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Coaches, managers and athletes frequently ask about how they can recover as 
fast as possible from fatigue and improve subsequent performance. Recovery 
from Strenuous Exercise informs students, athletes and practising strength and 
conditioning coaches and performance therapists on how to use the latest 
scientific evidence to inform their recovery practice – particularly during high 
training volumes and competitive cycles. 
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greater confidence, improving their critical thinking, helping them to avoid poor  
practice and enhancing their understanding of what causes fatigue and how its  
effects can be minimised. Recovery from Strenuous Exercise covers many of the  
aspects required to make a highly skilled, confident, knowledgeable personal  
trainer, sports therapist or strength and conditioning coach. It also acts as a recovery  
‘go-to’ guide for competitive recreational athletes who lack the knowledge and  
guidance on optimal recovery protocols used by their professional peers. 

This text serves as a learning and research aid for athletes and those studying 
vocational personal training and sports therapy courses, and those studying 
other courses where recovery modalities form part of their undergraduate and 
postgraduate study, such as strength and conditioning, sports science, sports 
therapy, sports rehabilitation, osteopathy and physiotherapy. 
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Preface 

Recovery from Strenuous Exercise examines the difficulties that athletes and 
coaches face in maximising training load and adaptation while avoiding insuf-
ficient recovery which could lead to maladaptation, loss of performance and pos-
sibly non-functional overreaching or overtraining syndrome (Hecksteden et al, 
2016). Indeed, strength, power, fatigue and endurance in athletes are directly 
affected by muscle status, or the fatigue and recovery state of the muscle. This 
book examines how insufficient recovery from exercise-induced muscle damage 
(EIMD) caused by training impairs performance – likely because of increased 
sense of effort, reduced exercise tolerance, reduced strength and reduced power 
(Lee et al, 2017). The discussion of recovery involves close examination of the 
quantity of force and power decrements, neural deficits, substrate depletion and 
muscle damage induced by resistance exercise stimulus, and the subsequent post-
exercise physiological responses that occur over the next 48 to 72 hours (Kraemer 
et al, 2017). From a practical perspective, a lack of appropriate recovery may 
result in the athlete being unable to train at the required intensity or complete 
the required load at the next training session. However, it should be remem-
bered that ‘recovery’ is an umbrella term, which can be further characterised by 
different modalities of recovery such as regeneration or psychological recovery 
strategies (Kellemann et al, 2018). If we consider resistance exercise, for example, 
recovery requires an integrated response from several physiological systems. The 
inflammatory process involves the immune system, which is highly influenced 
by the endocrine system. Hormone signals play a variety of roles in anabolism 
(tissue growth, substrate restoration and recovery) and catabolism (tissue break-
down and metabolic regulation) (Kraemer et al, 2017). Mechanical strain and 
subsequent skeletal muscle damage resulting from resistance exercise of suffi-
cient volume and intensity produce structural disruptions of the contractile ele-
ments within activated muscle fibres. The outcomes from such events may be 
delayed-onset muscle soreness (DOMS) or impaired physical performance for 
up to several days (Kraemer et al, 2017). Similar events –including increased 
cytosolic calcium, sarcolemmal permeability, muscle fibre oedema, disruption to 
cell structures and resultant soreness and loss of force-generating capacity – result 
from both metabolically and mechanically stressful exercises (White & Wells, 
2013), which can impair the athlete’s performance for several days. Furthermore, 



  

 

Preface ix 

exercise-induced muscle fatigue can occur shortly after the onset of exercise (acute 
muscle fatigue) or after constant high-intensity exercise has been carried out for 
a prolonged period (delayed exercise-induced fatigue). Acute muscle fatigue is 
usually maximal immediately post-exercise. Since muscle fatigue is not accompa-
nied by structural damage to myofibrils and muscle damage can occur without 
exercise inducing it (eg, contusion, excessive stretching, rhabdomyolysis), bio-
markers for both of these conditions must be differentiated (Finsterer, 2012). 
However, Lee et al (2017) made an important point: single biomarkers are not 
definitive for diagnosing broad physiological function such as ‘recovery’ in sport 
and do not allow for precise determination of an individual’s health status, which 
makes research difficult to interpret. From a practical perspective, to combat lev-
els of fatigue and muscle soreness following strenuous exercise, athletes use sev-
eral different modalities. For example, Bezuglov et al (2021) noted that Russian 
track and field athletes commonly use sauna bathing, massage, daytime naps and 
long night sleep as methods of post-exercise recovery (96.7%, 86.9%, 81.0% and 
61.4%, respectively). Sauna bathing and massage were the most common meth-
ods of post-exercise recovery. These and other modalities are explored in detail 
throughout this book. 

Unfortunately, at large-scale events – particularly in para sports – both resources 
and education on recovery still need to be improved. This was demonstrated 
in the 2017 Brazilian paracanoe championships. Thirty-four para-athletes were 
interviewed (Pesenti et al, 2021) on four topics: the athletes’ personal data, 
disability characteristics, sport practice and relationship of performance with 
fatigue and DOMS. The results indicated that 91% of the para-athletes reported 
DOMS and 88% fatigue. However, despite feeling DOMS and fatigue, 70% of 
the para-athletes did not undertake prevention or recovery interventions. 
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Abbreviations and Glossary 

OTS – overtraining syndrome. 
FO – functional over-reaching. 
NFOR – non-functional over-reaching. 
ROS – reactive oxygen species. 
RNS – reactive nitrogen species. 
PRO – protein. 
CHO – carbohydrates. 
NSAIDs – non-steroidal anti-inflammatories (ibuprofen). 
MIF – maximum isometric force. Force exerted by a muscle on an object. 
CWI – cold water immersion. Usually between 8–15°C of partial cold 

water submersion. 
WBC – whole body cryotherapy. In a cold chamber at -110 to -140°C. 
CWT – contrast water therapy. Alternating between hot and cold. 
HBO (T) – hyperbaric oxygen (therapy). 
WBV – whole body vibration. 
CG – compression garments. 
HSP – heat shock protein. Produced by cells in stressful conditions (heat, 

cold). 
HMB (β-hydroxy β-methylbutyrate) – dietary supplement. 
hs-cTn – high-sensitive cardiac troponin. A test to detect levels of troponin. 
Isometric – when muscle tension changes and the muscle length remains the same. 
RM – repetition maximum. The most amount of weight that can be lifted 

for a specific amount of movement, for example 5-RM, is the heavi-
est amount of weight an individual could lift five times without 
stopping. 

LDH – lactate dehydrogenase. This is an enzyme required during the pro-
cess of turning sugar into energy for human cells. 

CK – creatine kinase. Is an enzyme found in muscle and other tissues. 
When muscle damage occurs, CK is released into the blood, there-
fore it is used as a marker to assess muscle damage. 

MVC – maximum voluntary contraction. Used as a measure of strength. 
It is a measure of maximal exertional force or of moment around a 
joint. 



  

 

 
   
 

   
 

 

 

 
 

 

 

 

 

 
 

 
 

 

xii Abbreviations and Glossary 

TNF-a – tumour necrosis factor-alpha. Is a cell signalling protein that indi-
cates systemic inflammation in the acute phase. 

Cortisol – a steroid hormone, produced in the adrenal glands. 
Ca+ – calcium ion. 
K+ – a positively charged potassium ion. 
H+ – hydron ion. 
cTn: Cardiac troponin – found in heart cells. Used as a diagnostic marker 

for myocardial injury. 
EIMD – exercise induce muscle damage. Caused by repetitive eccentric 

(lengthening) muscle contractions. 
DOMS – delayed onset muscle soreness. Discomfort or pain in muscle 24–72 

hours after use which can last 3–7 days. 
BCAA – branch chain amino acids – Leucine, isoleucine, valine. 
TRP – tryptophan. Precursor of serotonin and kynurenine. An essential 

amino acid that produces intense changes in mood and fatigue. 
IGF-1 – Insulin-like growth factor 1. A messenger substance produced in 

the liver which transmits the effects of human growth hormone 
(HGH) to peripheral tissues. 

IL-6 – Interleukin-6. Acts as a pro-inflammatory cytokine and anti-inflam-
matory myokine. And plays an important role on acquired immune 
response by stimulation of antibody production. 

EC – excitation–contraction. The release of calcium to begins, allowing 
cross-bridge formation and contraction. This is coupled to excita-
tion signalling of action potentials from a motor neuron. Starting 
with signalling from the neuromuscular junction and finishes with 
calcium release for muscle contraction. 

GH – growth hormone. Is a small protein that is made by the pituitary 
gland and secreted into the bloodstream. 

HGH: Human growth hormone. 
ATP – adenosine triphosphate. A high energy molecule that provides 

energy to drive many living cells. e.g. muscle contraction, nerve 
impulses. 

Research 

Hypothesis tests are used to test the validity of a claim that is made about a given 
population. The claim that is being investigated is known as the ‘null hypothesis’. 

p values – helps to determine the significance of results. A small p value, for 
example, p≤ 0.05, indicates strong evidence against the null hypothesis, there-
fore, you reject the null hypothesis. Large p values, for example, p>0.05, indicates 
strong evidence against the null hypothesis. 

CI – confidence intervals – how well the sample statistic estimates the under-
lying population. The interval has an associated confidence level which is most 
commonly set at 95%. 

n – the population/sample of a study. 
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1 Overtraining and Overreaching 

Overtraining Syndrome 

To achieve optimal athletic performance and competition readiness, it is cru-
cial to balance the highest appropriate training stimulus with sufficient recovery 
(Lastella et al, 2018). Strenuous exercise is a potent stimulus to induce beneficial 
skeletal muscle adaptations, ranging from increased endurance from mitochon-
drial biogenesis and angiogenesis to increased strength from hypertrophy (Cheng 
et al, 2020). While exercise is necessary to trigger and stimulate muscle adapta-
tions, the post-exercise recovery period is equally critical in providing sufficient 
time for metabolic and structural adaptations to occur within skeletal muscle 
(Cheng et al, 2020). However, the ‘fine line’ between optimal performance and 
sufficient post-exercise recovery is extremely hard to achieve for the highly moti-
vated and competitive athlete. If training loads and intensity persistently increase 
over time without adequate recovery, under-recovery is likely to occur, which 
can then result in overtraining syndrome (OTS) (Kellmann, 2010). This was 
noted in Kreher and Schwartz’s (2012) research paper on OTS. The authors 
discussed a number of common hypotheses of OTS aetiology, including the gly-
cogen hypothesis; the central fatigue hypothesis; the oxidative stress hypothesis; 
the autonomic nervous system (ANS) hypothesis; the hypothalamic hypothesis; 
and the cytokine hypothesis. The symptoms of overtraining include depressed 
mood; general apathy; decreased self-esteem; emotional instability; impaired per-
formance; restlessness; irritability; disturbed sleep; weight loss; loss of appetite; 
increased resting heart rate; increased vulnerability to injuries; hormonal changes; 
and a lack of super-compensation (Kellmann, 2010). There are many similar defi-
nitions and descriptions of OTS. It has also been defined as a form of chronic 
fatigue, burnout and staleness, with an imbalance between training/competition 
versus recovery with training alone, caused by the total amount of stress on the 
athlete, exceeding their capacity to cope and potentially leading to serious health 
problems, including adrenal insufficiency (Brooks & Carter, 2013). Meeusen 
et al (2013) noted that its related states result from a combination of exces-
sive overload in training stress and inadequate recovery, leading to acute feelings 
of fatigue and decreases in performance. Similarly, Bandyopadhyay et al (2012) 
described OTS as a condition in which the adaptive mechanisms of athletes are 
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stressed, diminishing the capacity to maintain a balance between exercise and 
recovery. In addition, Kreher (2016) defined OTS as a condition of maladapted 
physiology in the setting of excessive exercise without adequate rest. 

Current data implicates reactive oxygen and nitrogen species (see page 71) 
and inflammatory pathways as the most likely mechanisms contributing to OTS 
in skeletal muscle (Cheng et al, 2020). Bandyopadhyay et al (2012) explained 
that training leads to trauma, which leads to a local inflammatory process and 
the release of cytokines. Cytokines are basically like messengers which transfer 
information from cell to cell; when they are found in increased concentrations 
in the blood, they can transfer information around the whole body, having a 
more systemic effect. There are various types of cytokines, with some having pro-
inflammatory properties and others having anti-inflammatory properties. Three 
important pro-inflammatory cytokines are interlukin-1 beta (IL-1β), interlukin-6 
(IL-6) and tumour necrosis factor (Bandyopadhyay et al, 2012). The increase 
in inflammatory cytokine production – including IL-1β, IL-6 (which may not 
be inflammatory in certain situations), IL-10 and tumour necrosis factor alpha 
(TNF-α) – in the resting period of endurance athletes may indicate overtraining. 
However, studies assessing this situation throughout longer periods of time are 
virtually absent, and athletes with OTS who present normal levels of cytokines are 
frequently observed (Savioli et al, 2018). 

The hypothalamic-pituitary-adrenal axis is highly involved in the body’s short-
term and long-term response to stress. Other hormones related to the stress 
response include corticotropin-releasing hormone and adrenocorticotrophic hor-
mone (ACTH) (Brooks & Carter, 2013). In cases of adrenal depletion, these 
hormones are often found to be in short supply (in the early stages of adrenal 
stress); or they can be found to be abnormally high (Brooks & Carter, 2013). 
ACTH causes the outer cortex of the adrenal gland to increase in size and to 
release cortisol. This was also demonstrated by Buyse et al (2019), who con-
cluded from their training optimisation test that ACTH and prolactin responses 
proved to be the most sensitive markers to discriminate between non-functional 
overreaching and OTS. This aligns with the ANS hypothesis: some authors sug-
gest that there is parasympathetic predominance over the sympathetic nervous 
system, with decreased adrenal activity associated with increased ACTH levels 
(Savioli et al, 2018). However, catecholamine measurements in some athletes – 
especially those performed at night – have provided evidence against this hypoth-
esis (Savioli et al, 2018). Nonetheless, Poffé and colleagues (2019) stated that 
they were able to provide preliminary evidence that growth/differentiation fac-
tor 15 may be a valid hormonal marker of overtraining, despite attempts to use 
hormonal markers of overtraining – such as ACTH, cortisol, growth hormone, 
thyroid hormones and prolactin – generally failing. 

In a study of 51 men (39 athletes), Cadegiani and Kater (2019) reported that 
OTS was typified by increased estradiol, decreased testosterone, overreaction of 
muscle tissue to physical exertion and immune system changes, with decondition-
ing effects of the adaptive changes. The authors summarised that OTS affects the 
immunologic, musculoskeletal and adrenergic systems, as well as likely increasing 
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aromatase activity; however, their study did not result in inflammatory changes, 
as shown on the basic inflammatory panel. The authors went on to suggest that 
OTS is likely triggered by multiple factors – not restricted to excessive training 
– resulting from chronic energy deprivation, leading to multiple losses in the con-
ditioning processes typically observed in healthy athletes, through a combination 
of ‘paradoxical deconditioning’ processes. This explains the gradual and marked 
loss of physical conditioning found in OTS. 

Another popular theory suggested as a cause for OTS is the relationship 
between tryptophan (TRP) and branched-chain amino acids (BCAAs) (described 
in greater detail on pages 12 and 57). TRP – an essential amino acid and precur-
sor to serotonin – competes directly with BCAAs (leucine, isoleucine and valine) 
across the blood brain barrier (Heijnen et al, 2016). Physical exercise decreases 
BCAA amounts due to oxidation, allowing the influx of TRP into the brain and 
increasing serotonin concentration (Savioli et al, 2018). Therefore, the ratio 
of free TRP to BCAAs is a stronger marker of fatigue than individual amino 
acid concentration alone (Paris et al, 2019). This extreme increase in serotonin 
induces a state of fatigue, mood swings and sleep disorders (Savioli et al, 2018). 

Of interest, Cadegiani and Kater (2018) noted that decreased sleep quality, 
increased duration of work or study, and decreased calorie, carbohydrate and 
protein intakes worsened mood states, reduced hydration and increased body fat 
in OTS-affected athletes. Other reported symptoms include fatigue; unrefresh-
ing sleep; ill-defined malaise; loss of ambition; increased fear and apprehension; 
scattered thinking; decreased concentration and memory; ‘short fuse’; hypogly-
caemia symptoms; sugar cravings; slow recovery from illness; allergies or autoim-
mune disease; increased achiness or arthritis; nausea or lack of appetite in the 
morning; excessive consumption of caffeine or other stimulants; a tendency to 
feel best towards evening; and a decreased sex drive (Brooks & Carter, 2013). 
All of this makes OTS detrimental to an athlete’s ability to train and compete at 
an optimum level. 

To ensure adequate recovery, Kreher (2016) recommended keeping a train-
ing log and measuring easy physiologic markers such as weight, morning heart 
rate and maximal heart rate. Morning heart rate may help to signal excessive 
catecholamines, increased sympathetic tone or loss of parasympathetic tone. In 
addition, the author suggested, sleep disturbances can be a cause or effect of 
impaired mood, both of which can also be a cause or effect of overreaching (sleep 
is discussed in Part 3). However, given the unethical nature of inducing OTS in 
athletes and uncertain pathogenesis, there are no evidence-based means of pre-
venting OTS (Kreher & Schwartz, 2012). 

Overreaching 

Synonyms reported in the scientific literature around overreaching include stale-
ness; burnout; failure adaptation; under-recovery; training stress syndrome; 
unexplained underperformance syndrome; muscle failure syndrome; and exces-
sive exercise (Kreher, 2016). As with overtraining, a number of authors have 
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attempted to define ‘overreaching’, including Bandyopadhyay et al (2012), who 
described it as the phase just prior to overtraining, which can require two days to 
two weeks of recovery time. In Meeusens et al’s (2013) lengthier description, the 
authors noted the whole spectrum of underperformance conditions, including: 
(i) functional overreaching (FOR), when there is a very short-term decrement 
in performance (a few days to a few weeks) and ‘supercompensation’ (improve-
ment in performance) after recovery; (ii) non-functional overreaching (NFOR), 
when performance worsens for a slightly longer period (between weeks and 
months), and a full recovery is observed after a proper recovery period (although 
the previous performance capacity is not always re-established); and OTS, when 
a long-term (usually several months, but potentially indefinite) decrement in 
performance capacity allied to psychological symptoms is seen. Other authors 
have defined ‘overreaching’ as a state of excessive volume or intensity of exercise 
resulting in decreased sport-specific athletic performance; when training loads 
reach an athlete’s individual ‘tipping point’, they can be considered ‘overtrained’ 
or ‘overreached’ (Kreher, 2016). Overload training is required for sustained 
performance gain in athletes (FOR). However, excess overload may result in a 
catabolic state which causes performance decrements for between weeks (NFOR) 
and months (OTS). If, after 14 days of total rest or training reduction of at least 
20%, the athlete cannot return to the expected performance level, NFOR might 
be diagnosed (Birrer, 2019). It is difficult to distinguish between NFOR and 
OTS. The signs and symptoms of each are often identical; but OTS typically 
presents with abnormal physiology, more severe symptoms and a longer dura-
tion of decreased performance (more than two months) (Birrer, 2019). The time 
course of the decrement in performance and subsequent restoration, or super-
compensation, has been used to distinguish between the different stages of the 
fitness-fatigue adaptive continuum – that is, FOR, NFOR and OTS (Meeusen 
et al, 2006). Here the authors also described FOR as a temporary decrement in 
performance that results from a short period of overload training, which may lead 
to a supercompensation effect following a recovery period lasting days to weeks; 
and NFOR as a state of extreme overreaching that can result from continued 
extended periods of overload training, leading to a stagnation or decrease in 
performance for several weeks or months. However, no reliable biomarkers cur-
rently exist to identify athletes in various training states, including FOR, NFOR 
and OTS (Nieman et al, 2018). 

