment in animal studies to humans (Bleakley
et al. 2012b). This is primarily because rodent muscle has
different metabolic properties and responses to environmen-
tal stimuli than human skeletal muscle (Kowalski and Bruce
2014). Rodents are typically covered in hairy skin, which
does not experience arterio-venous anastomoses (Green-
field 1963), and might experience a direct inhibitory effect
on the normal vasoconstrictor response during local cool-
ing (Faber 1988). Crucially, the magnitude of reduction in
muscle temperature and blood flow induced by cryotherapy
is significantly greater in animals because of the smaller
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subcutaneous adiposity and overall body size compared to
humans. On this note, animal models caution that if suf-
ficient muscle cooling is achieved following injury it might
actually delay repair (Takagi et al. 2011; Singh et al. 2017,
Miyakawa et al. 2020) and increase muscle scarring (Tak-
agi et al. 2011) or slow muscle regeneration (Kawashima
et al. 2021). However, it is highly unlikely that the degree of
intramuscular cooling attained from 20 minutes of ice pack
application in the rodents of Takagi et al.’s (2011) study
would be achieved in humans. Indeed, in humans, cryo-
therapy-induced decrements in muscle metabolism and, or
inflammation can be hindered by the magnitude of muscle
damage, and by the effect of adipose tissue on heat extrac-
tion (Bleakley and Hopkins 2010). Therefore, results from
animal studies cannot be directly applied to form the basis
of cryotherapy application for recovery in humans.

In summary, based on the rationale derived from animal
models, cryotherapy has been used in humans following
both injury and exercise in an attempt to reduce metabo-
lism and attenuate inflammation. However, the ability of
cryotherapy to reduce muscle metabolism in humans has
not been established. Only one study indirectly measuring
muscle metabolism in humans has been able to demonstrate
decreased muscle metabolic activity following post-exercise
cooling (Thsan et al. 2013). Similarly, in humans, there is
only a handful of research that supports the use of cryo-
therapy for reducing the inflammatory response following
exercise (Pournot et al. 2011; Ziemann et al. 2012; Guilhem
et al. 2013) while most studies show no reduction in inflam-
mation (Ingram et al. 2009; Pointon et al. 2011; Leeder
et al. 2012; Pointon and Duffield 2012; Fragala et al. 2015;
Peake et al. 2016). Others have demonstrated an exacerbated
inflammatory response following post-exercise CWI (Gon-
zalez et al. 2014; Roberts et al. 2014; Jajtner et al. 2015) or
topical cooling with a cold pack (Tseng et al. 2013). Recent
evidence suggests that low tissue temperatures (8 °C) might
accentuate the inflammatory response in deeper muscle tis-
sues (Mawhinney et al. 2020).

The effects of cryotherapy interventions on tissue
temperature

The mechanisms of cryotherapy were traditionally believed
to be dependent on the cold induced vascular response, and
that the cold-induced reductions in muscle blood flow were
responsible for reducing muscle metabolism, inflammation,
and the subsequent secondary damage (Swenson et al. 1996;
Merrick et al. 1999; Knight et al. 2000; Ihsan et al. 2016).
However, cryotherapy-induced reductions in muscle blood
flow are based on techniques that only allow for the indirect
inference of hemodynamic or volume changes within the
limb (Fiscus et al. 2005; Vaile et al. 2010; Ihsan et al. 2013;
Roberts et al. 2015a; Choo et al. 2018; Stephens et al. 2018).
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It has more recently been established that the effectiveness
of cryotherapy as a recovery modality is primarily dependent
upon its ability to reduce muscle temperature, not muscle
blood flow (Bleakley and Davison 2010a; Gregson et al.
2011; Mawhinney et al.2013, 2020).