The aim of Siegl et al’s (2017) study was to determine whether a non-invasive 
submaximal running test could reflect a state of overreaching. Fourteen trained 
runners completed a non-invasive Lamberts submaximal running test one week 
before and two days after finishing an ultramarathon. Delayed onset of muscle 
soreness scores and a daily analysis of life demands (DALD) for athletes question-
naire were also captured. After the ultramarathon, submaximal heart rate was 
lower, at 70% (−3 beats) and 85% of peak treadmill running speed (p<0.01). 
Ratings of perceived exertion were higher, at 60% (2 units) and 85% (one unit) 
of peak treadmill running speed; while 60-second heart rate recovery was signifi-
cantly faster (7 beats; p<0.001). Delayed onset of muscle soreness scores and the 
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number of symptoms of stress (DALD for athletes) were also higher after the 
ultramarathon (p <0.01). The authors concluded that the Lamberts submaximal 
running test can reflect early symptoms of overreaching. In another study, in 
which 114 female Chinese wrestlers were followed over an eight-year period, 
there were 13 instances of FOR (3.6%), 23 instances of NFOR (6.4%) and two 
instances of OTS (0.6%). The study indicated that diagnostic sensitivity for FOR 
was 38%, 15%, 45% and 18% for creatine kinase (CK), haemoglobin, testosterone 
and cortisol, respectively. The diagnostic sensitivity for NFOR was 29%, 33%, 
26% and 35% for CK, haemoglobin, testosterone and cortisol, respectively. The 
researchers concluded that blood variables such as CK, haemoglobin, testosterone 
and cortisol are not useful markers for the early detection of overreaching (Tian 
et al, 2015). Siegl et al (2017) suggested that physiological markers appear to be 
a more reliable predictor of overreaching than blood markers. Furthermore, in a 
recent review article, Bellinger (2020) demonstrated that FOR may be associated 
with various negative cardiovascular, hormonal and metabolic consequences and 
dampened training adaptations, as compared to non-overreached athletes who 
completed the same training programme or adopted the same relative increase 
in training load. Those athletes with coping inadequacy will also react with 
decreased vigour. A maladaptive behavioural response is further characterised by 
ignorance or denial of the signs of a stress-recovery imbalance or an inability to 
react adequately to the stress situation. Therefore, athletes who find themselves 
underperforming may be tempted to compensate for their poor performance by 
training more often and more intensely (Birrer, 2019). 

When targeting a panel of post-FOR chronically expressed proteins, Nieman 
et al (2018) found that 13 of 593 identified proteins did not increase acutely 
post-exercise but increased on the morning of the first and/or second day of 
recovery. STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) 
protein-protein interactions showed that most of these proteins were involved in 
the immune defence response, including the acute phase response, complement 
activation and humoral responses mediated by circulating immunoglobulins. In 
addition, the authors found that myeloperoxidase (MPO) rose strongly on the 
second day of recovery from the three-day period of intensified exercise (MPO is 
a lysosomal protein stored in azurophilic granules of the neutrophil and released 
into the extracellular space during degranulation). 



 
 
 

 
 

 
 
 
 
 

  

 

2 Fatigue 

Figure 2.1 Serina Italia, 2019 – an extreme 50-kilometre race in the Bergamo Alps 

Optimal recovery from strenuous and fatiguing exercise is the holy grail for ath-
letes, coaches and sports and exercise professionals. However, before we can inves-
tigate how to recover, we need to understand the physiology of how fatigue affects 
athletes. It has been proposed (Tianlong & Sim, 2019) that the main reasons for 
post-exercise fatigue are insufficient storage of nutrients, difficulty in neurotrans-
mission and accumulation of metabolites secondary to energy metabolism. For 
example, the depletion of glycogen results in a reduction in the rate of adenosine 
triphosphate (ATP) regeneration. As a consequence, the muscle is unable to main-
tain an adequate global energy supply to one or more of the processes involved in 
excitation and contraction, leading to an inability to translate the motor drive into 
an expected force – in other words, fatigue (Ørtenblad et al, 2013). There have 
been many other well-documented definitions of what constitutes fatigue over 
the years. For example, fatigue is generally quantified as a decrement in maximal 
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isometric strength that develops soon after exercise onset (Mira et al, 2017); or as a 
decreasing force production during muscle contraction despite constant or increas-
ing effort (Baker et al, 2010). The attribute of perceived fatigability is derived from 
the initial value and the rate of change in sensations that regulate the integrity of 
the performer based on the maintenance of homeostasis and the psychological 
state of the individual (Enoka & Duchateau, 2016). In fact, the term ‘fatiguabil-
ity’ has been defined as ‘a rate of loss of muscle force over time… an interactive 
determinant of the state of fatigue versus rested’ (Finsterer, 2012). Its underly-
ing mechanisms may originate at any level of the motor pathway and are usually 
divided into central and peripheral sites of failure (Mira et al, 2017). It has tradi-
tionally been attributed to the occurrence of a ‘metabolic endpoint’, where muscle 
glycogen concentrations are depleted, plasma glucose concentrations are reduced 
and plasma free fatty acid levels are elevated (Meeusen et al, 2006). Dantzer et al 
(2014) described two dimensions of fatigue: ‘I cannot do it, I am exhausted’ ver-
sus ’I do not feel like doing it, it is not worth it’. The first dimension is relatively 
easy to characterise, as it is usually associated with obvious physical signs. The 
second dimension is more difficult to characterise and is usually referred to as 
‘central fatigue’ (described on page 11). Fatigue and recovery are characterised by 
a combination of factors involving mechanisms from the central nervous system 
to the muscle cell itself. Therefore, practically, in this regard, a change in players’ 
specific (on-court) performance represents the most relevant marker for differen-
tiation between fatigued and recovered athletes (Wiewelhove et al, 2015). 

Taking tennis as an example, it is not uncommon – particularly during Grand 
Slam events – for singles matches to last for five hours, separated by as little as 
48 hours’ recovery (less if the player is also competing in a doubles tournament). 
Therefore, players have inadequate time to recover and may start their next match in 
a fatigued state. In a study of senior county tennis players conducted by Davey et al 
(2002), groundstroke hitting accuracy decreased by 69% from start to volitional 
fatigue in an intermittent test (p<0.01) (n=18/9 males, 9 females), and service 
accuracy declined by 30%. The results of this study suggest that fatigue was accom-
panied by a decline in some but not all tennis skills. However, Reid and Duffield 
(2014) concluded that it is unclear whether fatigue in tennis manifests in changes 
to locomotion, technical proficiency or cognitive performance; and further, that the 
physiological state of players at the culmination of a match (or tournament) and 
residual effects for ensuing competition also remain difficult to define in the context 
of fatigue. Poignard et al (2020) reported that during training (which is likely to 
be of lower duration and intensity than a competitive match), 86.3% of the profes-
sional tennis players recruited in their study (n=35) used a combination of two to 
five recovery modalities, with 69.2% of players using two or three modalities. This 
demonstrates that tennis players seek to combat fatigue by using recovery modalities 
following practice and competitive matches, in order to ‘feel’ recovered (recovery 
modalities are discussed in Parts 2 and 3). However, Carling et al (2018) stated that 
in professional football, to their knowledge, there is no evidence that incomplete 
physical, physiological and/or psychological recovery status causes players to under-
perform in ensuing match play. This would indicate that fatigue is a psychological 



  

   
 
 
 
 
 

    
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

10 The effects of strenuous exercise 

concept or that players have enough time to recover between matches. In con-
trast, Wiewelhove et al (2015) observed that countermovement jump (CMJ) per-
formance, creatine kinase (CK) activity and muscle soreness (p<0.05) were still 
changed 74 hours after a football match, whereas sprint performance had already 
returned to baseline level five hours after the match. This would indicate that 
although players can still perform again within a relatively short space of time (five 
hours), they will probably do so with a level of muscular discomfort and not at their 
best. When longer recovery periods are allowed, it appears that there are no adverse 
effects on aerobic fitness and performance (seven days after a marathon race, com-
pleted in three hours, 36 minutes 20 s±41 minutes 34 seconds). However, some 
of the main symptoms of fatigue – exercise-induced muscle damage (EIMD) and 
delayed onset muscle soreness (DOMS) – are likely to occur (Takayama et al, 2017) 
(further information on EIMD and DOMS can be found on page 12). 

Perhaps of greater concern for some athletes, it has been shown that fatigue can 
lead to alterations in neuromuscular coordination patterns that could potentially 
increase injury risk (Hassanlouei et al, 2012; Huygaerts et al, 2020). Small et al (2009) 
similarly hypothesised that fatigue during the latter stages of football match play may 
cause an increased predisposition to hamstring strain injury by negatively altering the 
biomechanics of sprinting in relation to muscle flexibility, muscular strength or body 
mechanics. Other studies have demonstrated an increased risk in anterior cruciate 
ligament injuries (Kernozek et al, 2008; Mclean & Samorezov, 2009; Ortiz et al, 
2010; Thomas, et al, 2010) and reduced muscle activation patterns when athletes 
are fatigued (Dingwell et al, 2008; Kellis & Liassou, 2009; Hassanlouei et al, 2012); 
although this has been refuted (Barber-Westin & Noyes, 2017). 

Types of Fatigue 

Describing ‘central fatigue’ as distinct from ‘peripheral fatigue’ is one way to under-
stand the underlying neural and behavioural concomitants of fatigue (Leavitt & 
De Luca, 2010). Within the scientific community, the terms ‘central fatigue’ and 
‘peripheral fatigue’ are frequently used. However, they mutually influence each other 
and exercise performance is limited by a combination of factors (Meeusen et al, 
2006). Exercise-induced muscle fatigue has been shown to be the consequence of 
peripheral factors that impair muscle fibre contractile mechanisms. Factors arising 
within the central nervous system have also been hypothesised to induce muscle 
fatigue; but no direct empirical evidence that is causally associated to a reduction in 
muscle force-generating capability has yet been reported (Contessa et al, 2016). In 
another explanation, Carroll et al (2017) suggested that sustained physical exercise 
leads to a reduced capacity to produce voluntary force which typically outlasts the 
exercise bout. This fatigue can be due both to impaired muscle function – termed 
‘peripheral fatigue’ – and to the reduced capacity of the central nervous system to 
activate muscles, termed ‘central fatigue’. The term ‘peripheral fatigue’ is typically 
used to describe force reductions due to processes distal to the neuromuscular junc-
tion; whereas force reductions due to processes within motoneurons and the central 
nervous system are commonly known as ‘central fatigue.’ According to Enoka and 
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Duchateau’s (2016) previously mentioned ‘fatiguability’ theory, in this proposed 
definition, fatigue is a single entity that does not need to be modified by an accom-
panying adjective (eg, ‘central fatigue’, ‘mental fatigue’, ‘muscle fatigue’, ‘peripheral 
fatigue’, ‘physical fatigue’ or ‘supraspinal fatigue’). The literature on fatigue would be 
more coherent, the authors argued, if the practice were to state the primary outcome 
variable and describe how it was influenced by the protocol, without suggesting that 
the study examined a particular type of fatigue. 

Central Fatigue 

Despite Enoka and Duchateau’s (2016) suggestion that fatigue is a single entity, 
the origin of fatigue in this book has been discussed separately. Indeed, Kavanagh 
et al (2019) defined ‘central fatigue’ as a progressive exercise-induced reduction 
in voluntary activation of a muscle or muscle group. It represents a decline in the 

Figure 2.2 Central fatigue 



  

 
 
 
 

 
 

 

 
 
 

 
 
 
 

  

12 The effects of strenuous exercise 

ability of the nervous system to drive the muscle maximally as fatigue develops. 
This agrees with the definition of Sharples et al (2016), who also stated that 
central fatigue is a progressive reduction in the ability of the central nervous sys-
tem to maximally activate muscle. Furthermore, Filho et al (2019) stated that in 
central fatigue, there are neuromuscular junction faults as a result of the neural 
signal alteration that reaches the muscle, as well as other aspects, such as increased 
potassium ions, hydrogen ions, inorganic phosphate, bradykinin, prostaglandin, 
ammonia and decreased plasma glucose, muscle and liver glycogen, hyperaemia, 
plasma tryptophan and 5-hydroxytryptophan. 

As previously mentioned (Kreher, 2016; Savioli et al, 2018), it has been noted 
that tryptophan (TRP) could play a role in triggering central fatigue as a result of 
overtraining (Yamashita, M, 2020). This was explained in great detail by Meeusen 
et al (2006), who indicated that serotonin is unable to cross the blood-brain barrier 
and cerebral neurons are thus required to synthesise it for themselves. TRP is the pre-
cursor for the synthesis of serotonin and increased TRP availability to the serotoner-
gic neurons results in an increase in cerebral serotonin levels, because the enzyme that 
converts TRP to serotonin (tryptophan hydroxylase) is not saturated under normal 
physiological conditions. However, Paris et al’s (2019) study showed no contribu-
tion of free-TRP and branched-chain amino acids (BCAAs) to fatigue development; 
therefore, the authors questioned the relevance of the serotonin-fatigue hypothe-
sis (under their conditions). Contrary to this, the supplementation of BCAAs has 
demonstrated positive results in alleviating central fatigue in swimmers (Hsueh et al, 
2018), taekwondo participants (Chen et al, 2016), handball athletes (Chang et al, 
2015) and long-distance runners (AbuMoh’d et al, 2020). Furthermore, in a sys-
tematic review and meta-analysis, Hormoznejad et al (2019) revealed that BCAA 
ingestion can play a beneficial role in enhancing exercise performance; that said, 
the authors observed no beneficial effect on central fatigue. Although not found in 
Hormoznejad et al’s (2019) research, restoring the free TRP and BCAA balance has 
been well documented and is covered in greater detail on page 57. 

Carroll et al (2017) explained that following brief high-intensity exercise, 
there is typically a rapid restitution of force due to recovery from central fatigue 
(typically within two minutes). Complete recovery of muscle function may be 
incomplete for some hours, however, due to prolonged impairment in intracel-
lular calcium ion release or sensitivity. The authors further stated that follow-
ing low-intensity exercise of long duration, voluntary force typically shows rapid 
partial recovery within the first few minutes, due largely to recovery of the cen-
tral neural component. In fact, the ability to voluntarily activate muscles may 
not recover completely within 30 minutes of exercise, and aspects of peripheral 
fatigue (see below) associated with excitation-contraction (EC) coupling and 
reperfusion of muscles are typically resolved within three to five minutes. 

Peripheral Fatigue 

As with central fatigue, a number of authors have detailed their own (similar) 
definitions of ‘peripheral fatigue’ (Froyd et al, 2013; Zając et al, 2015; Carroll 
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et al, 2017; Hormoznejad et al, 2019). For example, Froyd et al (2013) stated 
that fatigue occurring in the muscle itself (eg, build-up of end products of metab-
olism, alterations in EC coupling, reduced efficiency of neuromuscular transmis-
sion) is often referred to as ‘peripheral fatigue’. Furthermore, according to Zając 
et al (2015), studies indicate that peripheral fatigue appears when energy stores 
are depleted, by-products accumulate or muscle contractile mechanisms are 
impaired in response to exercise. This agrees with the findings of Hormoznejad 
et al (2019). In their systematic review and meta-analysis, the authors similarly 
identified several biochemical factors as causes of peripheral fatigue, including 
depletion of phosphocreatine (PCr), depletion of muscle glycogen and accumu-
lation of protons. Froyd et al (2013) added that the contribution of peripheral 
fatigue to the diminution of maximal voluntary contractions (MVC) is measured 
by the alteration in mechanical response of the muscle elicited by electrical or 
magnetic stimulation of the nerves of the muscles that were active during exer-
cise. Perhaps more importantly, from a practical perspective, most of the decrease 
in muscle function occurs within the first 40% of the exercise bout, and substan-
tial recovery in muscle function occurs within one to two minutes of exercise 
termination. Furthermore, Filho et al’s (2019) mini review indicated evidence 
of peripheral mechanisms pointing to changes in the neuromuscular junction 
and the muscle fibre membrane (sarcolemma), leading to a marked decrease in 
the mechanisms of ATP production, which to a certain extent hinders the con-
nection between myosin and actin. The authors explained that the result is a 
type of fatigue, together with the combined accumulation of muscle metabo-
lite sub-products such as extracellular potassium ions, hydrogen ions, adenosine 
diphosphate, inorganic phosphate ions, magnesium ions and lactate, as well as 
the formation of reactive oxygen species; a decrease in the resting potential of the 
membrane and in ATP and PCr production; and changes in the calcium pump of 
the sarcoplasmic reticulum. 

From a practical viewpoint, in a study of 18 half-marathon runners, both male 
and female, presented with a small amount of peripheral fatigue, as indicated 
by a decrease in the double twitch amplitude of about 6-8%, the maximal force 
showed a small decrease (≈11%) in both groups (Boccia, et al, 2018). This led 
the authors to speculate that in their study, the failure of EC coupling was the 
main contributor to peripheral fatigue. By contrast, Amann et al (2013) reported 
that the limiting effect of peripheral muscle fatigue and associated afferent feed-
back on endurance exercise performance is apparently achieved by restricting 
the output of spinal motoneurons to the working skeletal muscle. The authors 
observed that the processes determining the sensory tolerance limit, and thus the 
termination of exercise, might include the magnitude of both muscle afferent 
feedback and central motor drive. The study suggested that peripheral fatigue 
and the associated intramuscular metabolic disturbances compromise high-
intensity endurance performance independent of the well-known fatigue-related 
changes, distal to the neuromuscular junction, that attenuate the response of 
muscle to neural activation. In addition, Hecksteden et al (2016) studied com-
petitive cyclists (representing high-volume endurance training; n =28), team 
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sport players (representing intermittent, high-intensity load; n =22), and strength 
athletes (n=23). They concluded that the most promising blood-borne indi-
cators of fatigue are urea and insulin-like growth factor 1 (IGF-1). IGF-1 is a 
messenger substance produced in the liver which transmits the effects of human 
growth hormone to peripheral tissues and mimics the pro-anabolic and blood 
glucose-lowering effects of insulin for endurance training (cycling) and CK (mus-
cle fibre damage resulting in leakage of the enzyme CK from the sarcoplasm into 
the blood stream) for high-intensity interval training (HIIT) (team sports) and 
strength training, respectively. However, even within these parameters, the inter-
individual variability of measured values and fatigue-induced changes is consider-
able. The difference between upper and lower-limb fatigue presented different 
magnitudes of total, central and peripheral fatigue in a study by Vernillo et al 
(2018). The authors’ within-subject designed study concluded that total neu-
romuscular fatigue and central fatigue were greater in the knee extensors (KE) 
than in the elbow flexors (EF). Conversely, peripheral fatigue and corticospinal 
inhibition were greater in EF than KE. Decreases in MVC and cortical voluntary 
activation were approximately 12% (p <0.001) and approximately 25% greater 
(p =0.04) in KE than EF at the end of the two-minute MVC. A significant reduc-
tion in all indices of peripheral fatigue was observed right after the first sprint in a 
study by Hureau et al (2016). During the first six sprints, the gradual increase in 
peripheral fatigue was coincident with moderate central fatigue, suggesting that 
peripheral fatigue per se was the main contributor to the observed decrease in 
power output and in quadriceps force during the first sprints. The authors posited 
that their research better characterises the link between the reduction in per-
formance and the increase in muscle fatigability during repeated all-out cycling 
sprints. Furthermore, their findings support the hypothesis that power output 
and central motor drive during repeated all-out cycling sprints are restrained in 
order to prevent excessive locomotor muscle fatigue. 