The importance of achieving a clinically meaningful
reduction in intramuscular temperature (Bleakley and Hop-
kins 2010) has been majorly overlooked but it is of greater
significance for recovery than the vascular response (Swen-
son et al. 2007). This is because the physiological changes
that occur following cryotherapy are dependent on the
magnitude of muscle cooling, rather than a consequence of
reduced muscle blood flow (Mawhinney et al. 2013, 2020).
Recent evidence suggests that despite similar changes in
muscle temperature following 8, 15, or 22 °C CWI for a
period of 10 minutes, the change in muscle perfusion in the
deep and superficial muscles was not uniform (Mawhinney
et al. 2020). Skeletal muscle tissue perfusion is a reflex-
ive mechanism from the skin. A reduction in muscle per-
fusion could potentially limit the inflammatory response
while concomitantly preserving cellular oxygen supply,
ultimately limiting hypoxic cell death and minimizing sec-
ondary damage (Wilcock et al. 2006; Merrick and McBrier
2010; Tipton et al. 2017). However, Mawhinney et al. (2020)
speculated that 8—15 °C CWI resulted in shivering within
the deep musculature which might have been responsible
for the increase in deep muscle perfusion evident from the
lower immersion temperatures in their study (Blondin et al.
2015). The authors suggested that a more tolerable treat-
ment temperature could avoid the shivering response and the
concomitant increase in deep tissue perfusion and might be
a more effective option in the recovery process of soft tissue
injury or exercise.

Importantly, although deep tissue intramuscular tempera-
tures have been reduced by ~8-10 °C following cryother-
apy in individuals at rest (Table 1; Kwiecien et al. 2019a:
—12.00 °C and —10.90 °C at 3 cm during 30 min of ice
treatment with elastic wrap and plastic wrap compression,
respectively; Kwiecien et al. 2019b: —7.59 °C at 3 cm dur-
ing 180 min of 15 °C PCM treatment; Kwiecien et al. 2019b:
—7.20 °C at 3 cm during 15 min of 15 °C CWI treatment;
Jutte et al. 2001: —8.00 °C, Merrick et al. 1993: —10.13 °C,
Tomchuk et al. 2010: —9.40 °C, all at 2 cm during 30 min
of ice treatment with compression), only one study has dem-
onstrated comparable reductions following exercise in hot
conditions (Peiffer et al. 2009b: —7.50 °C at 3 cm during
20 min of 14 °C CWI) while others have not (Freitag et al.
2021: —1.61 °C at 3 cm during 10 min of 10 °C CWI). It
is likely then that a greater cooling stimulus is necessary to
reduce intramuscular temperature in an individual follow-
ing exercise when the intramuscular temperature is elevated
above baseline. Although musculoskeletal injury results
in structural damage, this response is often localized and
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Table 1 Comparison of
skin and vastus lateralis

Treatment dura-

Skin temperature (°C) Intramuscular temperature

. tion (min) °C)
intramuscular temperature
effects of ice, CWI (15 °C) and 1cm 3cm
PCM (15 °C) in individuals at
rest Ice Baseline 30 30.1£04 344+1.1 353+1.0
Post treatment 7.8+4.3 17.8+4.7 23.8+5.8
After 1 h recovery 274+1.6 275+15 29.0+2.0
CWI Baseline 15 313+1.1 340+1.1 35.6+0.6
Post treatment 23.6+0.8 26.2+2.9 28.4+2.7
After 1 h recovery 29.0+1.2 299+1.0 305+1.2
PCM Baseline 180 31.1+0.6 339+1.5 35.8+0.5
Post treatment 23.8+1.0 26.0+2.2 28.2+2.8
After 1 h recovery 27.7+1.1 29.0+1.6 30.1+2.1

Data from Kwiecien et al. 2019a, b

does not directly cause systemic elevations in temperature.
Both the local and systemic elevations in tissue tempera-
tures occurring during exercise have specific implications
for how the dose of cryotherapy should be tailored follow-
ing an exercise stimulus, but this also often overlooked. An
important factor to consider that does not exist when imple-
menting cryotherapy for the treatment of injury is that the
rate of post-exercise recovery is related to the extent of the
load imposed on the body by the exercise bout (Nédélec
et al. 2012). Cryotherapy modalities capable of influencing
systemic changes will be more successful at accelerating
recovery following exercise during which the individual
experienced a high thermal load (Bongers et al. 2017). Fol-
lowing exercise which elicited an increased thermal load,
whole-body exposure to a cryotherapy medium, such as that
occurring from CWI or WBC, may result in systemic effects
to the whole body and produce a greater temperature gradi-
ent for tissue cooling. If the exercise induced a very mini-
mal thermal load, local cold application using ice or more
recently PCM might only produce local alterations in tissue
temperature, but this local response might be sufficiently
effective for recovery in this scenario.