Mental/Cognitive Fatigue 

The brain uses the symptoms of fatigue as key regulators to ensure that exercise 
is completed before harm develops (Noakes, 2012). These sensations of fatigue 
are unique to each individual and are illusionary, since their generation is largely 
independent of the real biological state of the athlete at the time they develop 
(Noakes, 2012). However, it is claimed that cognitive fatigue affects subsequent 
physical performance by inducing energy depletion in the brain, depletion of 
brain catecholamine neurotransmitters or changes in motivation (McMorris et al, 
2018). A review conducted by Pageaux and Lepers (2018) (29 studies) pre-
sents strong experimental evidence that mental fatigue does impair sport-related 
performance. However, the authors noted that – contrary to endurance perfor-
mance, motor skills performance and decision-making performance – maximal 
force production is not altered by mental fatigue. This important observation sug-
gests that the negative impact of mental fatigue on sports-related performance is 
confined to any exercise involving regulation of the athlete effort over time. This 
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agrees with the findings of Van Cutsem et al (2017), who included 11 articles 
in their systematic review of the effects of mental fatigue and performance. Their 
general findings demonstrated a decline in endurance performance (decreased 
time to exhaustion and self-selected power output/velocity or increased comple-
tion time) associated with a higher-than-normal perceived exertion. Physiological 
variables traditionally associated with endurance performance (heart rate, blood 
lactate, oxygen uptake, cardiac output, maximal aerobic capacity) were unaffected 
by mental fatigue. Additionally, maximal strength, power and anaerobic work 
were not affected by mental fatigue. Noakes’ (2012) unproven hypothesis sug-
gests that in the case of a close finish, physiology does not determine who wins. 
Rather, somewhere in the final section of the race, the brains of the second and 
lower-placed finishers accept their respective finishing positions and no longer 
choose to challenge for a higher finish. Once each runner consciously accepts 
their finishing position, the outcome of the race is decided. So just as a single 
athlete must ‘decide’ to win, so too must the rest of the top finishers decide the 
opposite – specifically, that they are not going to win. 

A two-bout exercise protocol (two maximal exercise bouts separated by 
four hours) was developed (Virjkotte et al, 2018) to diagnose non-functional 
overreaching and overtraining syndrome (OTS). The results of this study revealed 
that neither physical nor cognitive performance was affected by mental fatigue, 
but subjective ratings did highlight significant differences. By contrast, Moore 
et al (2012) reported that the effects of exercise-induced fatigue may be task spe-
cific, with greater effects on perceptual tasks which involve relatively automatic 
processing compared to effortful memory-based tasks. Furthermore, by integrat-
ing experimental results from different exercise modes published by different 
researchers, Pageaux and Lepers’ (2016) review provided evidence that fatigue 
induced by prior physical or mental exertion impairs subsequent endurance per-
formance. While impairments in endurance performance are not associated with 
a common physiological alteration, perceived exertion seems to be the common 
variable altered by fatigue. 

Monitoring Fatigue 

The psychology of perceptual fatigue from strenuous exercise, where athletes 
are usually in an overreached and overtrained state, has been studied primar-
ily through the use of surveys. The Recovery-Stress Questionnaire for Athletes 
(RSQA) (Kellmann & Kallus, 2001) and the Profile of Mood States (POMS) 
(McNair et al, 1981) are mentioned extensively in the literature. However, the 
RSQA is a 77-item questionnaire and the POMS is a 65-item questionnaire, 
which limits their widespread implementation. Another potential screening 
tool to assist in preventing OTS could be tests of psychomotor speed. While 
many conditions may show impairment in psychomotor speed tests, if followed, 
prospective psychomotor speed could offer predictive value in potentially over-
reached athletes (Kreher, 2016). A study by Ten Haaf et al (2017) demon-
strated that easily measurable symptoms can be monitored to identify functional 
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overreaching (FOR) after only three days of cycling. In the authors’ study, moni-
toring changes in fatigue and readiness to train using simple visual analogue scales 
had the highest predictive power to identify FOR, with cumulative fatigue more 
relevant than day-to-day perceived exertion. Furthermore, over the last 15 years, 
wearable fatigue monitoring devices have become increasingly popular, including 
the use of GPS (time-motion analysis) systems which are used to assess (dynamic 
stress) load, fatigue (index) and player movement patterns (Higham et al, 2012; 
Buchheit et al, 2015; Burgess, 2017; Beato et al, 2019). 

Conclusions 

In brief summary, athletes need to train just under the level of the overreached 
state to continually improve, to induce beneficial skeletal muscle adaptations such 
as increased endurance due to mitochondrial biogenesis and angiogenesis, and to 
increase strength from hypertrophy (Cheng et al, 2020). From a physiological 
perspective, substantial (ultra-) structural muscle damage from strength training 
or HIIT (supported by the large increase in CK) may lead to more time-consum-
ing repair processes as compared to endurance training. However, it should be 
kept in mind that muscular damage is only one aspect of strain and fatigue, and 
other aspects – such as vegetative balance, anabolic-catabolic balance and psycho-
logical alterations – may play a role in the overall need for recovery (Hecksteden 
et al, 2016). There is little doubt that fatigue as a result of overtraining, over-
reaching and under-recovery is derived from a number of sources – including, but 
not limited to, PCr and glycogen depletion (Hormoznejad et al, 2019); and the 
autonomic nervous system hypothesis – some authors suggest there is parasympa-
thetic predominance over the sympathetic nervous system, with decreased adrenal 
activity associated with increased adrenocorticotropin hormone levels (Brookes 
& Carter, 2013; Savioli et al, 2018; Buyse et al, 2019) as a result of a reduction 
in dopaminergic activity (Meesuen et al, 2006; Foley & Fleshner, 2008). The 
serotonin/free TRP/BCAA theory (mentioned in the work of Chang et al, 2015; 
Chen et al, 2016; Hsueh et al, 2018; AbuMoh’d et al, 2020) has also been cited 
as a cause of fatigue. In addition, impairment in intracellular calcium ion release 
or sensitivity (Carroll et al, 2017; Place, 2021), alterations in the EC coupling 
system (Froyd et al, 2013; Boccia et al, 2018; Place, 2021), energy depletion 
in the brain and depletion of brain catecholamine neurotransmitters (McMorris 
et al, 2018) all lead to physiological or perceptual fatigue. This must be individu-
alised, as strength and endurance-based sports and sports which emphasise upper 
or lower body, as indicated by Vernillo et al (2018), all place different stresses 
on human physiology. Coupled with each individual’s lifestyle strategies for cop-
ing with stress and anxiety, motivation, adherence to a healthy diet and sleep 
quality and quantity, this makes it difficult to strike a balance between training 
load, competition and recovery. It should not be forgotten that the use of physi-
ological and psychological markers is of great benefit. This was the case in Raeder 
et al’s (2016) study, where CMJ, multiple rebound jump, CK, DOMS, physical 
performance capability and stress represented potentially useful surrogate markers 
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for assessment of fatigue and recovery – as was evident by significant changes 
to these markers both after the training period and after three days of recovery, 
which were consistent with the changes in estimate of one repetition maximum. 
Therefore, questionnaires and physical performance tests are both required for a 
comprehensive ‘fatigue assessment’. 



 

 

 

3 The Immune System 

Figure 3.1 Immune system 

Different sports feature deep differences in pathogen exposures (eg, water sports 
versus land sports) and in the environments where they take place (eg, winter 
and mountain sports versus hot environment sports) (Cicchella et al, 2021). In 
addition, repeated exercise bouts or intensified training without sufficient recov-
ery may increase the risk of illness (Peake et al, 2017). Indeed, athletes – who 
are considered healthier than the normal population – are prone to infections of 
the respiratory tract, due to lowering of the immune system following heavy ses-
sions (Cicchella et al, 2021). Lancaster and Febbraio (2016) likewise observed 
a marked alteration in the proportions of circulating immune cells in the post-
exercise recovery period, with several immune cell populations decreasing to 
below pre-exercise levels. This was further highlighted by Jin et al (2015). The 
authors recruited ten male volunteers who performed a submaximal endurance 
or resistance exercise with 85% of maximal oxygen uptake (VO2 max) or 1-repeti-
tion maximum until exhaustion. The study revealed that exhaustive endurance or 
a resistance exercise with submaximal intensity caused excessive physical stress, 
intracellular oxidative stress and post-exercise immunosuppression, suggesting 
that excessive physical stress induces temporary immune dysfunction via physical 
and oxidative stress. Readers with a specific interest in the immune system and 
resistance training are directed to the work of Freidennreich and Volek (2012) 
for further detail. 
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As previously mentioned, it is traditionally believed that following strenuous 
exercise, the athlete’s immune system is compromised. This is due to some cell 
signalling cascades being activated, giving rise to a complex process of phos-
phorylation/dephosphorylation that culminates in the activation of transcription 
factors, translation of messenger RNAs, protein synthesis and cell proliferation 
(Terra et al, 2012). More specifically, high-intensity activities cause increases 
in concentrations of anti-inflammatory cytokines (Th2 pattern), presumably to 
reduce damage to muscular tissue resulting from inflammation; although it may 
result in increased susceptibility to infections (Terra et al, 2012). Cortisol, a glu-
cocorticoid hormone, has gained prominence over several decades as a biomarker 
of stress from physical or psychological stimuli (Powell et al, 2015). Indeed, 
Anderson et al’s (2016) study of 12 endurance-trained males revealed that fol-
lowing an exhaustive exercise bout, 48 hours of recovery may be required for 
cortisol to return to baseline values and testosterone may require up to 72 hours 
of recovery. Furthermore, cortisol and testosterone appear to be correlated only 
immediately post-exercise, although the ratio of these two hormones may follow 
an oscillating response. This becomes relevant as cortisol works antagonistically 
to testosterone, inhibiting protein synthesis by interfering with testosterone’s 
binding to its androgen receptor and by blocking anabolic signalling through 
testosterone-independent mechanisms. When chronically elevated, cortisol is 
catabolic and immunosuppressive, leading to circumstances that make it more 
difficult for an athlete to build/maintain muscle mass and recover from training 
(Lee et al, 2017). 

Peake et al (2017) stated that exercise increases circulating neutrophil and 
monocyte counts and reduces circulating lymphocyte count during recov-
ery. This lymphopenia results from preferential egress of lymphocyte subtypes 
with potent effector functions. These lymphocytes most likely translocate 
to peripheral sites of potential antigen encounter (eg, lungs and gut). This 
redeployment of effector lymphocytes is an integral part of the physiological 
stress response to exercise. This immune defence system involves mononu-
clear cells (ie, monocytes and macrophages), granulocytes (ie, neutrophils, 
eosinophils and basophils), mast cells and natural killer cells (Batatinha et al, 
2019). Mononuclear cells are the main innate cell population, modulated by 
nutritional state and physical activity level. Macrophages are potent phago-
cytes that work on pathogen elimination, tissue repair and antigen presenta-
tion (Batatinha et al, 2019). Heavy exercise and life stress influence immune 
function via activation of the hypothalamic-pituitary-adrenal axis and the 
sympathetic nervous system, and the resulting immunoregulatory hormones 
(Walsh, 2018). Innate immune cells are the first line of defence against anti-
gens. They are phagocytes that consume pathogenic bacteria and present anti-
gen fragments to other immune cells, inducing an adequate immune response 
(Batatinha et al, 2019). Both innate immunity and acquired immunity are 
often reported to decrease transiently in the hours after heavy exertion, typi-
cally by 15% to 70%; prolonged heavy training sessions in particular have been 
shown to decrease immune function (Walsh, 2018). 
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The ‘open window’ theory on immunosuppression following strenuous exer-
cise is well documented (Pedersen & Bruunsgaard, 1995; Peake et al, 2017; 
Campbell & Turner, 2018; Walsh, 2018; Batatinha et al, 2019; Ferreira-Júnior 
et al, 2020; Scudiero et al, 2021). Different mechanisms contribute to these 
alterations in the immune system, such as stress resulting from intense exercise; 
changes in the concentrations of hormones and cytokines, and in body tempera-
ture; increased blood flow; lymphocytic apoptosis; and dehydration (Scudiero 
et al, 2021). However, Pedersen and Bruunsgaard (1995) suggested that in those 
performing moderate exercise, the immune system is enhanced during exercise, 
therefore there is no ‘open window’ following exercise. In agreement, Campbell 
and Turner (2018) critically reviewed related evidence and concluded that regu-
lar physical activity and frequent exercise are beneficial; or at the very least, are 
not detrimental to immunological health. The authors summarised that: (i) lim-
ited reliable evidence exists to support the claim that exercise suppresses cellular 
or soluble immune competency; (ii) exercise per se does not heighten the risk of 
opportunistic infections; and (iii) exercise can enhance in vivo immune responses 
to bacterial, viral and other antigens. 

Therefore, leading an active lifestyle is likely to be beneficial, rather than 
detrimental, to immune function. However, it is worth noting that the arti-
cles mentioned relate to ‘regular physical activity and ‘moderate exercise’, and 
not strenuous and extremely demanding exercise over long durations, with the 
added stress of competition. This point was noted by Batatinha et al (2019), who 
observed that the immune response depends on exercise intensity and duration; 
therefore, it is unsurprising that endurance athletes are more vulnerable to illness 
up to 72 hours after a race. However, as Campbell and Turner (2018) correctly 
stated, attendance at any mass participation event – whether a marathon or other-
wise – is likely to increase the risk of acquiring novel infectious pathogens, which 
are in abundance due to the mass gathering of people. 

Simpson et al (2020) summarised the debate well, concluding that one issue 
that remains to be resolved is whether exercise per se is a causative factor of 
increased infection risk in athletes, or whether it would be more pertinent to 
take into consideration not only arduous exercise (ie, exercise that far exceeds 
the recommended physical activity guidelines), but also the multi-factorial 
aspects that share pathways for the immune response to challenges including life 
events, exposure, personal hygiene, sleep, travel, anxiety, mental fatigue, rumina-
tion, nutrition and so on. However, from an extensive review from four areas of 
immunology, Nieman and Wentz (2018) explain in their excellent article how 
each exercise bout improves the anti-pathogen activity of tissue macrophages 
in parallel with an enhanced recirculation of immunoglobulins, anti-inflamma-
tory cytokines, neutrophils, natural killer cells, cytotoxic T cells and immature B 
cells. With near-daily exercise, these acute changes operate through a summation 
effect to enhance immune defence activity and metabolic health. In contrast, high 
exercise training workloads, competition events and the associated physiological, 
metabolic and psychological stress are linked with transient immune perturba-
tions, inflammation, oxidative stress, muscle damage and increased illness risk. 
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In greater detail, the authors added that metabolomics, proteomics and lipidom-
ics reveal that metabolism and immunity are inextricably interwoven, providing 
new insights on how intense and prolonged exercise can cause transient immune 
dysfunction by decreasing immune cell metabolic capacity. Illness risk may be 
increased when an athlete competes, goes through repeated cycles of unusually 
heavy exertion and experiences other stressors to the immune system. The authors 
further stated that the wealth of acute illness epidemiologic data collected during 
international competition events reveals that 2% to 18% of elite athletes experi-
ence illness episodes, with higher proportions for females and those engaging in 
endurance events. However, it is worth remembering that in a number of stud-
ies, illnesses – such as upper respiratory tract infections – were self-reported and 
were clinically confirmed by laboratory analyses (eg, molecular or microbiological 
techniques such as polymerase chain reaction or bacterial cultures) (Campbell & 
Turner, 2018). 

Sleep and the immune system are inexplicably linked, and it appears that a 
reduction in sleep quality and quantity can result in an autonomic nervous system 
imbalance, simulating symptoms of OTS (Fullagar et al, 2015). Interference with 
immune functioning through impaired cellular and hormonal influences has been 
noted in sleep-deprived individuals. It is believed that melatonin and growth hor-
mone, released during the sleep cycle, stimulate and enhance the immune system 
(Venter, 2012). Further information on sleep can be found in Chapter 5. 



 

 

4 Energy Systems 

The terms ‘aerobic’ and ‘anaerobic’ have become familiar within both the health 
and fitness industry and the wider exercise community. However, many defi-
nitions have been proposed in the scientific literature regarding suitable terms 
which encapsulate the way human beings produce energy to exercise. For exam-
ple, according to Chamari and Padulo (2015), it is important to note that the 
‘anaerobic’ metabolism is not a pathway that functions in the absence of oxygen; 
rather, it simply ‘does not use oxygen’. Therefore, instead of calling it the ‘anaer-
obic a-lactic pathway’, it should be termed the ‘phosphagen pathway’. Likewise, 
‘glycolysis’ should replace the term ‘anaerobic lactic pathway’, as once again, 
although it is not directly involved in this pathway, oxygen is still present. For the 
third metabolic energy pathway, ‘oxidative phosphorylation’ should replace the 
term ‘aerobic pathway’. 

More familiar terms to describe the three main energy systems are listed in 
Figures 4.1 and 4.2. 

Figure 4.1 Aerobic respiration 
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Figure 4.2 Krebs cycle 

ATP-PC Energy System 

The body needs a continuous supply of adenosine triphosphate (ATP) for energy 
metabolism. For short and intense movements lasting less than ten seconds, 
the body mainly uses the ATP-PC, or creatine phosphate system. This system is 
anaerobic, which means it does not use oxygen. The anaerobic system is capable 
of responding immediately to the energy demands of exercise and can support 
extremely high muscle power outputs. Unfortunately, the anaerobic system is 
limited in its capacity, such that either a cessation of work or a reduction in power 
output to a level that can be met by aerobic metabolism is seen during extended 
periods of intense exercise. 

Lactic Acid System (Anaerobic Glycolysis System) 

Lactic acid is a metabolic waste cause by the anaerobic energy system used during 
exercise (Nurhadi et al, 2021). It is produced from the glycolysis metabolic sys-
tem, where glucose is converted into ATP and lactic acid (Nurhadi et al, 2021). 
If there is no oxygen in the energy system, lactic acid cannot be metabolised 
into pyruvic acid and ATP during the Krebs cycle (see below). A rapid reduc-
tion of stored phosphocreatine (PCr) and an accumulation of lactic acid, with 
a concomitant reduction in pH, brings about either a cessation of exercise or a 
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forced reduction in work output (Gastin, 2001). It is known that both pyruvate 
and lactate are the end products of anaerobic glycolysis. Lactate formation via 
enzyme lactate dehydrogenase is caused by a local mass action of high pyruvate 
and nicotinamide adenine dinucleotide (NADH) concentrations (Bertuzzi et al, 
2013). During very intense efforts lasting seconds (eg, throws, jumps or 100- to 
200-metre sprints), and during intermittent game activities and field sports, most 
ATP is derived from the breakdown of PCr and glycogen to lactate. The large 
increases in ATP utilisation and glycolysis, as well as the strong ion fluxes during 
such exercise, result in metabolic acidosis (Hargreaves & Spriet, 2020). 

Aerobic or Oxygen Energy System 

This system provides most of the body’s ATP, as energy is released from the 
breakdown of nutrients such as glucose and fatty acids. In the presence of oxy-
gen, ATP can be formed through glycolysis. It also includes the Krebs or tricar-
boxylic acid cycle, which is a series of chemical reactions that generate energy in 
the mitochondria. Performance in long-duration activities that rely upon aerobic 
metabolism is related to the availability of endogenous energy substrates. The 
depletion of energy stores may set in progressively, when daily caloric intake does 
not compensate for the total energy expenditure linked to both basal metabo-
lism and the practice of a sport (Hausswirth & Le Meur, 2011). As Ziemann 
et al (2011) proposed, the evidence suggests that during exercise lasting up to 
30 seconds, a substantial amount of energy is derived from aerobic metabolism. 
Similarly, Baker et al (2010) postulated that the aerobic system plays a significant 
role in determining performance during high-intensity exercise, with a maximal 
exercise effort of 75 seconds deriving approximately equal energy from the aero-
bic and anaerobic energy systems. 

Analysis of the current literature suggests that virtually all physical activities 
derive some energy from each of the three energy-supplying processes. There is 
no doubt that each system is best suited to providing energy for a different type of 
event or activity, but this does not imply exclusivity. Similarly, the energy systems 
contribute sequentially but in an overlapping fashion to the energy demands of 
exercise (Baker et al, 2010). 

As previously mentioned, the immediate source of energy for muscle con-
traction comes from the hydrolysis of ATP (Gastin, 2001; Egan et al, 2016). 
As ATP exists in very low concentrations in the muscle (~25 millimole per kilo-
gram (mmol/kg) dry mass (Egan et al, 2016) or~5 mmol per kg wet muscle 
(Hargreaves & Spriet, 2020)), the splitting of the stored phosphagens, ATP and 
PCr, and the non-aerobic breakdown of carbohydrate comprise the anaerobic 
energy system. The terms ‘alactic’ (ie, lactic acid is not formed) and ‘lactic’ are 
often used to describe these anaerobic (without oxygen) pathways; and as regu-
latory mechanisms appear to prevent the complete degradation of lactic acid, 
the body has evolved well-regulated chemical pathways to regenerate ATP to 
allow muscle contraction to continue. For example, in explosive power or sprint 
events lasting for seconds or minutes, and in endurance events lasting for hours, 
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ATP is required for the activity of key enzymes involved in membrane excitabil-
ity (Na+/K+ATPase), sarcoplasmic reticulum calcium handling (Ca2+ATPase) and 
myofilament cross-bridge cycling (myosin ATPase) (Hargreaves & Spriet, 2020). 
Three energy systems function to replenish ATP in muscle: the phosphagen sys-
tem, glycolysis and mitochondrial respiration. The three systems differ in the 
substrates used, products, maximal rate of ATP regeneration, capacity of ATP 
regeneration and their associated contributions to fatigue (Baker et al, 2010). 
Or as Gastin (2001) outlined, there are three distinct yet closely integrated pro-
cesses that operate together to satisfy the energy requirements of the muscle. The 
first process involves the splitting of the high-energy phosphagen PCr, which 
together with the stored ATP in the cell provides the immediate energy in the 
initial stages of intense or explosive exercise. The second process involves the 
non-aerobic breakdown of carbohydrate, mainly in the form of muscle glycogen, 
to pyruvic acid and then lactic acid through glycolysis. The third process – aerobic 
or oxidative metabolism – involves the combustion of carbohydrates, fats and, 
under some circumstances, proteins, in the presence of oxygen (Gastin, 2001). 
Furthermore, as Hargreaves and Spriet (2020) summarised, in examining energy 
production during endurance exercise at intensities below 100% maximal oxygen 
uptake (VO2 max), aerobic ATP generation dominates. In this situation, there 
is time to mobilise fat and carbohydrate substrates from sources in the muscle, 
as well as from the adipose tissue and liver. The muscles still rely on anaerobic 
energy for the initial one to two minutes when transitioning from rest to an 
aerobic power output, but then aerobic metabolism dominates. To produce the 
required ATP, the respiratory or electron-transport chain in the mitochondria 
requires the following substrates: reducing equivalents in the form of NADH 
and flavin adenine dinucleotide (a redox-active coenzyme), free ADP, isoelectric 
charge (the pH at which a molecule has no net charge) and oxygen. The res-
piratory and cardiovascular systems ensure the delivery of oxygen to contracting 
muscles, and the by-products of ATP utilisation in the cytoplasm (ADP and Pi) 
are transported back into the mitochondria for ATP resynthesis. 

Perhaps more importantly, from a practical perspective, Bertuzzi et al (2013) 
investigated the relative contributions of the aerobic and glycolytic systems during 
an incremental exercise test (IET). Ten male recreational long-distance runners 
performed an IET consisting of three-minute incremental stages on a treadmill. 
The results suggested that the aerobic metabolism is predominant throughout 
an IET and revealed no evidence of a sudden increase in glycolytic contribution, 
which is the basis of the ‘anaerobic threshold’ concept. In the authors’ view, their 
data indicated that aerobic metabolism was predominant throughout their IET 
and that energy system contributions underwent a slow transition from low to 
high intensity. 

The results of a study by Chidnok et al (2013) indicated that muscle metabolic 
responses and exercise tolerance during recovery from exhaustive exercise (n =8) 
can be understood by reference to the critical power (CP) concept. The mus-
cle metabolic response to recovery exercise, following exhaustive severe-inten-
sity exercise, can be differentiated according to whether the recovery exercise 
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is performed below or above the CP. Specifically, the authors added, the CP 
recovery exercise can be sustained for an appreciable duration without significant 
fatigue development after the exhaustive exercise, with, for example, PCr and 
pH increasing significantly and rapidly after the initial point of exhaustion. For 
example, during all-out, maximal exercise (eg, sprinting) at a power output of 
900 watts (W) (~300% VO2 max), the estimated rate of ATP utilisation is 3.7 
mmol ATP kg−1 s−1, and exercise could last less than two seconds if stored ATP 
were the sole energy source. During submaximal exercise at~200 W (~75% VO2 

max), the corresponding values are 0.4 mmol ATP kg−1 s−1 and~15 s, respectively. 
During events lasting several minutes to hours, the oxidative metabolism of car-
bohydrate and fat provides almost all the ATP for contracting skeletal muscle 
(Hargreaves & Spriet, 2020). 

Twelve elite senior male cross-country skiers (24±3 years) participated in a 
study by Losnegard et al (2012). The authors found that the contribution from 
anaerobic energy systems was ∼26% during sprint skiing and seemed independent 
of technique. In a group of elite skiers, the difference in roller ski treadmill sprint 
performance was more related to differences in anaerobic capacity than maximal 
aerobic power and oxygen cost. 

In another study by Zouhal et al (2010), accumulated oxygen deficit deter-
mined during a 400-metre flat run (F) was significantly higher than during the 
400-metre hurdles (H) (p < 0.05). Thus, the aerobic contribution calculated was 
significantly higher during the 400mH than during the 400mF (p < 0.05). These 
results strongly suggest that the aerobic contribution is greater during a 400mH 
than during a 400mF. However, peak blood lactate concentration obtained three 
minutes after the end of the exercise showed no differences between 400mF and 
400mH events, suggesting a similar involvement of the lactic anaerobic pathway. 
The interaction and involvement of the metabolic pathways for the supply of 
ATP can also be described using the concept of ‘crossover point’. According to 
the authors, this crossover point indicates that at this particular point in time, 
the aerobic energy system contributes equally to the overall energy supply. After 
peaking within the first five to ten seconds, the powerful anaerobic metabolic 
supply declines exponentially with time, because concurrently the less powerful 
process of oxidative metabolism increases throughout the race. 

The energy cost of judo matches (n =12) was examined by Julio et al (2017). 
The authors noted that the oxidative system’s contribution (70%) was higher than 
those of the glycolytic (8%; p <0.001) and ATP-PCr (21%; p <0.001) energy sys-
tems (in all durations); and the ATP-PCr contribution was higher than that of the 
glycolytic energy system (up to three minutes). In addition, during the match, 
there was an increase in the oxidative contribution (from 50% to 81%; p <0.001), 
a decrease in the ATP-PCr contribution (from 40% to 12%; p <0.001), and main-
tenance of the glycolytic contribution (between 6% and 10%). Therefore, there is 
a predominance of the oxidative system to supply the energy cost of judo matches 
from the first minute of combat to the end, compared with the anaerobic systems. 

The Wingate test was used by Franchini et al (2016), who also examined well-
trained male adult judo athletes, all of whom completed four upper-body tests 
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interspersed by three-minute intervals. In summary, the authors’ findings indi-
cated decreased mean and peak power throughout the four upper-body Wingate 
tests, which was related to decreased absolute and relative glycolytic contribution. 
Furthermore, absolute oxidative and ATP-PCr participations were kept constant 
across the Wingate tests, but there was an increase in relative participation of 
ATP-PCr in test 4 compared to test 1, probably due to the partial PCr resynthesis 
during intervals and to the decreased glycolytic activity. 

In a study by Milioni et al (2017), 12 healthy men performed a running-based 
anaerobic sprint test (RAST) followed by an incremental protocol for lactate 
minimum intensity determination. The relative contributions of the oxidative 
phosphorylation, glycolytic and phosphagen pathways were 38%, 34% and 28%, 
respectively. The contribution of the oxidative pathway increased significantly 
during the RAST, especially from the third sprint, at the same time as power and 
time performances decreased significantly. The phosphagen pathway was associ-
ated with power performance. Therefore, the authors concluded, the oxidative 
pathway appears to play an important role in better recovery between sprints; and 
the continued use of the glycolytic metabolic pathway seems to decrease sprint 
performances. The energy contribution to a maximal 30-second fully tethered 
swim (FTS) and four 30-second high-intensity semi-tethered swimming bouts 
with 30 seconds of passive rest at 95% of the 30 seconds FTS intensity was esti-
mated in eight elite male swimmers (Peyrebrune et al, 2014). The researchers’ 
data estimated that anaerobic energy contribution was 67 ±8%, while aerobic 
metabolism contributed 33 ± 8% of the total energy required, indicating aerobic 
metabolism contributed considerably to work production during a 30-second 
swimming sprint and progressively increased during repeated sprints. Following 
the fourth 30-second sprint, the aerobic contribution increased to 52%. 

In other sports, such as football, it has been proposed that energy deliv-
ery is predominantly supplied by the aerobic metabolism (Alghannam, 2012). 
However, Mohr and Iaia (2014) reported that football match play is highly 
demanding and exerts considerable taxation on the aerobic and anaerobic energy 
systems. By contrast, in relation to another global sport – tennis – Kovacs (2006) 
highlighted that it would be remiss to suggest that this is a predominantly aerobic 
sport; it might be better to classify it as an anaerobic predominant activity. 



 

  
  

  

 

5 Exercise-Induced Muscle Damage 

Based on the current evidence, eccentric contractions – regardless of the speed 
or intensity of the contraction – tend to cause damage when the exercise bout is 
novel (Howatson & Van Someren, 2008). Therefore, the discomfort and impair-
ment in the quality of performance caused by eccentric exercise-induced muscle 
damage (EEIMD) induce athletes to search for strategies to prevent or alleviate 
those symptoms (Bazzucchi et al, 2019). Accelerating this process will result in 
shorter recovery periods that will allow athletes to return sooner to their normal 
training routine (Sousa et al, 2014). 

Available evidence suggests that residual force enhancement during eccen-
tric contraction results from the engagement of titin upon activation, which 
persists after deactivation; and that the stiffness and force of titin are adjusted 
by the cross-bridges following shortening (Nishikawa, 2016). The acute phase 
is characterised by an impaired action potential propagation along the sar-
colemma, which is responsible for an immediate decrease in muscle strength. 
This is a direct indicator of an impairment in the neuromuscular efficiency in 
the early stages of EEIMD (Bazzucchi et al, 2019). During this initial phase, 
neutrophils (a ubiquitous granulocyte) are the first cells to begin accumulating 
in the tissue at the injury site, destroying necrotic tissue through phagocytosis 
while working in conjunction with resident macrophages from the muscle tissue 
itself (Clarkson & Hubal, 2002). Fielding et al (1993) noted that neutrophils 
increased significantly in muscle tissue as soon as 45 minutes after a downhill 
running exercise and this increase persisted at five days post exercise. In addition, 
neutrophil accumulation was positively correlated to intracellular Z-band damage 
(p <0.001). Immunohistochemical staining for interleukin 1 beta was related to 
neutrophil accumulation in muscle (p <0.06) and to plasma creatine kinase (CK) 
levels (p <0.04). This ‘respiratory burst’ of the neutrophils generates free radicals, 
which can exacerbate damage to the cell membrane (Connelly et al, 2003). In 
addition, exercise-induced increases in inflammatory cytokines – such as inter-
leukin-1(IL-1), tumour necrosis factor and IL-6 – were originally thought to be 
expressed only in immune cells, but are now known to be expressed, to varying 
degrees, in many other tissues (Davis et al, 2007). These cytokines are regulated by 
a variety of stimulators and suppressors within the inflammatory pathways (Davis 
et al, 2007). Meanwhile, high levels of reactive oxygen/nitrogen species (ROS) 
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become genotoxic when in contact with DNA (Withee et al, 2017). Guanine 
has the lowest oxidation potential of the four bases and thus is most commonly 
oxidised, forming 8-hydroxy-2′- deoxyguanosine (8-OHdG). When the body 
repairs, the damaged 8-OHdG is removed and excreted, becoming a marker for 
the oxidative stress. This damage, although possible in most tissues, occurs pri-
marily in muscle tissue and circulating lymphocytes (Withee et al, 2017). Robust 
evidence shows that the damaging process continues through an inflammatory 
response after an initial mechanical disruption. As previously mentioned, oxida-
tive stress plays an important role in this aggravation under two possible situa-
tions: when ROS are present during an initial mechanical disruption or metabolic 
challenging activity; and when leukocytes secrete ROS during the inflammatory 
response (de Lima et al, 2015). Importantly, the consensus of research suggests 
that decreased performance occurs in response to muscle microtrauma, which 
initiates a cascade of inflammatory and oxidative stress-related events (Herrlinger 
et al, 2015). However, contrary to popular belief, ROS produced in the days fol-
lowing muscle-damaging exercise may not be responsible for the prolonged losses 
of muscle function and delayed onset muscle soreness (DOMS) (Close et al, 
2006). Therefore, the parameters indicative of EIMD (reduced joint range of 
motion, force loss and elevated CK release) are not caused by oxidative stress, and 
reducing oxidative stress will not change the initial EIMD. Rather, the features of 
secondary damage make it more difficult to recover muscle performance capacity 
(Myburgh, 2014). In fact, studies on the aetiology of EEIMD have proposed 
that the initial phase may be caused by excessive stretching and rupture of myofi-
bril filaments or failure in the excitation-contraction coupling system (Clarkson 
& Hubal, 2002; Bazzucchi et al, 2019). Independently of the sequence of events 
following this phase (ie, inflammatory and oxidative responses), muscle weakness 
is the most immediate functional consequence of EEIMD, which may indicate 
more extensive myofibrillar disruption (Bazzucchi et al, 2019). 

The processes that follow the primary phase of damage appear to be initiated 
by a disruption of the intracellular calcium ion homeostasis (Howatson & Van 
Someren, 2008), and this may play an important part in the muscle damage-repair 
process (Baumert et al, 2016). EIMD usually causes DOMS, but the two are not 
equivalent. They do not occur at the same time; and DOMS does not accurately 
reflect the detailed physiological response to EIMD. Primary EIMD results from 
excess mechanical forces experienced at the sarcomere level (Myburgh, 2014). 
These forces induce structural damage to the contractile and cytoskeletal proteins, 
and their dysfunction causes the loss of force associated with EIMD (Myburgh, 
2014; Baumert et al, 2016). The soreness that this causes from muscular damage, 
with which athletes are familiar, is usually apparent for 24-72 hours after exercise 
(Baumert et al, 2016), and has been proposed to result from noxious chemicals 
such as histamines, bradykinins and prostaglandins (Clarkson & Hubal, 2002). 

Prolonged losses of strength and power, impaired neuromuscular control, 
selective type II fibre damage and reflex inhibition are documented outcomes 
of muscle damage that have the potential to adversely affect dynamic multi-joint 
movements associated with athletic activity (Byrne et al, 2004). Indeed, because 



  

  

 

 

 
 

 
 
 
 

 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 

30 The effects of strenuous exercise 

the damage is not ubiquitous in the muscle, but focalised, it is possible to overes-
timate or underestimate damage (Clarkson & Hubal, 2002). This is problematic 
for athletes, as competition schedules mean they may have to produce high-qual-
ity performances knowing they may have losses in strength and power and are 
competing with a level of muscular damage. Twist and Eston (2005) highlighted 
this point following a plyometric muscle-damaging exercise protocol (n =10), 
noting that the ability of the muscle to generate power was reduced for at least 
three days. This was also manifested by a small but statistically significant reduc-
tion in very short-term (≈2 seconds) intermittent sprint running performance. 
Interestingly, in a study by Barnes et al (2010), eccentric exercise resulting in 
muscle damage translated to transient unfavourable changes in central macro-
vascular function, as assessed by central arterial stiffness. The increase in arte-
rial stiffness after small muscle mass exercise was significantly associated with the 
reduction in muscle strength and the increase in CK. 