The effect of cryotherapy treatment on tissue cooling has
been well documented (Merrick et al. 1993; Zemke et al.
1998; Myrer et al. 1998, 2001; Jutte et al. 2001; Enwemeka
et al. 2002; Yanagisawa et al. 2007). For a thorough review
of the literature reporting on the rate and magnitude of tis-
sue temperature reductions associated with popular cryo-
therapy dosages, we direct the reader’s attention to Bleakley
and Hopkins (2010). In order for cryotherapy to effectively
accelerate recovery following either injury or exercise result-
ing in structural damage, heat removal must occur within the
target muscle and not just at the overlying skin (Bleakley
and Hopkins 2010). In early cryotherapy literature, it was
assumed that changes in intramuscular temperature were
strongly related to changes in skin temperature. However,
reductions in skin and intramuscular temperature are not

strongly correlated (Merrick et al. 1993) and skin tempera-
ture is a poor predictor of deep tissue temperature (Bleakley
and Hopkins 2010). Yet, when direct measures are unavail-
able, the efficacy of cryotherapy has often been assessed
through measurements of skin surface temperature (Palmer
and Knight 1996; Chesterton et al. 2002; Janwantanakul
2004, 2009; Kennet et al. 2007; Ihsan et al. 2013; Kwiecien
et al. 2018; Estéfani et al. 2019). For this reason, clinicians,
practitioners, and athletes alike often fail to understand that
the magnitude of change in tissue temperature is extremely
variable across the different tissue layers (e.g. skin, fat,
superficial, and deep muscle), and that the skin and superfi-
cial tissues reach significantly lower temperatures than the
deep muscle during cryotherapy application (for review we
bring the readers attention to White and Wells 2013).

Skin is the first site to respond to cold exposure and its
temperature decreases most rapidly (Merrick et al. 2003;
White and Wells 2013). Skin is responsible for initiating
thermoregulatory responses in the muscle because mus-
cle lacks thermal receptors. During skin cooling, based on
Fourier’s law of heat conduction, deep muscle tissue loses
heat mainly to the superficial muscle tissue (Bleakley and
Hopkins 2010). Simultaneously incoming warm blood is
diverted to the deeper tissues, thereby slowing down the
cooling effect of the deep tissues (Pugh et al. 1960). There-
fore, superficial muscle tissue cools faster, and to a greater
magnitude than deeper muscle tissues (Merrick et al. 2003;
Yanagisawa et al. 2007; Peiffer et al. 2009a, 2010; Greg-
son et al. 2011, 2013; Mawhinney et al. 2013; Roberts et al.
2014, 2015a; Mawhinney et al. 2017). Unfortunately, the
magnitude of reduction in muscle temperature required in
humans for optimally enhancing recovery remains unknown
(Bleakley and Hopkins 2010).

The magnitude of change in muscle temperature is
inversely correlated with subcutaneous adiposity (Myrer
et al. 2001; Otte et al. 2002). Subcutaneous adipose tis-
sue has low thermal conductivity and provides a layer of
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insulation, creating an insulating effect (Bleakley and
Hopkins 2010). Convective heat loss that occurs from the
musculature when cryotherapy is administered to the skin
becomes limited as subcutaneous body fat increases (Stocks
et al. 2004). Thus, the magnitude of reduction in intramuscu-
lar temperature will be less as skin-fold thickness increases
(Selkow et al. 2012; Stephens et al. 2017). Subcutaneous
tissue thickness should be taken into account when aim-
ing to achieve a specific degree of intramuscular cooling
(Selkow 2019). For example, to reduce muscle temperature
by a standard amount in a heterogeneous group, Otte et al.
(2002) demonstrated that an individual with a 31-40 mm
skinfold thickness would have to apply ice for almost six
times longer than an individual with 0—10 mm skin-fold
thickness. Similarly, an individual with a 0—10 mm skin-
fold thickness will achieve the same degree of intramuscular
cooling as an individual with a 31-40 mm skin-fold thick-
ness, but the cooling duration will take 10 min vs 60 min,
respectively (Selkow 2019).

Similarly, the magnitude of change in muscle temperature
is dependent on the thermal gradient between the muscle and
the cryotherapy medium (Merrick et al. 2003), and on the
duration of cryotherapy application. It has been well estab-
lished that cold modalities with different thermodynamic
properties produce different skin and intramuscular tempera-
tures (Chesterton et al. 2002; Merrick et al. 2003; Vieira
et al. 2013). Perhaps somewhat counterintuitive, modalities
which melt from a solid to a liquid result in lower intra-
muscular temperatures than those which maintain the same
phase (e.g. gel pack), even though a gel pack may initially
be colder and reduce skin temperature faster than a bag of
ice or frozen peas (Merrick et al. 2003). Indeed, modalities
delivering cryotherapy at extremely low temperatures will
rapidly reduce skin temperature but might increase muscle
perfusion and would insufficiently reduce intramuscular
temperature to a clinically relevant degree for a long enough
time to have any influence on attenuating secondary damage.
Reducing skin temperature without eliciting reductions in
temperature of the deep muscle tissue will not only fail to

induce clinically relevant changes in muscle metabolism or
inflammation but can also result in cold related injury (Gage
1979; Wilke and Weiner 2003; Wilcock et al. 2006; Selfe
et al. 2007; Brown and Hahn 2009; Costello et al. 2012;
Tipton et al. 2017).

Cryotherapy modalities used for recovery
from injury and exercise

Cryotherapy, in the form of ice, is a mainstay treatment in
the management of or rehabilitation from strains, sprains,
contusions, as well as fractures, and immediately after
acute musculoskeletal soft tissue injury (Barnes 1979;
Knight 1985, 1995; Meeusen and Lievens 1986; Swen-
son et al. 1996; Knight et al. 2000; Beiner and Jokl 2001;
Bleakley et al. 2004). Ice has traditionally been applied in
the immediate stage following injury for its ability to exert
an acute local analgesic effect (Mac Auley 2001; Hubbard
and Denegar 2004) by inhibiting nerve conduction veloc-
ity (Knight et al. 2000; Chesterton et al. 2002; Algafly and
George 2007), and to restrict oedema formation (Meeusen
and Lievens 1986). Similarly, intermittent cryo-compres-
sion therapy has gained popularity and is most commonly
implemented in the immediate stages following injury or at
the conclusion of an operative procedure for its purported
ability to reduce oedema (Chleboun et al. 1995; Meeusen
et al. 1998; Block 2010) and restore function (Schroder and
Pissler 1994; Dervin et al. 1998; Waterman et al. 2012; Mur-
gier and Cassard 2014). When used in the management of
acute soft tissue injuries or post-surgery, cryotherapy might
improve outcomes by limiting haemorrhage formation and
secondary cell death (Bleakley et al. 2004), but only if it is
instituted soon after the injury has occurred (Collins 2008).
Importantly, controlled trials implementing its use following
musculoskeletal injuries do not exist so evidence in sup-
port of its use for accelerating recovery following injury in
humans is equivocal (Table 2).

Following exercise, studies investigating the effect of a
single application of ice have shown no effect on recovery of

Table 2 Summary of evidence

for accelerated recovery Ice Whole body Cold water immersion Phase
AT . cryotherapy change

following injury and exercise material

from different types of

cryotherapy in humans Injury Equivocal No data No data No data
Soreness x v v v
Strength b e X X 4
Functional Recovery No data XV XV No data
Inflammation No data XV X x
Metabolism Equivocal No data Indirect evidence No data

XIndicates no direct evidence

vIndicates evidence to support finding
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soreness (Yackzan et al. 1984; Gulick et al. 1996). A recent
meta-analysis concluded that, following exercise, local
cryotherapy in the form of ice does not diminish soreness
or accelerate the recovery strength (Nogueira et al. 2019).
Since ice is applied locally and is typically limited to treat-
ment durations of less than 30 min, it is unlikely that a single
ice treatment over a small area would provide a sufficient
cooling stimulus to elicit any systemic effects to accelerate
whole body recovery following exercise. For this reason,
and as is commonplace following injury (Knight 1995),
repeat applications at frequent intervals over several hours
should in theory be implemented to enhance the magnitude
of cooling (Palmer and Knight 1996). However, this rate
of treatment, particularly within the first 12-24 h follow-
ing exercise, is not commonplace amongst athletes as they
are unlikely to comply with such a demanding treatment
schedule. Studies investigating repeat applications of ice
following exercise are limited and inconclusive. Some stud-
ies have shown a positive effect at 48 h on the recovery of
soreness (Oakley et al. 2013) and blood markers of muscle
damage (Howatson and Van Someren 2003); while others
have shown no effect (Howatson et al. 2005) or a delay in the
recovery of both soreness and adaptation to exercise train-
ing (Isabell et al. 1992; Tseng et al. 2013). Therefore, ice is
generally not an effective cryotherapy modality when used
for recovery from exercise (Table 2).