An important point was made by Baumert et al (2016), who suggested that 
genetic variability may play a role in EIMD. Some genes have common varia-
tions in sequence, known as ‘polymorphisms’, which – depending on where this 
polymorphism occurs within the gene – can directly affect gene expression and 
ultimately the amount of protein produced. It follows, therefore, that polymor-
phisms of genes encoding key proteins in the muscle-tendon unit have implica-
tions for the ability to recover from strenuous exercise, thus influencing the risk 
of injury. This means that individual athletes who suffer more painful symptoms 
as a result of EIMD or have a greater loss in subsequent performance may have 
to spend more time on their recovery practices. On a positive note, an earlier 
investigation by Clarkson et al (1992) indicated that one bout of eccentric exer-
cise produces an adaptation such that the muscle is more resistant to damage 
from a subsequent bout of exercise. The length of the adaptation differs among 
the measures such that when the exercise regimens are separated by six weeks, 
all measures show a reduction in response on the second bout, compared with 
the first. After ten weeks, only CK and muscle shortening show a reduction in 
response; and after six months, only the CK response is reduced. A combination 
of cellular factors and neurological factors may be involved in the adaptation pro-
cess. In addition, a faster recovery in maximal isometric force was evident after 
a second bout performed at six or nine months; and reduced muscle soreness as 
well as smaller increases in upper arm circumference, CK and transverse relaxa-
tion time of magnetic resonance images also occurred after the second exercise 
bout at six months compared with initial responses (Nosaka et al, 2001). Here, 
the study noted no significant differences between the bouts for range of motion, 
and the 12-month group showed no repeated bout effect. These results dem-
onstrate that the repeated bout effect for most of the criterion measures in the 
study lasted for at least six months, but was lost between nine and 12 months. It 
is possible that this repeated bout effect occurs through the interaction of various 
neural, connective tissue and cellular factors that are dependent on the particulars 
of the eccentric exercise bout and the specific muscle groups involved (McHugh 
et al, 1999). 
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Conclusions 

To briefly summarise, EIMD is noticeable by the symptoms of DOMS, which 
is often experienced after unfamiliar exercise that produces an increased load or 
demand, particularly with eccentric contractions (Sellwood et al, 2007; Kalman 
et al, 2018). Symptoms that develop peak between 24 and 72 hours (Smith, 
1992; Macintyre et al, 2001; Howartson & van Someren, 2008; Baumert et al, 
2016; Santos-Mariano et al, 2019; Sara, 2021), and often subside between five 
and seven days post exercise (Khamwong et al, 2010; Lewis et al, 2012; Valle 
et al, 2013). As DOMS is likely to affect physical performance, it is of utmost 
importance – especially in the field of professional sports – that athletes can be 
relieved of its symptoms, so that they can train or compete in the absence of such 
conditions (Visconti et al, 2020). It has been suggested that the pain experi-
enced from DOMS is a result of lactic acid, muscle spasm, connective tissue dam-
age, muscle damage, inflammation and the enzyme efflux theory (Cheung et al, 
2003); with the addition of the mechanical disruption of sarcomeres (Myburgh, 
2014) leading to the inflammatory response (Connelly et al, 2003), the swelling 
of damaged muscle fibres (Clarkson & Hubal, 2002; Howatson & Van Someren, 
2008; Heiss et al, 2019) and the subsequent release of biomarkers such as lactate, 
ammonia and oxypurines (Shin & Sung, 2015). 



 
  

 
 
 

 
 

 
 
 
 

 
 
 
 

 

 

6 Cardiac Recovery 

Figure 6.1 Cardiac/stress recovery 

The transient decline in cardiac function after strenuous exercise is typically referred 
to as ‘exercise-induced cardiac fatigue’ (Kleinnibbelink et al, 2021), with ‘recovery’ 
referring to the time period between the end of a bout of exercise and the subsequent 
return to a resting or recovered state (Romero et al, 2017). However, not all muscles 
demonstrate an obvious need for recovery – in particular, the cardiac muscle. Heart 
rate recovery (HRR) is thought to reflect the balance of reactivation of the parasym-
pathetic nervous system, withdrawal of the sympathetic nervous system and possibly 
circulating catecholamines (van de Vegte et al, 2018); and is frequently defined as 
the difference between heart rate at peak exercise and at one minute into the recov-
ery period (Lacasse et al, 2005; Tang et al, 2009; Johnson & Goldberger, 2012; 
Mann et al, 2014). Although beyond the scope of this title, according to Qiu et al’s 
(2017) meta-analysis of prospective cohort studies, attenuated HRR is associated 
with a higher risk of cardiovascular events and all-cause mortality in comparison to 
the references among the general population. For every 10 beat per minute decre-
ment in HRR, the risk was increased by 13% and 9%, respectively. 

Following exercise to exhaustion in healthy normotensive young men, 
measurements of the baroreflex response curve for nine periods spanning 
24 hours showed that it was shifted downwards and to the left with an increase 
in slope, indicating an increase in gain. Therefore, evidence supports the idea 
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that the arterial baroreceptors are a major driving force in increasing cardiac 
vagal activity immediately after a bout of exercise. However, the duration and 
type of exercise have a major influence on the time course of the changes in 
autonomic balance and baroreflex sensitivity (Coote, 2010). This agrees with 
the findings of Romero et al (2017), who posited that vasodilation within 
nonactive skeletal muscle probably occurs via resetting of the arterial barore-
flex and resulting reductions in sympathetic vasoconstrictor tone. Conversely, 
vasodilation within previously active skeletal muscle results from combined 
arterial baroreflex resetting, blunted vascular transduction and release of local 
vasodilatory substances. The persistent vasodilation that underlies post-exer-
cise hypotension lasts several hours (Romero et al, 2017), which could lead 
to light-headedness, dizziness or syncope. An active cooldown can also result 
in a faster recovery of the cardiovascular and respiratory system after exercise, 
but it remains unknown whether this leads to a reduction in post-exercise syn-
cope and cardiovascular complications (Hooran & Peake, 2018). Romero et al 
(2017) argued that active recovery is the most easily implemented and most 
effective recovery strategy that can prevent post-exercise syncope by enhancing 
venous return in augmenting cardiac preload through rhythmic contractions of 
skeletal muscle (ie the muscle pump) (further information on active recovery 
can be found on page 172.) 

Following strenuous exercise, a number of cardiac biomarkers are commonly 
used to ascertain the amount of cardiac fatigue, myocardial strain or damage that 
has occurred. These include, but are not limited to, high-sensitivity cardiac troponin 
T (Hs-TNT) (measured against the upper reference limit (URL); N-terminal pro-
brain natriuretic peptide (NT-pro BNP); C-reactive protein (CRP); creatine kinase-
myoglobin (CK-MB) (Zebrowska et al, 2019); histamine H1 and H2 receptors; 
haematocrit; lactate dehydrogenase (LDH); interleukin-6, -8,-10 (IL-6, -8,-10); 
sodium; haemoglobin; cytokines – particularly the pro-inflammatory cytokines IL-1 
beta, IL-12p70 and tumour necrosis factor alpha; cortisol; and serum electrolyte 
concentrations. In addition, other measures have been used to assess cardiac recov-
ery, including cardiac output (blood pumped around the circulatory system in one 
minute); HRR (the difference between the predicted maximum heart rate and the 
resting heart rate); heart rate variability (HRV); resting heart rate (RHR); stroke 
volume (blood pumped out from the left ventricle during the systolic contraction); 
vagal activity; baroreflex sensitivity (a measurement of how much control the barore-
flex has on the heart rate); R-R interval (the time elapsed between two successive R 
waves of the Q-R-S signal) and Q-T variability (beat-to-beat fluctuations in the Q-T 
interval). As previously mentioned, HRV is recognised as a convenient tool to assess 
cardiac-related heath and recovery capacities in sports sciences and medicine (Hung 
et al, 2020). Implementation of one-minute post-exercise HRV assessment could 
help the strength and conditioning profession to manage recovery duration when 
multiple rounds of maximal intensity exercise bouts are used (Hung et al, 2020). 
However, Lee and Mendoza (2012) suggested that training-induced alterations in 
cardiac autonomic control may be better quantified by a dynamic measure, such as 
HRR, as compared to HRV indices collected during rest in individuals with a high 
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volume of exercise training. Post-exercise recovery of cardiac-related responses plays 
a critical role in the homeostatic functioning of the autonomic nervous system (ANS) 
and cardiovascular system (Hung et al, 2020), and is characterised by sympathetic 
withdrawal with simultaneous cardiac parasympathetic reactivation, which returns the 
heart rate and blood pressure to resting levels (Michael et al, 2017). However, this is 
dependent on the type and intensity of the prior exercise taken. For example, in the 
highly trained endurance athlete, exercise for 120 minutes below the first ventilatory 
threshold caused a minimal disturbance in ANS balance. Therefore, ANS recovery is 
more rapid in highly trained subjects than in trained subjects after high-intensity exer-
cise. Furthermore, the first ventilatory threshold may demarcate a ‘binary’ threshold 
for ANS/HRV recovery in highly trained athletes, because further delays in HRV 
recovery with even higher training intensities were not observed (Seiler et al, 2007). 
In addition, compared with submaximal lower-body exercise (leg cycling), heart 
rate-matched upper-body exercise (arm cranking) elicited a similar recovery of heart 
rate and HRV indices of parasympathetic reactivation, but delayed recovery of the 
pre-ejection period (reflecting sympathetic withdrawal). Exercise modality appears to 
influence post-exercise parasympathetic reactivation and sympathetic withdrawal in 
an intensity-dependent manner (Michael et al, 2017). Cruz et al (2020) noted that 
lower parasympathetic modulation was identified after two and three sets compared 
to one set of resistance exercise in both the fast (first and fifth minute) and slow 
recovery phases (and three consecutive five-minute intervals from the fifth to 20th 
minute of recovery) (p=0.004-0.05) in ten young men. Lower global modulation 
was identified after three sets compared to one set in both fast and slow recovery 
phases (p=0.005-0.01). No differences in post-exercise parasympathetic and global 
modulation were observed between two and three sets. Therefore, the authors con-
cluded that two and three sets of resistance exercise compared to one set promoted 
higher autonomic reduction in the post-exercise phase. 

The results from an investigation by Esco et al (2010) (n=66) suggested that 
perhaps those with greater cardiovascular-parasympathetic tone at rest have lower 
relative heart rates at maximal exercise and at selected time points in the early stages 
of recovery versus a larger drop in the rate of post-exercise heart rate (ie, HRR). 
This agrees with the earlier work of Perini et al (1989), who found that in the first 
minute of recovery, independent of the exercise intensity, the adjustment of heart 
rate appears to be due mainly to the prompt restoration of vagal tone. The further 
decrease in heart rate towards the resting value could then be attributed to the return 
of sympathetic nervous activity to the pre-exercise level. Martinmäki and Rusko 
(2008) suggested that fast vagal reactivation occurs after the end of exercise, and that 
restoration of autonomic heart rate control is slower after exercise with greater meta-
bolic demand. Indeed, other high-intensity exercises, such as the use of battle ropes, 
have been shown to elevate sympathovagal balance for 30 minutes post-intervention, 
which is concurrent with an impressive hypotensive effect (Wong et al, 2020). 

Numerous studies have commented on the increase of Hs-TNT (meas-
ured against the 99th percentile URL for the diagnosis of myocardial infarction) 
(Sandoval et al, 2020), particularly following long and ultra-distance events. For 
example, Richardson et al (2018) noted that cardiac troponin T (cTnT) increased 

https://p=0.005-0.01
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above reference limits during a marathon which was related to exercise intensity 
relative to ventilatory threshold and maximal oxygen uptake, but not individuals’ 
absolute cardiopulmonary fitness, training state or running history. Furthermore, 
a recent study by Martínez-Navarro et al (2020) (98 participants (83 men, 15 
women; 38.72±3.63 years)) revealed that Hs-TNT increased from pre-to post-race 
(5.74±5.29 versus 50.4±57.04 ng/L; p<0.001), seeing values above the URL in 
95% of participants. At 24 hours post-race, 39% of the runners still exceeded the 
URL (high Hs-TNT group). Additionally, Whyte et al (2000) discovered that dur-
ing an Ironman and half-Ironman competition, the presence of a significant increase 
in troponin-T (TnT) and its subsequent reduction to normal values following 48 
hours of recovery indicated that myocardial damage may have occurred following 
both race distances; however, the increased TnT was small and did not reflect those 
values observed following myocardial infarction. Interestingly, positive cTnT results 
appear more prevalent in recreational runners compared with previous studies exam-
ining highly trained individuals (Whyte et al, 2005). It would also appear that exer-
cise intensity, from training run speed to competition speed, has a differential effect 
on post-exercise appearance of the cardiac biomarkers cardiac troponin I (cTnI) and 
NT-pro BNP. Specifically, prolonged exercise at competition intensity results in a 
substantial increase in cTnI post-exercise compared to lower intensity running speeds, 
and is the only exercise intensity that produces post-exercise values of cTnI over the 
URL. By comparison, the impact of exercise intensity on NT-pro BNP was negligible 
in amateur marathon runners (Legaz-Arrese et al, 2011). In addition, relatively heavy 
individuals competing in shorter endurance events, primarily running marathons, are 
slightly more likely to demonstrate elevated cTnT post-exercise than other athletes 
(Shave et al, 2007). Furthermore, in 129 non-elite runners, 61 of whom took part 
in a half-marathon (13.1 miles) and 68 in a full marathon (26.2 miles), elevations of 
cardiac injury markers were extremely common following completion of the endur-
ance events and correlated to the increased endurance time (Jassal et al, 2009). The 
authors concluded that whether the increase in the levels of these enzymes repre-
sents true myocardial injury or the result of the release of cTnT from the myocytes 
requires further investigation. In addition, Martínez-Navarro et al (2019) found that 
participation in a 118-kilometre ultra-trail induced an acute release of cardiac dam-
age biomarkers together with a large alteration of both linear and nonlinear indices 
of cardiac autonomic modulation. Furthermore, the magnitude of cardiac damage 
biomarkers increased and cardiac autonomic modulation disturbance appeared to 
be interrelated and greater among faster runners. The authors suggested that faster 
runners can stress their cardiovascular system to a greater extent during self-paced 
prolonged endurance exercises, and an appropriate recovery period after ultra-endur-
ance races seems prudent and particularly important for better-performing athletes. 
This agreed with the work of Park et al (2014), who found that all cardiac damage 
markers returned to normal range within one week of a triathlon race; however, 
greater damage was evident in elite athletes than in non-elite athletes. Therefore, 
it appears that cardiac damage does occur following endurance events when com-
pleted at a higher intensity level, where cTnT levels are above or closer to the URL. 
However, as Mattsson (2011) concluded, troponin release is not an appropriate 
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indicator for evaluating exercise-induced cardiac fatigue. In fact, numerous studies 
have documented elevations in biomarkers consistent with cardiac damage (ie cardiac 
troponins) in apparently healthy individuals following marathon and ultra-marathon 
races (Martínez-Navarro et al, 2019). The combination of early markers of myocar-
dial injury such as myoglobin together with more specific markers such as CK-MB 
and TnT may improve the sensitivity in identifying cardiac myocyte damage follow-
ing endurance exercise (Whyte et al, 2000). Given that in post-endurance exercise 
(ranging from three to 11 hours’ duration), skeletal muscle injury far exceeds that of 
cardiac dysfunction, it is more likely that the increase in serum cytokine expression 
predominantly reflects skeletal muscle injury (La Gerche et al, 2015). 

In a study by Mertová et al (2017), ten male sky-runners (37.2 ± 9.2 
years) performed a race at a mean intensity 85.4 ± 3.7% of HRR and lasted for 
338 ± 38-minutes. Morning supine heart rate variability was measured at ten, 
two and one days before the race; on race day; at five-minute intervals for 30 min-
utes immediately post-race; and then at five hours and 30 hours post-race. The 
results indicated that sympatho-vagal balance was most likely increased above 
baseline during the 30 minutes post-race and returned to baseline by five hours. 
Vagal activity was most likely decreased below baseline during the 30 minutes 
post-race and five hours post-race, and recovered to baseline by 30 hours. 

Electrocardiographic intervals were obtained from eight highly trained males 
before a prolonged bout of strenuous exercise, during recovery (15, 30, 45 
and 60 minutes post-exercise) and 24 hours later (Stewart et al, 2014). The 
root mean square of the successive differences of R-R, P-R and Q-T inter-
vals was significantly reduced during recovery (p < 0.05). Normalised low-and 
high-frequency power of R-R intervals significantly increased and decreased, 
respectively, during recovery. Approximate entropy of P-R and Q-T inter-
vals and the Q-T variability index significantly increased during recovery. All 
measures except mean Q-T interval (pre 422 ± 10 ms versus 24 hours post 
442 ± 11 ms, p = 0.013) returned to pre-exercise values after 24 hours. 
Serum Hs-cTnT was significantly elevated 60 minutes after exercise (pre 
5.2 ± 0.7 ng L−1 versus 60 minutes post 27.4 ± 6.2 ng L−1, p = 0.01) and cor-
related with exercising heart rate (p < 0.001). The results suggest suppressed 
parasympathetic and/or sustained sympathetic modulation of heart rate dur-
ing recovery, concomitant with perturbations in atrial and ventricular conduc-
tion dynamics. In addition, Neubauer et al (2008) noted that immediately post 
an Ironman race, there were significant (p < 0.001) increases in total leukocyte 
counts, myeloperoxidase (MPO), polymorphonuclear (PMN) elastase, cortisol, 
CK activity, myoglobin, IL-6, IL-10 and high-sensitivity CRP (hs-CRP); while 
testosterone significantly (p < 0.001) decreased compared to pre-race. With 
the exception of cortisol, which decreased below pre-race values (p < 0.001), 
these alterations persisted one day post-race (p < 0.001; p < 0.01 for IL-10). 
Five days post-race, CK activity, myoglobin, IL-6 and hs-CRP had decreased; 
but they were still significantly (p < 0.001) elevated. Nineteen days post-race, 
most parameters had returned to pre-race values, except for MPO and PMN 
elastase, which had both significantly increased. The authors speculated that 
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this might be related to incomplete muscle recovery, but alternatively could also 
be a sign of low pre-race values. As with any other muscle, the myocardium can-
not recover instantaneously; thus, it could be argued that the recovery period is 
equally important to the exercise stimulus. Furthermore, some of these changes 
(noted above) during recovery from exercise may provide insight into when the 
cardiovascular system has recovered from prior training and is physiologically 
ready for additional training stress (Romero et al, 2017). 