Exposing the body to very cold air (— 110 °C to — 140 °C)
for durations of 2—4 min while minimally dressed, known
as WBC, has become a popular recovery modality follow-
ing intensive training and competition (Banfi et al. 2010;
Costello et al. 2015). The physiological, neuromuscular,
and perceptual effects of WBC for accelerating recovery
following exercise have been well reviewed (Bleakley et al.
2014). Studies indicate that WBC may successfully accel-
erate subjective recovery of soreness following exercise
(Hausswirth et al. 2011; Pournot et al. 2011; Ziemann et al.
2012; Fonda and Sarabon 2013; Bleakley et al. 2014; Cos-
tello et al. 2015; Rose et al. 2017). Evidence further suggests
that WBC might effectively suppress the acute inflammatory
response following exercise (Banfi et al. 2009, 2010; Hervé
Pournot et al. 2011; Ziemann et al. 2012; Guilhem et al.
2013; Ferreira-Junior et al. 2015). However, more recent
research demonstrated no effect on inflammation (Krueger
et al. 2019). Similarly, evidence for the effect of WBC on
functional recovery is mixed, with some studies concluding
that WBC positively influenced muscle function or perfor-
mance capacities (Hausswirth et al. 2011; Ziemann et al.
2012; Fonda and Sarabon 2013; Kriiger et al. 2015; Ferreira-
Junior et al. 2015), while others have shown no effect on the
ability of WBC to improve functional recovery (Bleakley
et al. 2014). There is some evidence that WBC augments
training-induced aerobic adaptations and performance (Cos-
tello et al. 2011; Vieira et al. 2015; Broatch et al. 2019 see

Table 2 for a summary of the evidence for accelerated recov-
ery following injury and exercise from WBC in humans).

Water immersion typically in water temperatures of 15 °C
or less for a single duration of 15 min or less, known as CWI,
is not only the most popular cryotherapy strategy but also
one of the most popular recovery strategies used by athletes
following exercise (Leeder et al. 2012). The role of CWI for
accelerating recovery has been studied following isolated
eccentric exercise (Vaile et al. 2007; Machado et al. 2016),
endurance exercise (Yeargin et al. 2006; Brophy-Williams
et al. 2011; Wilson et al. 2018), resistance exercise (Roberts
et al. 2015a), laboratory cycling protocols (Lane and Wenger
2004; Halson et al. 2008; Vaile et al., 2007, 2008, 2010;
Peiffer et al. 2010) and team-sport exercise (Montgomery
et al. 2008; Rowsell et al. 2009, 2011; Webb et al. 2013;
Garcia da Mota and Marocolo 2016; Leeder et al. 2019).
Evidence supports the use of CWI for reducing soreness
(Montgomery et al. 2008; Ingram et al. 2009; Pournot et al.
2010; Pointon et al. 2011; Hausswirth and Le Meur 2011;
Pointon and Duffield 2012; Poppendieck et al. 2013; Minett
et al. 2014; Hohenauer et al. 2015; Machado et al. 2015;
Siqueira et al. 2018). Meta-analyses have demonstrated
clear but limited efficacy of CWI for alleviating soreness
for up to 96 h post-exercise (Bleakley et al. 2010; Leeder
et al. 2012; Versey et al. 2013). There is also some evidence
to support the use of CWI for reducing blood markers of
muscle damage (Leeder et al. 2012; Hohenauer et al. 2015;
Vieira et al. 2016; Dupuy et al. 2018) and inflammation
(Dupuy et al. 2018). Although evidence to support its use
for accelerating recovery of strength loss following exercise
remains equivocal (Bleakley et al. 2010; Leeder et al. 2012;
Poppendieck et al. 2013; Versey et al. 2013; Machado et al.
2015; Hohenauer et al. 2015), it might have some efficacy
in recovery of functional performance (Vaile et al. 2008;
Leeder et al. 2012; Leeder et al. 2019; see Table 2 for a
summary of the evidence for accelerated recovery following
injury and exercise from CWI in humans).

The disparity in results can be explained by the variabil-
ity in immersion temperature and, or duration of CWI pro-
tocols implemented throughout the literature. For exam-
ple, immersion temperature is extremely variable, ranging
between 5 and 20 °C (Bleakley et al. 2010; Versey et al.
2013). Some have suggested that lower temperatures might
have beneficial effects on recovery following exercise
(Rowsell et al. 2009, 2011; Anderson et al. 2018; Dupuy
et al. 2018). However, the evidence has demonstrated that
reducing water temperature does not produce additional
recovery benefits (Sellwood et al. 2007; Corbett et al.
2012; Poppendieck et al. 2013), and it is likely to result
in increased discomfort (Bailey et al. 2007; Vaile et al.
2008; Versey et al. 2011). Immersion duration is of greater
importance than immersion temperature because, along
with frequency of immersions and mode of immersion
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continuous vs intermittent (White et al. 2013; Hohenauer
et al. 2015; Machado et al. 2016; Vieira et al. 2016), it is
more strongly correlated with the magnitude of change
in muscle temperature (Peiffer et al. 2009a). However,
immersion duration is limited by the water temperature
as colder temperatures are poorly tolerated. Immersion
does not commonly exceed 30 min (Bleakley et al. 2010;
Versey et al. 2013; Machado et al. 2015) because it can
result in cold induced injury or hypothermia. With this in
mind, ~ 10-min durations repeated at frequent intervals are
likely to yield best results. However, until best practices
are defined, and there is more consistency in how CWI is
used, the true magnitude of its efficacy for exercise recov-
ery will elude us (Merrick 2013).

Ice compression elevation, WBC, and CWTI are all limited
by their treatment duration. Although no consensus exists for
optimal treatment criteria, a critical level of tissue cooling
must be achieved to optimize the clinical effectiveness of
cryotherapy (Bleakley and Hopkins 2010). This can only
be achieved by implementing repeat treatments when using
traditional forms of cryotherapy (Fig. 2). The duration of
cryotherapy can be prolonged while maintaining a comfort-
able, constant temperature by utilising a cooling medium
called phase change material (PCM; for thorough review
see Kwiecien et al. 2020a). Ice is technically the most com-
monly utilized PCM for recovery. Unfortunately, the latent
phase, the period of phase change but no detectible tempera-
ture change, of 0 °C limits ice from maintaining a cooling

WBC: 2-4 min *

CWI: 10-15 min

Duration of Tissue Temperature Reduction

NS

Fig.2 Cryotherapy duration and its effect on duration of tissue tem-
perature reduction. The duration of tissue temperature reduction is
limited during single applications of traditional cryotherapy modali-
ties [whole-body cryotherapy (WBC), cold-water immersion (CWI),
or ice]. This limitation can be overcome by administering repeat
treatments to prolong the duration of reduced tissue temperature.
However, this is often logistically impractical, and patients or athletes
are unlikely to comply to a rigorous treatment schedule. The duration
of tissue temperature reduction is prolonged by administering a single
dose of phase change material (PCM) cooling. Alternatively, tradi-
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tional cryotherapy modalities can be immediately followed by PCM
application to prolong the duration of tissue temperature reduction.
Although speculative, a critical level of tissue cooling is more likely
to be achieved by prolonging the duration of cryotherapy application
(through 1. repeat treatments of traditional cryotherapy, 2. Combin-
ing a single treatment using traditional methods with PCM cooling
immediately after, or 3. Single prolonged treatment using PCM). Pro-
longing the duration of tissue temperature reduction, particularly dur-
ing the stage of secondary damage, might optimize the clinical effec-
tiveness of cryotherapy
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capacity for prolonged durations. The latent phase of any
PCM can be manipulated and the duration of the latent phase
can be prolonged as the phase point increases above 0 °C.
This is traditionally achieved by adjusting the ratio of salt
hydrate, fatty acids and esters, and, or paraffins that make up
the PCM. However, it is imperative to understand that the
phase point will dictate the duration that any PCM can hold
a given temperature. Compared with conventional cryother-
apy interventions, PCM with a phase transition point greater
than 0 °C can overcome the limitation of short treatment
durations that traditional cryotherapy modalities face. Fur-
thermore, the use of PCM offers a substitute to other more
traditional modes of cryotherapy as it allows for the safe
manipulation of the frequency, duration, and temperature.