A study by Mielgo-Ayuso et al (2020) suggested that some foods groups con-
sumed in the week prior to a marathon could affect the biomarkers of EIMD 
and exercise-induced cardiac stress (EICS) at the end of the race. While greater 
consumption of fish, vegetables and olive oil in the week before the marathon was 
associated with lower values of EIMD and EICS at the end of the competition, 
greater consumption of meat, butter and fatty meat was associated with higher 
values of these variables. Therefore, athletes who must compete or wish to get 
back to training in a short timeframe should think about their diet in the week 
leading up to an event in order to recover more quickly, as the current evidence 
indicates that cardiac recovery is likely to take between 48 hours and one week 
(following a triathlon) (Park et al, 2014). However, variation in recovery of the 
myocardium will depend on the experience of the athlete (elite versus non-elite) 
and the exercise intensity. Furthermore, describing passive post-exercise HRR as 
a reliable measure is an oversimplification. Absolute and relative reliability may 
vary according to the duration of recovery and the way to quantify heart rate 
(Bosquet et al, 2008). Haddad et al (2011) observed that short-term reliability of 
RHR variability and post-exercise parasympathetic reactivation indices (ie, HRR 
and HRV) following either submaximal or supramaximal exercise showed large 
discrepancies in markers of reliability in their study of 15 healthy males. The 
authors suggested that when assessing post-exercise heart rate measures, the use 
of submaximal exercise is encouraged, as it is associated with greater signal stabil-
ity and is easily implemented in an athlete’s training schedule. Indeed, changes 
in HRR should be in interpreted with care. Confounding factors – such as the 
testing protocol after which HRR is measured, environmental factors, genetic 
polymorphism, state of fatigue and possibly age and gender – must be taken into 
account when interpreting changes in HRR (Daanan et al, 2012). In a recent 
study, Bernat-Adell et al (2021) analysed inflammation, cardiac and muscle dam-
age biomarkers after a marathon. The authors found that LDH reached peak 
value just after finishing the race, then began to decrease, achieving normalisation 
values at 192 hours (eight days) post-race. CK increased significantly after the 
marathon and reached a peak at 24 hours, remaining significantly elevated until 
144 hours (six days) post-race. Hs-TNT increased considerably, reaching a peak 
after the marathon and normalising after four days; these values continued to fall, 
and at seven days post-marathon they were significantly lower than the pre-race 
baseline values. The CRP markers related to acute inflammatory reaction reached 
a peak at 24 hours and then began to decrease; although after 192 hours (eight 
days), they still presented high values, which were significantly different from the 
pre-race baseline value. 
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7 Supplements 

Figure 7.1 Supplements and protein powders 

The use of supplements in sport tends to be viewed in negative terms, with a 
focus on reducing prevalence, and protecting athletes from using dangerous 
supplements that may result in a positive doping test or be harmful to health. 
However, supplements may be important at certain stages in life or for some 
athletes with nutritional challenges, such as those who are vegan or who have 
a specific medical condition (Garthe & Maughan, 2018). It has been reported 
(Maughan, 2007) that many athletes use dietary supplements as part of their 
regular training or competition routine, including about 85% of elite track and 
field athletes. In addition, nutrient intake is known to influence various aspects 
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of post-exercise recovery (Saunders, 2011). Unsurprisingly, there is also an 
awareness that successful competitors are using supplements, and their use is 
often endorsed or encouraged by influential individuals in the athlete’s circle, 
including coaches, parents and fellow athletes (Garthe & Maughan, 2018). 
According to Maughan et al (2018), the International Olympic Committee 
Consensus Statement Dietary Supplements and the High-Performance Athlete 
recognises that supplements that help an athlete to train harder, recover more 
quickly and prevent injury or accelerate return to play when injury does occur 
can obviously enhance the athlete’s preparation and, indirectly, their compe-
tition outcomes. In fact, among competitors at the 2004 Summer Olympic 
Games, almost half (45%) of those selected for drug testing declared the use 
of food supplements, with vitamins (43%) and proteins/amino acids (14%) 
to be the most widely used supplements (Maughan, 2013). In a more recent 
study, Baranauskas et al (2020) stated that most athletes taking dietary sup-
plements choose carbohydrate (86%), vitamins (81.3%), minerals (74.5%), 
protein (70.4%) and multivitamins (61.8%). More rarely do they choose caf-
feine (36%), omega fatty acids (46.7%), creatine (24.6%), carnitine (25.4%) or 
herbal supplements (19%). 

Carbohydrate 

Carbohydrate is the only fuel that can be used for both aerobic and anaerobic 
adenosine triphosphate (ATP) production, and both systems are activated very 
quickly during transitions from rest to exercise and from one power output to a 
higher power output. Carbohydrate can also provide all the fuel during exercising 
at a power output that elicits~100% maximal oxygen uptake (VO2 max), and it is 
a more efficient fuel than fat (Hargreaves & Spriet, 2020). 

Scenarios in which multiple training sessions are scheduled for the same day 
(eg, pre-season) or during periods of intense training and/or competition (eg, 
tournament play) have the potential to deplete endogenous carbohydrate stores 
(Heaton et al, 2017). Therefore, consuming carbohydrate immediately post-
exercise to coincide with the initial rapid phase of glycogen synthesis is used as 
a strategy to maximise rates of muscle glycogen synthesis. However, the impor-
tance of this early enhanced rate of glycogen synthesis has been questioned in the 
context of extended recovery periods with sufficient carbohydrate consumption 
(Beck et al, 2015). Indeed, less emphasis is placed on optimising carbohydrate 
guidelines for recovery in team sport athletes when exercise intensity is low to 
moderate, exercise duration is short (\90 min) and there is ample time before 
the next exercise occasion (eight hours). In such scenarios, regularly spaced and 
nutrient-dense meals are likely sufficient to meet the recovery demands of the 
athlete (Heaton et al, 2017). 

Burke et al (2017) considered post-exercise carbohydrate ingestion to be 
the most important determinant of muscle (and liver) glycogen synthesis, with 
the highest rates of resynthesis (typically within the range of 5-10 mmol·kg wet 
wt1·h1). Indeed, this was observed when large amounts of carbohydrate were 
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consumed soon after completion of the exercise bout used in this research and 
then continued throughout recovery. However, overall, the addition of protein at 
an amount ≥0.1 g·kg BM−1·h−1 appears to mediate an ergogenic benefit upon the 
restoration of endurance capacity when this adds to the total energy intake relative 
to carbohydrate control, or when carbohydrate intake is suboptimal (≤0.8 g·kg 
BM−1·h−1). Thus, it may be that energy intake per se and not macronutrient com-
position during recovery influences repeated exercise capacity (Alghannam et al, 
2018). It is worth remembering that it takes about four hours for carbohydrate 
to be digested and assimilated into muscle and liver tissues as glycogen (Kerksick 
et al, 2018). Betts & Williams’ (2010) review summarised the most effective 
nutritional strategy to rapidly replenish depleted glycogen reserves, which is likely 
to involve ingesting a high glycaemic index (GI) carbohydrate source at a rate of 
at least 1 g kg-1h-1, beginning immediately after exercise and then at frequent (ie, 
15-30 minute) intervals thereafter. Alghannam et al (2018) added that if a more 
moderate quantity of carbohydrate is ingested, the inclusion of a small amount 
of hydrolysed protein or amino acids can accelerate muscle glycogen resynthesis 
and/or promote a more rapid restoration of exercise capacity. 

As previously stated, ingesting a high GI carbohydrate as soon as possible after 
an exercise bout optimises carbohydrate stores. Strategies such as aggressive car-
bohydrate feedings (~1.2 g/kg/hour) that favour high-GI (>70) carbohydrate, 
the addition of caffeine (3-8 mg/kg) and the combination of a moderate carbo-
hydrate dose (0.8 g/kg/h) with protein (0.2–0.4 g/kg/h) have been shown to 
promote rapid restoration of glycogen stores (Kerksick et al, 2018). Otherwise, 
as Betts and Williams (2010) indicated, when the time available for recovery is 
limited to eight hours or less, neither muscle glycogen concentrations nor exer-
cise capacity is likely to be entirely restored following exercise-induced glycogen 
depletion. Moore’s (2015) review of the role of carbohydrate and protein on the 
ability to enhance recovery, primarily within skeletal muscle, highlighted that 
consuming a source of carbohydrate immediately after exercise could be con-
sidered a universal tenet regardless of the available window of recovery, as this 
helps to initiate muscle glycogen resynthesis early in recovery; approximately 0.25 
gIkgj1 of protein should also be consumed to support skeletal muscle repair and/ 
or remodelling through enhanced rates of muscle protein synthesis (MPS). 

Protein for Recovery 

The importance of adding protein to carbohydrate beverages has been dis-
cussed in the previous section. Nonetheless, the multifactorial role of protein 
in recovery includes facilitating muscle repair, muscle remodelling and immune 
function (Heaton et al, 2017). Coupled with repairing old, damaged mus-
cle proteins, remodelling new functional muscle proteins is also important for 
promoting recovery of team sport athletes. Protein turnover is defined by the 
balance between catabolism, or breakdown, and anabolism, or synthesis (Lunn 
et al, 2012). Post-exercise ingestion (immediately post to two hours post) of 
high-quality protein sources stimulates robust increases in MPS (Kerksick et al, 
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2018). Similar increases in MPS have been found when high-quality proteins are 
ingested immediately before exercise (Kerksick et al, 2018). This agrees with the 
findings of Van Loon (2014), who suggested that the ingestion of protein before 
or during exercise could be even more beneficial during the early stages of recov-
ery from more intense exercise bouts. Dietary protein ingestion before and/or 
during exercise may provide a more effective feeding strategy to improve amino 
acid availability during early post-exercise recovery. 

Post-exercise protein recommendations are 0.5 grams of a high-quality pro-
tein per kilogram of body mass, or an absolute dose of 40 grams; and protein 
per meal should be between 0.25 and 0.40 grams of protein per kilogram of 
body mass, or absolute values of 20 grams (Bonilla et al, 2021). In addition, it 
has also been suggested that athletes require greater daily intakes of protein (in 
the range of 1.3–1.8 g·kg−1·d−1) to maximise MTS as compared to the general 
population (Lee et al, 2017). Maughan (2013) indicated that whey isolates 
should contain at least 90% whey protein, and the filtration process should 
ensure that they are virtually free from lactose fat and cholesterol. Hydrolysed 
collagen protein, for example, has been heavily marketed to the strength-train-
ing community in recent years; but it is a low-quality protein, entirely lacking 
in tryptophan (TRP), so will not by itself stimulate protein synthesis (Maughan, 
2013). Areta et al’s (2013) study demonstrated (n = 24, n = 8/group) that the 
timing and distribution of protein ingestion are key factors in maximally stimu-
lating rates of MPS throughout an entire day. During the 12-hour recovery 
period after a single bout of resistance exercise, 20 g of whey protein ingested 
every three hours was the optimal feeding pattern for promoting enhanced rates 
of MPS. Similar amounts of protein were also recommended by Beelen et al 
(2010). The authors’ review of nutritional strategies to promote post-exercise 
recovery found that the consumption of ~20 g intact protein, or an equivalent 
of ~9 g essential amino acids (EAA), was reportedly sufficient to maximise MTS 
rates during the first few hours of post-exercise recovery. Ingestion of such 
relatively small amounts of dietary protein five or six times daily might support 
maximal MTS rates throughout the day. Reidy et al (2013) supported the use 
of a blended protein supplement following resistance exercise compared with 
an isolated protein. A blended protein supplement containing sufficient EAA 
content, several digestion rates and a prolonged aminoacidemia clearly pro-
motes MTS during post-exercise recovery. From a practical perspective, the pri-
mary findings of Ives et al (2017) demonstrated that during the acute 24-hour 
period following fatiguing eccentric exercise, both of their groups that were 
supplemented with protein tended to have better isometric muscle function and 
significantly greater isokinetic muscle function over carbohydrate control; and 
their combined protein and antioxidant supplementation group tended to have 
better absolute isokinetic torque and significantly less perceived soreness over 
time when compared to protein alone or a carbohydrate control. Collectively, 
the authors’ findings support protein supplementation to enhance recovery of 
muscle function and the addition of antioxidants to act synergistically to reduce 
perceived muscle soreness in the hours immediately following eccentric exercise. 
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Branched-Chain Amino Acids 

In contrast to other amino acids, branched-chain amino acids (BCAAs) are 
metabolised directly in the muscles and their catabolic pathways are located in 
the mitochondria (Brestenský et al, 2021). BCAAs leucine, isoleucine and valine 
are not synthesised by the body and therefore must be introduced through the 
diet (Negro et al, 2008), with supplementation considered a potential nutritional 
strategy to avoid or at least alleviate exercise-induced muscle damage (EIMD) or 
its consequences (Fouré & Bendahan, 2017; Kerksick et al, 2018). Chen et al’s 
(2016) study of taekwondo athletes revealed that the combined supplementation 
of BCAAs, arginine and citrulline could prevent exercise-induced central fatigue 
in a sport-specific setting in athletes. Furthermore, a study by AbuMoh’d et al 
(2020) suggested that the ingestion of 20 g of BCAAs dissolved in 400 millilitres 
(ml) of water with 200 ml of strawberry juice one hour prior to an incremental 
exercise session increases time to exhaustion, probably due to the reduction in 
plasma serotonin concentration, which delays the onset of central fatigue. These 
results showed that time to exhaustion was increased by oral intake of BCAAs, 
which have an important role in energy expenditure during exercise, as well as 
attenuating the exercise-induced increase in the ratio of TRP to BCAAs and thus 
preventing high plasma serotonin levels. Also in agreement, Kerksick et al (2018) 
found that the ingestion of BCAA (eg, 6-10 g per hour) with sports drinks during 
prolonged exercise has long been suggested to improve psychological perception 
of fatigue. 

Khemtong et al’s (2021) recent meta-analysis (nine studies) demonstrated 
that BCAA supplementation has the potential effect to decrease the creatine 
kinase (CK) efflux and attenuate muscle soreness when the analysis is restricted 
to trained males after resistance exercise, while there is no further benefit on 
the reduction of lactate dehydrogenase (LDH). The results indicate that BCAA 
supplementation has no effect on preventing muscle damage, but accelerates the 
resolution of inflammation by activating cell regeneration, leading the authors to 
suggest that BCAAs could be used as an effective strategy to reduce the magni-
tude of EIMD and accelerate the time course of recovery after resistance exercise. 
In another systematic review, Arroyo-Cerezo et al (2021) recommended that the 
optimal regimen for post-exercise muscle recovery and/or muscle function after 
high-intensity resistance exercise was 2-10 g BCAA per day (leucine, isoleucine 
and valine at a ratio of 2:1:1), consumed as a supplement alone or combined 
with arginine and carbohydrate, for the three days previous to exercise, imme-
diately before and after exercise, regardless of training level. This treatment can 
improve perceived muscle damage, fatigue, circumference of the arm and leg, 
countermovement jump (CMJ), maximum muscle strength and maximum vol-
untary contraction; and can reduce CK and LDH levels, mainly in young males. 
In another recent systematic review and meta-analysis (ten randomised controlled 
trials and nine meta-analysis) on delayed onset muscle soreness (DOMS) after a 
single bout of exercise, Weber et al (2021) concluded that in low doses, BCAAs 
were considered useful for improving muscle recovery from DOMS in trained 
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subjects with mild to moderate EIMD, and should not be administered only 
after the EIMD protocol. However, the authors did mention there was a high 
variability between studies due to training status, different doses, time of treat-
ment and severity of EIMD. Mixed findings were noted in Dorma et al’s (2021) 
systematic review and meta-analysis (25 studies, consisting of 479 participants). 
The authors concluded that there were no significant differences between BCAAs 
and placebo conditions for muscle performance at 24 or 48 hours post-exercise 
(p =0.05). However, BCAAs reduced the level of muscle damage biomarkers and 
muscle soreness following muscle-damaging exercise. Conversely, Jacinto et al 
(2021) concluded that 3 g doses of leucine 30 minutes before and immediately 
post-exercise (6 g total per day) (n =17) did not improve muscle recovery fol-
lowing resistance-induced muscle damage (at 24, 48 and 72 hours) in untrained 
young adults consuming an adequate amount of dietary protein. The authors 
stated that, with conflicting results in the literature, it is premature to recom-
mend leucine supplementation (in the doses tested to date) as an ergogenic aid 
to improve muscle recovery from resistance training in this population. In agree-
ment, Estoche et al (2019) indicated that BCAA supplementation (for five days) 
did not improve muscle recovery (rating of perceived exertion in the last resist-
ance training session, muscle soreness and CMJ) in untrained 24 young adults. 

Beta-hydroxy-beta-methylbutyrate – a Metabolite of the 
Amino Acid Leucine 

At present, two different forms of beta-hydroxy-beta-methylbutyrate (HMB) are 
available: monohydrated calcium salt (HMB-Ca) and free beta-hydroxy-beta-
methylbutyric acid (HMB-FA) (Kaczka et al, 2019). Empirically, HMB has been 
classically proposed and is widely used as a nutritional supplement to limit mus-
cle damage during exercise and increase muscle gain after strenuous exercise or 
hard training (Albert et al, 2015). With this in mind, according to Kaczka et al’s 
(2019) systematic review, it appears that two weeks of HMB-Ca supplementa-
tion is the minimum period that is effective in reducing muscle damage, with 
the most frequently used supplementation protocol including the administration 
of 1 g of HMB-Ca three times a day with meals. In the International Society of 
Sports Nutrition Position Stand Beta-hydroxy-beta-methylbutyrate, Wilson et al 
(2013) documented, HMB appears to speed recovery from high-intensity exer-
cise. These effects on skeletal muscle damage appear to be reliant on the timing of 
HMB relative to exercise; the form of HMB; the length of time for which HMB 
was supplemented prior to exercise; the dosage taken; and the training status of 
the population of interest. In particular, the supplement should be taken at 1-2 g 
30-60 minutes prior to exercise if consuming HMB-FA, and 60-120 minutes 
prior to exercise if consuming HMB-Ca. In Rahimi et al’s (2018) systematic 
review and meta-analysis (based on study duration (<6 weeks versus ≥ 6 weeks), 
HMB effectiveness on EIMD was statistically significant in studies over six weeks 
(p <0.001). Therefore, the current evidence reveals a time-dependent effect of 
HMB in reducing LDH and CK serum levels among adults. HMB, therefore, 
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may be seen as a priority muscle damage recovery agent in interventions. From 
the available data collected in Arazi et al’s (2018) review, acute ingestion of HMB 
before and after resistance exercise can attenuate some circulating pro-inflamma-
tory mediators, which improves the subsequent recovery process. However, the 
authors did indicate that the number of studies examining the interaction effects 
of HMB and exercise training on inflammation, oxidative stress and cardiovas-
cular parameters was limited. Furthermore, findings from a study by Townsend 
et al (2013) using 40 healthy resistance-trained men revealed a potential blunted 
or delayed inflammatory response following resistance training with HMB-FA 
supplementation. However, Silva et al’s (2017) systematic review concluded that 
the effects of HMB-FA supplementation on markers of muscle damage and per-
ceived recovery after resistance exercise were mixed; although supplementation 
may attenuate markers of muscle damage and augment acute immune and endo-
crine responses. 

Essential Amino Acids 

There are 20 amino acids, but only nine – lysine, isoleucine, leucine, TRP, phe-
nylalanine, methionine, valine, histidine and threonine – are classed as EAAs. 
Other amino acids – such as arginine and glutamine – are classed as conditionally 
essential (essential only under specific circumstances, such as high training loads, 
stress or illness). After exercise, amino acids – particularly the EAAs – are required 
in support of tissue repair and remodelling (Seery & Jakeman, 2016). A selection 
of amino acids is discussed in relation to their role in improving athletic recovery. 

Glutamine and L-arginine 

Glutamine is a conditionally essential amino acid that is widely used in sports 
nutrition, especially because of its immunomodulatory role. This amino acid 
began to be investigated in sports nutrition beyond its effect on the immune 
system, with various properties – such as its anti-fatiguing role – being attributed 
to it (Coqueiro et al, 2019). Most of the studies evaluated in Coqueiro et al’s 
(2019) review (55 studies) reported that glutamine supplementation improved 
some fatigue markers, such as increased glycogen synthesis and reduced ammo-
nia accumulation. However, Master and Macedo’s (2021) recent review sug-
gested that the claim of an immune system boost in athletes is not supported 
for well-controlled clinical trials. This agrees with the findings of Ahmadi et al 
(2019) from their systematic review (47 studies) and meta-analysis (25 trials). 
The authors stated that according to their meta-analysis generally, glutamine 
supplementation has no effect on athletes’ immune system, aerobic performance 
or body composition. By contrast, Rezende Freitas et al’s (2015) acquired data 
demonstrated that glutamine supplementation can: (i) increase the distance and 
duration of tolerance to intermittent exercise; (ii) reduce feelings of fatigue; (iii) 
enhance physical and performance measures; (iv) optimise recovery from mus-
cle damage; and (v) prevent suppression of neutrophil function, especially the 
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production of reactive oxygen species. The authors also suggested that glutamine 
supplementation can elevate nasal immunoglobulin A; partially prevent hyperam-
monemia and apoptosis of human lymphocytes; improve visual reaction time; 
enhance fluid and electrolyte uptake; and further elevate exercise-induced plasma 
interleukin-6 (IL-6). 