In particular, the PCM packs we have utilized throughout
our research ‘freeze’ at a temperature of 15 °C (Glacier Tek
USDA BioPreferred PureTemp PCM, Plymouth, MN, USA),
and are advantageous because they can be safely adminis-
tered for durations of 3 h at a time in one dose (Kwiecien
et al. 2019b). Studies examining the effects of 15 °C PCM
cooling on indices of recovery from exercise-induced muscle
damage have demonstrated that 6 h of 15 °C PCM cool-
ing accelerated recovery of strength and soreness following
isolated eccentric exercise of the quadriceps in untrained
(Kwiecien et al. 2018) and trained (Kwiecien et al. 2020c¢)
individuals (see Table 2 for summary). Importantly, the
protection provided by PCM cooling after an initial bout
of eccentric exercise did not interfere with the adaptive
response when the exercise was repeated (Kwiecien et al.
2020c). Three hours of PCM cooling has also been shown to
accelerate recovery of strength (Clifford et al. 2018; Brown-
stein et al. 2019) and soreness (Clifford et al. 2018) fol-
lowing soccer match play and baseball pitching (Mullaney
et al. 2020), but not following a marathon run (Kwiecien
et al. 2020b). Since the ultimate indicator of post-exercise
recovery is the ability of the muscle to produce force (Minett
et al. 2014), the ability of PCM to alleviate not only soreness
but also strength loss could allow athletes to achieve better
performance in subsequent games, matches, or routines. The
efficacy of prolonged PCM cooling for accelerating recovery
from injury remains to be investigated.

Evidence for the detrimental effects occurring
during and from cryotherapy interventions

Inflammation following injury or damaging exercise is
both beneficial and detrimental (Chazaud 2020), creating
secondary tissue damage while, at the same time, result-
ing in the structural and functional repair of damaged tis-
sues (Tidball 2005). There is a growing trend throughout
the literature recommending against icing so as not to delay
or impair the regeneration process or the natural healing
response that occurs following injury and exercise (Takagi

et al. 2011; White and Wells 2013; Tiidus 2015; Dubois and
Esculier 2020). Most recently, the pioneer of the original
rest, ice, compression, elevation (RICE) method (Mirkin
and Hoffman 1978), rescinded his recommendation of the
practice because it may delay healing, instead of facilitat-
ing it (Mirkin 2014). The logic behind this theory is that
the healing process requires potentiation of the inflamma-
tory response (Smith 1991; Smith et al. 2008; Paulsen et al.
2012). Research in animal models has demonstrated that
cryotherapy attenuated neutrophil (Singh et al. 2017) and
macrophage infiltration (Takagi et al. 2011; Vieira Ramos
et al. 2016; Singh et al. 2017; Miyakawa et al. 2020) to the
injured area which might be harmful for muscle regenera-
tion (Kawashima et al. 2021). Dubois and Esculier (2020)
suggest that cryotherapy, in particular ice, could poten-
tially disrupt inflammation which may lead to impaired tis-
sue repair and redundant collagen synthesis. However, the
only evidence they cite in support of this impaired response
comes from animal models (Singh et al. 2017). Other animal
models have also demonstrated an exacerbated remodelling
phase (excessive collagen response and excessive fibrosis)
occurring as a result of acute cryotherapy application (Tak-
agi et al. 2011). By contrast, chronic icing repeated up to
48 h post-injury reduced inflammation but did not influence
muscle regeneration or fibrosis (Vieira Ramos et al. 2016).
The discrepancy in these results could be due to the acute
versus chronic application of cryotherapy, or a result of the
different means through which injury was induced (crush
injury method, Takagi et al. 2011; freeze injury method to
simulate contusion, Vieira Ramos et al. 2016). Notably, both
the artificially induced injury and magnitude of cooling that
occurred in the animal models of the two aforementioned
studies are not and should not be directly comparable to
what would occur in humans following injury or exercise. It
remains crucial for practitioners and athletes to understand
that comparable detrimental effects on the healing processes
in humans have not been demonstrated.

It has also recently become evident that cryotherapy, in
particular CWI, can have detrimental effects on muscle mass
and strength gains (Yamane et al. 2015; Roberts et al. 2015b;
Fyfe et al. 2019), and can impair muscle protein synthesis
rates (Roberts et al. 2015b; Fuchs et al. 2020) if performed
regularly as part of a post-exercise regime. These findings
indicate that cryotherapy blunts chronic skeletal muscle
adaptations from resistance exercise (Hyldahl and Peake
2020). This effect has recently been attributed to the cry-
otherapy-induced reduction of intramuscular temperature,
which impairs the glutamine-induced anabolic response
(Rantala and Chaillou 2019). Others have proposed that
the reduction in protein accumulation and protein synthe-
sis within the muscle fibres are a consequence of reduced
blood flow to the exercised muscle (Figueiredo and von
Walden 2020). An attenuation in the molecular mechanisms
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regulating resistance training adaptations have also been
suggested as one of the proposed mechanisms behind these
detrimental effects (Roberts et al. 2015b; Lindsay et al.
2015, 2016; Figueiredo et al. 2016; Broatch et al. 2018;
Earp et al. 2019). Specifically, chronic CWI exposures have
been shown to effect long-term adaptation to training by
suppressing the cellular signalling required for adaptation
(Lindsay et al. 2016) and activation and deregulation of the
inflammatory process (Lindsay et al. 2015).