Meanwhile, L-arginine triggers vasodilation because it increases the produc-
tion of nitric oxide in muscles during training. When blood flow increases due 
to vasodilation, active tissues are supplied with a large amount of nutrition and 
oxygen (Mor et al, 2018). Here the authors concluded that the post-arginine 
supplementation lactate levels of the experimental group (the experimental group 
consumed 6 g of arginine and the placebo group consumed 6 g of wheat bran) 
were found to decrease faster compared to the placebo group, indicating that 
arginine supplementation accelerates the removal of lactic acid from the body 
and improves recovery. However, less favourable results were noted by Andrade 
et al (2018): L-arginine did not improve muscle recovery (CK and muscle sore-
ness (p <0.05), lactate levels (p <0.05)) in their 20 participants following high-
intensity resistance exercise. By contrast, Tsai et al’s (2009) study of judo athletes 
indicated that consuming 0.1 g/kg weight of arginine during the exercise recov-
ery period provides the muscle with an anabolic environment by increasing glu-
cose concentration and stimulating insulin secretion. Moreover, the decrease in 
fat-free acid availability in the blood reduces fat oxidation during recovery from 
endurance exercise and may benefit exercise recovery. 

L-theanine and Citrulline Malate 

Twenty members of the Polish rowing team were randomly assigned to a supple-
mented group (n =10), receiving 150 milligrams (mg) of L-theanine extract for six 
weeks, or to a placebo group (n =10) (Juszkiewicz et al, 2019). The participants 
performed a 2,000-metre test on a rowing ergometer at the beginning of the sup-
plementation period (first examination) and at the end of the supplementation 
period (second examination). Blood samples were obtained from the antecubital 
vein before each exercise test, one minute after completing the test and after a 
24-hour recovery. The results indicated that supplementation with L-theanine 
contributed to a significant post-exercise decrease in IL-10 concentration, which 
was reflected by higher values of IL-2 to IL-10 and interferon gamma to IL-10 
ratios. Moreover, a significant post-recovery decrease in cytotoxic lymphocytes 
(CTL) count, T regulatory lymphocytes (Treg) to natural killer cells and Treg 
to CTL ratios was observed in the supplemented group. Equally as important 
for some athletes, Jäger et al (2008) concluded that post-workout supplementa-
tion of 50 mg L-theanine accelerates mental regeneration after physical exercise 
consisting of a bicycle ergometer test, starting at 20% of the maximal individual 
workload. The intensity was gradually increased every three minutes, with the 
fifth interval (maximum workload) lasting four minutes. 

Citrulline malate (CM), a non-essential amino acid found in watermelons, is 
formed by a combination of L-citrulline and malate, or malic acid, which is found 
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in apples and grapes. Research is limited to its effects on recovery in athletic 
populations; however, Da Silva et al (2017) indicated that CM supplementation 
(single 6 g dose pre-workout) does not improve the muscle recovery process 
following a high-intensity resistance exercise session in untrained young adult 
men. This agrees with the findings of Chappell et al (2018). In the authors’ 
investigation, CM not only did not attenuate the marker of muscle soreness, but 
also was associated with greater soreness over the 72 hours following exercise. 
Moreover, CM supplementation had no effect on blood lactate concentrations 
following exercise. In addition, Farney et al (2019) concluded that citrulline was 
not effective in improving performance or alleviating fatigue following high-
intensity exercise. In contrast, in a study by Kiyici et al (2017), active handball 
players demonstrated significant reductions in lactate levels (60.7%, p <0.05) after 
intense effort (pre-season strength and technique training) following a protocol 
that consisted of ingesting 1g of CM at breakfast, 1 g at lunch and 1 g at dinner. 

Creatine Monohydrate 

The effects of creatine supplementation on athletic performance have been 
well documented (Williams & Branch, 1998; Bird et al, 2003; Racette, 2003; 
Eckerson et al, 2004; Bemben & Lamont, 2005; Cooper et al, 2012; Antonio 
& Ciccone, 2013; Hall & Trojian, 2013; Hummer et al, 2019; Antonio, et al, 
2021; Wax et al, 2021). However, its effects on post-exercise recovery are less 
well documented. 

The primary sources of dietary creatine are meats and fish, with concentrations 
ranging from 3-5 grams of creatine per kilogram of raw meat; although some 
fish – such as herring – may contain up to 10 grams per kilogram. About 95% 
of the creatine in the human body is stored in skeletal muscle where, along with 
phosphoryl-creatine and the enzyme CK, it is involved in ATP synthesis. The CK 
reaction is a particularly important source of ATP during times of high energy 
demand, such as maximal exercise (Heaton et al, 2017). With this in mind, the 
body needs to replenish about 1-3 g of creatine per day to maintain normal (un-
supplemented) creatine stores, depending on muscle mass (Kreider et al, 2017). 
The International Society of Sports Nutrition Position Stand Safety and Effcacy 
of Creatine Supplementation in Exercise, Sport, and Medicine indicated that cre-
atine supplementation may enhance post-exercise recovery; injury prevention; 
thermoregulation; rehabilitation; and concussion and/or spinal cord neuropro-
tection (Kreider et al, 2017). Antonio et al (2021) conducted an evidence-based 
review of the literature examining the effects of creatine supplementation. They 
found that it may help athletes who deplete large amounts of glycogen during 
training and/or performance (ie, sporting events) to maintain optimal glyco-
gen levels. Their evidence suggested further that creatine supplementation may 
reduce muscle damage and/or enhance recovery from intense exercise. However, 
in Northeast and Clifford’s (2021) systematic review and meta-analysis, creatine 
supplementation did not alter muscle strength, muscle soreness, range of motion 
or inflammation at each of the five follow-up times after exercise (<30 min, 24, 
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48, 72 and 96 hr; p >0.05); although creatine attenuated CK activity at 48 hours 
post-exercise (p =0.02). In a study of elite male endurance athleres (n =28), 
Fernández-Landa et al (2020) found that the combination of 3 g a day of creatine 
monohydrate plus 0.04 g/kg/day of HMB for ten weeks showed an increase in 
testosterone and testosterone/cortisol ratio (T/C) compared with a placebo or 
isolated supplementations. Moreover, this combined supplementation revealed a 
synergistic effect on testosterone and T/C and an antagonistic effect on cortisol, 
which are positive effects for athletes’ recovery. However, this combination did 
not present any differences in EIMD. Therefore, the combined use of these two 
ergogenic supplements could promote faster muscle recovery from high-intensity 
activity without preventing muscle damage. Indeed, several studies indicate that 
increasing muscle creatine content through creatine supplementation creates an 
intracellular environment that encourages better recovery between short-term 
bouts of exercise and during long-term exercise training (Heaton et al, 2017). 
Therefore, creatine monohydrate could be recommended for promoting recov-
ery from, and muscular adaptations to, intense training; recovery from periods 
of injury that result in extreme inactivity; and cognitive processing (Rawson 
et al, 2018). In agreement, in Bregani et al’s (2005) study, ten healthy cavers 
were treated with creatine combined with BCAAs or placebo before a cave trip. 
Subsequently, the same group performed the same exercise, inverting the treat-
ments. Recovery time seemed to be improved by creatine administration, show-
ing reduced fatigue. Wax et al’s (2021) recent review also suggested that creatine 
supplementation shows promise in facilitating recovery following EIMD and 
potentially as an aid during post-injury rehabilitation. Similarly positive results 
were found by Jiaming and Rahimi (2021), whose meta-analysis revealed that 
creatine supplementation would be effective in reducing immediate muscle dam-
age that happens post-exercise. However, due to the high heterogeneity and the 
medium risk of bias for articles, it is suggested that these results be taken into 
account and the facts be interpreted with caution by readers. 

Ketone Ester 

With the emergence of exogenous ketones, athletes may be able to increase their 
blood beta-hydroxybutyrate (BHB) concentrations and be in ketosis, regardless 
of their diet, as well as being able to stack different substrates with ketones to 
optimise their effects in performance and recovery (Mansor & Woo, 2021). In 
a study by Poffé et al (2019), 18 participants performed an endurance train-
ing programme (cycling) to induce explicit cardiovascular, hormonal and per-
ceptual symptoms of overreaching. Interestingly, ketone ester (KE) markedly 
inhibited the appearance of these symptoms, while enhancing tolerable training 
load, increasing energy intake and stimulating endurance exercise performance. 
Sprint performance restored to baseline within three days of recovery, while 
performance improvements in a 30-minute time trial only occurred by day 7. 
Nonetheless, for some participants in this study, performance impairments per-
sisted until the end of the recovery period (90S:−5 to+13%; TT :−5 to+14%). 30min 
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Figure 7.2 Ketone body pathway 

Overall, the authors concluded that KE is a potent strategy to prevent overtrain-
ing and stimulate endurance training adaptation. However, these points were 
refuted by Bellinger et al (2019), who argued that they could not be proposed 
from the data presented in their article. Nonetheless, positive findings were also 
noted by Vandoorne et al (2017), who found that KE enhances the anabolic 
response to both exercise and protein ingestion, but does not affect muscle gly-
cogen synthesis, suggesting that it might become an attractive nutritional strat-
egy to increase training-induced muscle remodelling and adaptation. Mansor and 
Woo’s (2021) recent review article suggested that exogenous ketones taken after 
exercise in conjunction with carbohydrate and/or protein exert an ergogenic 
effect in post-exercise recovery. Exogenous ketones also eliminate the disadvan-
tage of ketogenic diet by allowing stacking of multiple substrates and supple-
ments to enhance the speed and quality of the recovery period. 

Caffeine 

Caffeine is categorised as an alkaloid xanthine found in isolation or added to a 
wide variety of foods and beverages (Benjamim et al, 2021). Its effects are due to 
the blockage of adenosine receptors and an increase in the activity of the sympa-
thetic nervous system through the release of catecholamines in plasma (Benjamim 
et al, 2021). Its effects on sports performance are well documented (Burke, 2008; 
Sökmen et al, 2008; Diaz-Lara et al, 2016; Bloms et al, 2016; Salinero et al, 
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2019; Wilk et al, 2019; Domínguez et al, 2021; Karayigit et al, 2021; Lara et 
al, 2021). However, any potential positive effects on improving recovery from 
strenuous exercise are less well known. Allen et al (2008) stated that impaired 
calcium release from the sarcoplasmic reticulum (SR) has been identified as a 
contributor to fatigue in isolated skeletal muscle fibres. The functional impor-
tance of this phenomenon can be quantified by the use of agents, such as caf-
feine, which can increase SR calcium release during fatigue. In addition, caffeine 
is similar in structure to adenosine, and it has been proposed that it can inhibit 
the effect of adenosine on the central nervous system (CNS) by blocking the 
perception of pain that is propagated from the peripheral nerves to the CNS via 
adenosine receptors (Chen et al, 2019), which could lead a reduction in percep-
tions of soreness. The same authors demonstrated that acute caffeine supple-
mentation at a dosage of 6 mg/kg can facilitate recovery of anaerobic power and 
attenuate DOMS when maximum voluntary isometric contractions (MVICs) are 
performed. Furthermore, male athletes, compared with female athletes, expe-
rienced a greater reduction in DOMS for enhanced MVIC when caffeine was 
prescribed. This suggests that male athletes might benefit from the ergogenic 
effect of acute caffeine supplementation after the onset of EIMD. In addition, 
the authors demonstrated that even with a certain low degree of muscle damage 
and DOMS over 72 hours, after an exercise with eccentric emphasis, neuromus-
cular function, muscle strength and sprint performance were preserved in well-
trained sprinters and jumpers. In addition, Caldwell et al (2017) concluded that 
ingesting caffeine improved ratings of perceived muscle soreness for the legs, but 
not perceived lower-extremity functionality in the days following an endurance 
cycling event. Athletes may benefit from ingesting caffeine in the days following 
an arduous exercise bout to relieve feelings of soreness and reduced functionality. 
Furthermore, Green et al (2018) found that caffeine possesses a similar ergogenic 
effect on isokinetic torque in both uninjured and injured states; but found no 
effect on the production of isometric torque, perceptions of soreness or degree of 
relative fatigue (on quadriceps performance after eccentric exercise). 

In a study by San Juan et al (2019), caffeine supplementation (6 mg·kg−1) 
improved anaerobic performance (ie, Wingate test and CMJ) with a similar elec-
tromyographic activity and fatigue levels of lower limbs and enhanced neuromus-
cular efficiency in some muscles (ie, vastus lateralis, gluteus maximus and tibialis 
anterior) in Olympic-level boxers. Additionally, Pedersen et al (2008) found that 
after a bout of glycogen-depleting exercise, caffeine co-ingested with carbohy-
drate has an additive effect on rates of post-exercise muscle glycogen accumula-
tion. Also investigating caffeine with carbohydrate (sweetened milk), Loureiro et 
al (2021) concluded that the addition of coffee to a post-exercise beverage with 
adequate amounts of carbohydrate is an effective strategy to improve muscle gly-
cogen recovery for those cycling athletes with a short-time recovery (< 4 hours) 
or in competitions with multiple and sequential bouts of exercise. As Pedersen 
et al (2008) alluded, part of this effect may be due to the higher blood glucose 
and insulin concentrations observed after the co-ingestion of carbohydrate with 
caffeine, compared with ingestion of carbohydrate alone. Furthermore, Sarshin 
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et al (2020) highlighted that caffeine ingestion increased resting cardiac auto-
nomic modulation and accelerated post-exercise autonomic recovery after a bout 
of anaerobic exercise (Wingate test) in recreationally active young men (n =20). 
However, no differences between caffeine doses (3 or 6mg·kg−1) on cardiac 
autonomic reactivity were observed. In a recent study, Benjamin et al (2021) 
confirmed that the ingestion of caffeine (300 mg) before strength exercise: (i) 
impaired the recovery of vagal heart rate control during recovery after exercise; 
(ii) delayed the recovery of systolic arterial pressure after physical exertion; and 
(iii) delayed heart rate recovery to baseline resting levels. No significant deviations 
were recognised for diastolic arterial pressure (heart rate variability (HRV) indices 
were determined at the subsequent times: 0 to five minutes of rest (before) and 
during 30 minutes of recovery (after exercise), divided into six intervals, each of 
five minutes). By contrast, Gonzaga et al (2017) noted that systolic blood pres-
sure differences were found from the first to the fifth minute of recovery in the 
authors’ caffeine protocol, and from the first to the third minute in their placebo. 
Significant differences in diastolic blood pressure (p <0.0001) were observed only 
for the caffeine protocol at the first and third minutes of recovery. Therefore, the 
researchers concluded, caffeine was shown to be capable of delaying parasym-
pathetic recovery, but did not influence the behaviour of respiratory rate, oxy-
gen saturation or frequency-domain HRV indices. Pickering and Grgic (2019) 
made an important point for athletes to consider when competitions occur in the 
evening: pre-competition caffeine use may have a carryover effect, reducing sleep 
quality and duration, and subsequently harming recovery. 

L-carnitine 

L-carnitine plays an important regulatory role in the mitochondrial transport of 
long chain free fatty acids (Gülçin, 2006). In a recent meta-analysis, Yarizadh et 
al (2020) examined the effects of L-carnitine supplementation on EIMD. Pooled 
data from seven studies showed that L-carnitine supplementation resulted in 
significant improvements in muscle soreness at the five follow-up time points 
(0, 24, 48, 72 and 96 hours) compared to placebo. In addition, the pooled data 
indicated that L-carnitine significantly reduced CK, myoglobin and LDH levels 
at one follow-up period (24 hours). However, no effects were observed beyond 
this period. Therefore, the authors concluded that L-carnitine supplementa-
tion improves DOMS and markers of muscle damage. Further positive results 
were found by Huang and Owen (2012). The authors stated that studies have 
shown a decrease in markers of purine catabolism and free radical generation 
and muscle soreness as a result of L-carnitine supplementation. They added that 
direct assessment of muscle tissue damage via magnetic resonance imaging also 
indicates the ability of L-carnitine to attenuate tissue damage related to hypoxic 
stress. Therefore, L-carnitine is regarded as a safe supplement for athletes and has 
been shown to positively impact the recovery process after exercise. This agrees 
with the findings of Stefan et al (2021), whose trial demonstrated that L-carnitine 
tartrate supplementation, over a period of five weeks, improved recovery and 
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fatigue based on reduced muscle damage and soreness after an exercise chal-
lenge in a relatively large cohort of male and female subjects. The authors further 
reported that muscle power and strength were also improved in both males and 
females. 

Trace Elements 

Essential trace elements are necessary for normal biochemical, physiological pro-
cesses in the body, growth, maintenance of health and longevity; and their lack 
is a cause of disease. This group includes iron, cobalt, copper, zinc, chromium, 
molybdenum, iodine and selenium (Lazović et al, 2018). However, as their place 
in post-exercise recovery is contentious, only a few will be discussed. 

Chromium is a trace mineral that is actively involved in macronutrient metab-
olism (Kerksick et al, 2018). Overall, the current evidence of chromium sup-
plementation for athletic performance is lacking, with most evidence showing 
no effect (with shorter trial periods<13 weeks); however, further longer-term 
studies may be warranted (Heffernan et al, 2019). One systematic review and 
meta-analysis (Zhang et al, 2021) on the effect of chromium supplementation on 
high-sensitivity C-reactive protein (CRP), tumour necrosis factor-alpha and IL-6 
as a risk factor for cardiovascular diseases did state that chromium supplementa-
tion may help to improve biomarkers of inflammation (as markers of myocardial 
infarction). 

Zinc is recognised as a redox-inert metal and functions as an antioxidant (see 
page 70) through the catalytic action of copper/zinc superoxide dismutase; sta-
bilisation of membrane structure; protection of sulfhydryl protein groups; and 
positive regulation of metallothionein expression. It also suppresses anti-inflam-
matory responses that would otherwise increase oxidative stress (López et al, 
2022). Yet despite higher dietary zinc intake, athletes generally have lower serum 
concentration, which suggests that they have higher zinc requirements than those 
who are physically inactive (Chu et al, 2018). Zinc/magnesium aspartate sup-
plementation is advocated for its ability to increase testosterone and insulin-like 
growth factor 1, which is further suggested to promote recovery, anabolism and 
strength during training (Kerksick et al, 2018). Chu et al’s (2017) systematic 
review and meta-analysis revealed that serum zinc levels decrease significantly 
during exercise recovery compared to pre-exercise levels. This led the authors to 
postulate that the exercise-induced fluctuations in zinc homeostasis are linked to 
the muscle repair mechanisms following exercise. 