While the evidence continues to support the detrimen-
tal effects from cryotherapy on chronic adaptation, acute
use of cryotherapy (PCM) for 6 consecutive hours did not
blunt the naturally occurring adaptive mechanism known
as the repeated bout effect (Kwiecien et al. 2020c). Deyhle
et al. (2016) recently demonstrated that an initial bout of
eccentric exercise resulted in little change to intramuscular
markers of inflammation, a second bout, resulted in marked
increases in multiple proinflammatory cytokines and signifi-
cant macrophage and T-cell infiltration. Given this, and since
an enhanced and more targeted acute inflammatory response
may actually help speed recovery of muscle after repeated
bouts of exercise (Hyldahl et al. 2017), it is possible that
cryotherapy only blunts the inflammatory response when
used following chronic exercise, but not following a sin-
gle bout of exercise. These findings ultimately suggest that
chronic, repeated use of CWI attenuates recovery follow-
ing traditional resistance training but a single PCM cooling
treatment following one exercise bout does not compromise
the adaptation that provides protection from damage after a
repeated bout of eccentric exercise (the repeated bout effect).
Whether or not this effect is related to the amount of area
exposed to the cryotherapy stimulus (whole body versus
local cooling) remains to be elucidated.

Any detrimental effects from cryotherapy that occur fol-
lowing resistance exercise can be easily avoided if cryother-
apy is not implemented during the training or pre-season
phase of an athlete season. In fact, cryotherapy should be
primarily adopted by athletes during the regular season
when anabolic training adaptations are not being induced
and the goal of in-season management of the athlete is to
facilitate recovery and avoid catabolism following particu-
larly strenuous bouts of exercise. During the in-season or
competition scenarios, athletes commonly participate in
multiple exercise sessions within a condensed window, often
within 24 h. In the event of multiple games occurring within
short periods of each other, or an evening game followed
by a morning practice, accelerating recovery is a priority
over muscle adaptation. The benefits of PCM for providing
acute recovery of strength loss might increase an athlete’s
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total time training or the overall training load in subsequent
sessions during intense athlete schedules. Additionally, cryo-
therapy may be employed at the beginning of pre-season fol-
lowing an initial exercise bout to blunt the damage response
to an aggressive return to activity in deconditioned athletes
(Kwiecien et al. 2020b). Thereafter it should be removed
to optimize pre-season training adaptations until the athlete
enters the regular season.

Conclusion

Traditional cryotherapy modalities have generally been
shown to provide pain relief when applied following soft
tissue injury and to reduce soreness when applied after
damaging exercise. The effects on functional recovery and
other measures of injury or muscle damage have been mixed.
Although cryotherapy remains a widely accepted recovery
strategy, and although a plethora of research exists on its use,
the current best available evidence is often misunderstood
or misconstrued. This has resulted in the end user (clini-
cian, practitioner, and/or athlete) potentially believing in
the myths as opposed to understanding the facts surround-
ing cryotherapy and its application (Table 3). Ultimately,
the efficacy of any particular cryotherapy intervention is
dependent on the timing and duration of the intervention.
The primary goal of cryotherapy should be to maintain a
reduction in intramuscular temperature for as long as pos-
sible in the immediate stages following both injury and exer-
cise to hinder the proliferation of secondary damage. It is
quite possible that cryotherapy’s potential benefits have been
limited by the short duration of application with traditional
cryotherapy modalities. However, repeated or prolonged
cryotherapy is often impractical, may be poorly tolerated,
and can pose safety concerns. In this regard, recent studies
showing no adverse events indicate that prolonged cooling
with PCM may be a safe and practical alternative to tradi-
tional short duration cryotherapy modalities. Nevertheless,
cryotherapy in any form should not be employed routinely
during normal training as it can hinder training adaptations.
On the other hand, cryotherapy can and should be imple-
mented as a recovery modality when there is inadequate
time for recovery to occur naturally and when subsequent
performance could be impaired. Finally, it is noteworthy that
while cryotherapy is often applied with the goal of reducing
local metabolism and the inflammatory response, there is
insufficient supporting evidence for such an effect to occur
in humans.
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