Melatonin (N-acetyl-5-methoxytryptamine) 

Data obtained from a study in which the participants ran 5 kilometres with 
almost 2,800 metres of ramps in permanent climbing and very changeable cli-
matic conditions, indicated that melatonin has potent protective effects, prevent-
ing overexpression of pro-inflammatory mediators, and inhibiting the effects 
of several pro-inflammatory cytokines. Therefore, melatonin supplementation 
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before strenuous exercise reduces muscle damage through modulation of oxida-
tive stress and inflammation signalling (Ochoa et al, 2011). According to Kruk et 
al’s (2021) literature review, the evidence shows that intense exercise disturbs the 
antioxidant status of competitive athletes, whereas supplementation with mela-
tonin strengthens antioxidant status in trained athletes in various sports, as the 
compound shows high potency in reducing the oxidative stress and inflammation 
markers generated during intense and prolonged exercise. Therefore, given the 
demonstrated antioxidant effects of melatonin in human and animal studies with 
exercise, future investigations should investigate the potential ergogenic effects of 
chronic melatonin supplementation in athletes, along with any effects on skeletal 
muscle exercise adaptations in humans (Mason et al, 2020). Melatonin is also 
discussed on page 184. 

Sodium Bicarbonate 

Alkalising substances have been researched extensively for their potential to 
improve performance by minimising the extent of metabolic acidosis, a contribu-
tor to fatigue during high-intensity exercise. One such agent that has attracted 
a wealth of attention is sodium bicarbonate (Peart et al, 2012). More recently, 
studies on the use of sodium bicarbonate on athletic performance have been well 
documented (Peart et al, 2012; Krustrup et al, 2015; Durkalec-Michalski et al, 
2018; Hadzicet al, 2019; Dalle et al, 2019; Gough et al, 2021). One strategy to 
attenuate fatigue development during anaerobic exercise is to inhibit hydrogen 
ion accumulation by increasing buffer capacity (Dalle et al, 2019) As previously 
mentioned, the accumulation of hydrogen ion causes acidification in the muscle 
that is associated, among other things, with muscle fatigue (Durkalec-Michalski et 
al, 2018). Wang et al (2019) suggested that the combination of bicarbonate sup-
plementation and high-intensity interval training (HIIT) can enhance the effect 
of HIIT on anaerobic performance, including improving power output, delaying 
fatigue onset and improving the blood lactate clearance rate and velocity after the 
anaerobic exercise. Furthermore, Dalle et al (2019) noted that due to the sus-
tained increase in blood bicarbonate in participants, during intermittent exercise, 
a proposed stacked loading strategy could be recommended in a variety of sports 
disciplines with multiple qualification rounds throughout the day. However, not 
all studies have indicated positive results on markers of recovery. For example, 
Gurton et al 2020) suggested that post-exercise sodium bicarbonate ingestion 
is not an effective strategy for accelerating the restoration of acid base balance 
or improving subsequent time to exhaustion running performance when limited 
recovery is available. 

Vitamin D and Calcium 

Vitamin D insufficiency or deficiency appears common and the benefits of 
replenishment with supplementation will likely improve some aspects of mus-
cle function (Rawson et al, 2018). Furthermore, the available data suggests that 
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vitamin D may play a role in the muscle repair and recovery process (Heaton et 
al, 2017); however, unless the athlete is deficient, it is unlikely that vitamin D 
supplements will improve time to recovery. According to Heffernan et al (2019), 
there is currently no evidence that calcium supplementation has any direct effect 
on athletic performance (currently, only aerobic capacity has been investigated). 
Nonetheless, calcium supplementation at oral doses of between 800 g (over eight 
days) and 1352 g (single meal prior to exercise), or an intravenous infusion at 
156 mg (prior to and during exercise), may attenuate post-exercise reductions in 
serum ironised calcium and calcium loss, with lower doses appearing to have no 
effect. 

Alcohol 

The impact of alcohol on sports performance and recovery is particularly impor-
tant for males, in both athletic and general populations, due to the reduced pro-
duction of testosterone and the subsequent effects on body composition, protein 
synthesis and muscular adaptation/regeneration; these effects are likely to inhibit 
recovery and adaptation to exercise (Barnes et al, 2014). However, this may not 
be the same in females. According to research by Levitt et al (2017), 13 recrea-
tionally resistance-trained women completed two identical exercise bouts (300 
maximal single-leg eccentric leg extensions) followed by alcohol (1.09 g ethanol 
kg−1 fat-free body mass) or placebo ingestion. From the results, the authors con-
cluded that the alcohol consumed after muscle-damaging resistance exercise (five 
hours post, 24 hours post and 48 hours post) did not appear to affect inflamma-
tory capacity or muscular performance recovery, suggesting a gender difference 
regarding the effects of alcohol on exercise recovery. Lakićević’s (2019) system-
atic review of alcohol consumption following resistance exercise revealed that 
exercise did not seem to be a modulating factor for CK, heart rate, lactate, blood 
glucose, estradiol, sexual hormone binding globulin, leukocytes and cytokines, 
CRP and calcium. Additionally, force, power, muscular endurance, soreness and 
rate of perceived exertion were also unmodified following alcohol consump-
tion during recovery. Cortisol levels seemed to be increased; while testosterone, 
plasma amino acids and rates of MTS decreased. 

Conclusions 

In summary, the prevalence of athletes using supplements varies greatly between 
surveys, with a range of reported use from 40% to 100%, indicating that use is 
widespread in athletic populations. Sports supplements, vitamin and mineral sup-
plements, and herbs (dependent on country of origin) are generally most com-
monly used (Garthe & Maughan, 2018). Various authors have listed what they 
believe are the most useful supplements for post-exercise recovery. For example, 
Rawson et al (2018) suggested that creatine monohydrate, vitamin D, omega 
3-fatty acids, probiotics, gelatin/collagen and certain anti-inflammatory supple-
ments can influence cellular and tissue health, resilience and repair in ways that 
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may help athletes to maintain health, adapt to exercise and increase the quality 
and quantity of their training. By contrast, Bongiovanni et al (2020) posited 
that supplementation with tart cherries, beetroot, pomegranate (see Chapter 8), 
creatine monohydrate and vitamin D appears to provide a prophylactic effect in 
reducing EIMD. HMB and the ingestion of protein, BCAAs and milk could rep-
resent promising strategies to manage EIMD. In addition, creatine monohydrate 
has proved to have beneficial effects on recovery markers (Heaton et al, 2017; 
Rawson et al, 2018; Antonio et al, 2021), and may be recommended. HMB 
should be considered for it’s otential positive effect on reducing muscle damage 
(Albert et al, 2015; Rahimi et al, 2018). L-carnitine could also be considered 
for its positive effects on muscle soreness (Huang & Owen, 2012; Yarazadh et 
al, 2020; Stefan et al, 2021). Finally, BCAAs are another potential nutritional 
strategy to least alleviate EIMD or its consequences (Fouré & Bendahan, 2017; 
Kerksick et al, 2018) and reduce the perception of fatigue (Negro et al, 2008; 
Chen et al, 2016; Hsueh et al, 2018). Unless deficient, trace elements, calcium, 
vitamin D, sodium bicarbonate, KE and melatonin are generally not required. 



 

 
 
 
 
 
 

  

 

8 Antioxidants 

Figure 8.1 How antioxidants neutralise free radicals in the body 

It is beyond the scope of this chapter to explore the role of antioxidants in 
improving sport and exercise performance; therefore, in keeping with the title 
of this book, the focus is solely on how they affect the athlete recovering from 
strenuous training or competition. For a thorough understanding of the role of 
antioxidants in sports nutrition, readers are directed to Lamprecht, M (2014). 

Exhaustive strenuous exercise can cause muscle damage, fatigue and asso-
ciated muscle soreness. This muscle damage promotes infiltration of phago-
cytes (ie, neutrophils and macrophages) at the site of injury. The physiological 
changes that occur during acute exercise increase free radical production, 
leading to oxidative damage to biomolecules (Kawamura & Muraoka, 2018). 
Furthermore, robust evidence shows that the damaging process continues 
through an inflammatory response after an initial mechanical disruption (de 
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Lima et al, 2015). Oxidative stress also plays an important role in this aggrava-
tion under two possible situations: (i) when reactive oxygen species (ROS) are 
present during an initial mechanical disruption or metabolic challenging activ-
ity; and (ii) when leukocytes secrete ROS during the inflammatory response 
(de Lima et al, 2015). Antioxidants play important roles in regulating ROS 
levels through direct free radical scavenging mechanisms, through regulation 
of ROS/reactive nitrogen species producing enzymes and/or through adaptive 
electrophilic-like mechanisms (Trewin et al, 2018). Either excessive produc-
tion of ROS at acute exercise or depletion of antioxidant systems calls for a 
need to boost the endogenous pathway and supplement the exogenous anti-
oxidants (Otocka-Kmiecik & Król, 2020). The benefits of antioxidant supple-
ments might relate to an improved cellular redox state and decreased oxidative 
modifications to DNA, lipids and proteins (Trewin et al, 2018). Despite the 
uncertainty as to the exact role of ROS following contraction-induced dam-
age, it is common practice for athletes to use antioxidant therapy to prevent 
post-exercise ROS production (Close et al, 2006) as the use of exogenous anti-
oxidants might help to delay muscular fatigue and improve endurance exercise 
performance (Trewin et al, 2018). However, contrary to popular belief, ROS 
produced in the days following muscle-damaging exercise may not be responsi-
ble for the prolonged losses of muscle function and delayed-onset muscle sore-
ness (DOMS); and conversely, may play a key role in mediating the recovery 
(Close et al, 2006). In agreement, Braakhuis & Hopkins (2015) noted that 
many athletes supplement with antioxidants in the belief that this will reduce 
muscle damage, immune dysfunction and fatigue, and will thus improve perfor-
mance; although some evidence suggests that it impairs training adaptations. 
Moreover, Martinez-Ferran et al (2020) posited that the protective role of anti-
oxidant supplements could relate more to protection against exercise-induced 
lipid peroxidation than to muscle damage as measured by plasma creatine kinase 
(CK) levels. 

It would appear from the scientific literature that athletes use a number of 
antioxidants during recovery, including, but not limited to, vitamins A, C and 
E; alpha lipoic acid (ALA); quercetin; catechin; coenzyme Q10 (CoQ10); phy-
tochemicals and anthocyanins (ACNs); lemon verbena extract; and glutathione. 

Alpha Lipoic Acid 

Current evidence is suggestive of improved exercise-related oxidative stress fol-
lowing ALA supplementation in humans, including a systematic review and 
meta-analysis (41 trials) by Rahimlou et al (2019). From the results of their 
review, the authors suggested that ALA is a viable supplement to improve some 
glycaemic and inflammatory biomarkers. However, given a lack of evidence on 
the effects of ALA on endurance performance and skeletal muscle adaptations, 
ALA supplementation cannot be recommended at present for athletes (Mason 
et al, 2020). 
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Polyphenols 

Polyphenols operate at several levels, including gene activation which leads to 
increased mitochondrial efficiency and increased blood flow to deliver more oxy-
gen to the mitochondria (D’Angelo, 2020). Mitochondria supply 85% to 95% of 
the energy to a muscle cell, so the more efficient the mitochondria, the greater 
the athletic performance (D’Angelo, 2020). 

Bowtwell and Kelly (2019) list a number of polyphenols (and sub-groups), 
some of which have been selected for discussion. 

Polyphenol family Example compounds Dietary source 

Stilbenes Resveratrol Grapes 
Lignans Enterodiol Seeds, wholegrains, legumes 
Phenolic acids Cinnamic, benzoic Caffeic acid (coffee), gallic

 acid (tea) 
Flavonoids Epicatechin Cocoa 
Flavanols Catechins Green tea 
Flavonols Quercetin Onions, apples, deep green 

vegetables 
Flavones Luteolin Parsley and other herbs 
Flavanones Naringenin and Citrus fruits 

hesperetins 
Isoflavones Genistein Soy products 
Anthocyanidins Cyanidin, malvidin, Cherries and berries 

delphinidin 
Proanthocyanidins B-type dimers Cocoa 
Procyanidins Ellagitannins Pomegranates

 Gallotannins Mangos 

The data from Kimble et al’s (2021) recent systematic review and meta-analysis 
suggests a beneficial effect for ACNs (berries are rich in ACNs, a sub-class of 
(poly)phenols) on biochemical, physiological and subjective recovery following 
exercise, up to and including 48 hours post exercise. In fact, the authors con-
cluded, ACNs were shown to have an overall beneficial effect on reducing CK, 
muscle soreness and strength loss, and improving power after exercise. This was 
accompanied by attenuated inflammation and increased antioxidant capacity/sta-
tus following the intake of ACNs, suggesting a potential causal link. In addition, 
tart Montmorency cherries contain high concentrations of phytochemicals and 
ACNs, which have been linked to improved athletic recovery and subsequent 
performance. In a review of the literature on the consumption of tart cherries as 
a strategy to attenuate exercise-induced muscle damage (EIMD) and inflamma-
tion in humans conducted by de Lima et al (2015), many studies showed that 
the ACNs and their aglycones present in tart cherries provide potent antioxidant 
effects by scavenging circulating ROS. The authors also noted that the evidence 
supports an inhibitory effect of inflammatory pathways signalised by the con-
sumption of these phytochemicals. Results show that, although not efficient to 
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protect from mechanical stress, tart cherry consumption is an efficient strategy to 
accelerate recovery from EIMD after strenuous exercise. 

However, contrary to this, cherry juice supplementation had no significant 
effect on the recovery of water polo-specific athletic performance in a study by 
McCormick et al (2016). The authors found no difference in anti-inflammatory 
or antioxidant activity in athletes supplemented with cherry juice compared with 
a placebo, thereby precluding any potential benefits to performance or recovery 
in water polo players. 

In contrast, in a study by Brown et al (2019), 20 physically active females 
consumed tart cherry concentrate or a placebo for eight days (30millilitres (ml) 
twice per day). Following four days of supplementation, participants completed a 
repeated-sprint protocol and measures of DOMS, pain pressure threshold (PPT), 
limb girth, flexibility, muscle function and systemic indices of muscle damage 
and inflammation were collected pre, immediately post (0hour) and 24, 48 
and 72 hours post-exercise. Time effects were observed for all dependent vari-
ables (p <0.05), except limb girth and high-sensitivity C-reactive protein (CRP). 
Recovery of countermovement jump height was improved in the cherry group 
compared to the placebo group (p =0.016). There was also a trend for lower 
DOMS (p =0.070) and for higher PPT at the rectus femoris (p =0.071) in the 
cherry group. The researchers concluded that tart cherry supplementation may 
be a practical nutritional intervention to help attenuate the symptoms of muscle 
damage and improve recovery on subsequent days in females. 

In a study conducted by de Lima et al (2019), 30 healthy young men con-
sumed either a placebo or juice containing 58 milligrams (mg) of ACNs and an 
antioxidant capacity of 67,680 micromoles per ml of Trolox equivalent (240 ml 
twice a day) for nine days to identify antioxidant capacity. The authors noted 
that antioxidant juice consumption resulted in faster recovery of muscle function 
and attenuated muscle soreness and serum CK activity following an exercise bout 
consisting of 30 minutes of downhill running. The perceived effort and maximal 
oxygen uptake fully recovered two days earlier for the experimental group, with 
significant differences between the groups observed one day following downhill 
running. Similarly, isometric peak torque reached full recovery during the study 
in the experimental group, while it remained compromised throughout the entire 
study for the control group. The authors concluded that consuming an ACN-rich 
antioxidant juice four days prior to, on the day of and four days following down-
hill running resulted in accelerated recovery from resistance exercise and recovery 
of muscle function, as well as attenuated muscle soreness. However, the authors 
suggested that caution is warranted when planning long-term antioxidant sup-
plementation, as training adaptations might be blunted. 

The preliminary findings from a pilot study by Hurst et al (2019) support the 
inclusion of appropriately timed and dosed nutritional intervention of ≥1.6 mg 
per kilogram of blackcurrant ACN-rich extract to aid post-exercise recovery, and 
contribute to the ongoing meta-analysis collection that pre-exercise consump-
tion of ACN-rich foods may facilitate exercise recovery from oxidative stress and 
preserve innate immune function. 
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Beetroot juice contains various phytochemicals, including betalain and poly-
phenols from the ACN and flavonoid subclass. Beetroot juice also contains 
nitrate. By causing generalised peripheral vasodilation shunting blood away from 
active muscle, nitrate may be harmful to performance in athletes where oxy-
gen delivery is limited – albeit that this is speculative at this stage (Braakhuis & 
Hopkins, 2015). 

Goulart et al (2020) indicated that the consumption of grape juice for 14 
days can increase antioxidant capacity and decrease lipid damage and DNA at 
the pre-exercise time. Regarding the muscle fatigue parameters, grape juice gen-
erated an increase in upper limb muscle strength in the pre-exercise protocol 
assessments. Although the period of consumption of polyphenols was short in 
the study (14 days), consumption over the years can provide significant health 
benefits to athletes. 

Quercetin is an antioxidant classed as a flavonoid and is found in foods such 
as red onion, dill, apples and capers (Braakhuis & Hopkins, 2015). However, 
currently studies are limited by small sample sizes and use of male participants 
only, with the effects on muscle recovery and EIMD equivocal in humans. There 
is currently limited evidence to recommend quercetin to trained athletes, given 
a lack of reported improvements in oxidative stress markers along with small – 
possibly trivial – endurance exercise performance benefits that are limited mostly 
to untrained individuals (Mason et al, 2020). That said, Braakhuis & Hopkins 
(2015) suggested that quercetin had a small beneficial effect on endurance per-
formance in athletes when doses of around 1 g were taken daily. Interestingly, 
Sommerville et al’s (2017) systematic review and meta-analysis on polyphenols 
and performance revealed that overall, polyphenol supplementation – of note, 
quercetin – for at least seven days has a clear moderate benefit on athletic perfor-
mance. Furthermore, a study by Bazzucchi et al (2019) indicated that after 14 days 
of quercetin supplementation (1000 mg per day), participants (n =12) showed 
a significant increase in their maximal voluntary isometric contraction (MVIC) 
with respect to baseline. When participants consumed quercetin, the force and 
muscle fibre conduction velocity (MFCV) decay recorded during eccentric exer-
cise was significantly lower than in the placebo group. In addition, MVIC and 
the force-velocity relationship post-eccentric EIMD (EEIMD) was significantly 
lower when participants ingested the placebo; and this was accompanied by a 
reduction in MFCV. Furthermore, biochemical and functional indices of muscle 
damage showed different behaviours after the EEIMD between quercetin and 
the placebo conditions. The authors thus suggested that quercetin can attenuate 
the severity of muscle weakness caused by eccentric-induced myofibrillar disrup-
tion and sarcolemmal action potential propagation impairment. Finally, a single 
140-mg dose of Zynamite® (a mango leaf extract rich in the natural polyphenol 
mangiferin) combined with a similar amount of quercetin, taken one hour before 
exercise (a ten-kilometre race followed by 100 drop jumps to elicit EIMD), fol-
lowed by three additional doses every eight hours (420 mg/24 hour of each 
polyphenol during the recovery period), attenuated the pain felt after the exercise 
protocol, reduced the muscle damage caused by the exercise and accelerated the 
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recovery of muscle performance (Martin-Rincon et al, 2020). These effects were 
likely due to the antioxidant and anti-inflammatory properties of the combination 
of Zynamite® with quercetin. 

Catechin (flavanol) is found in green tea, red wine, berries, cocoa and choco-
late (tea contains a high proportion of catechins belonging to the flavanol sub-
class, and wine contains more ACNs and proanthocyanins) (Myburgh, 2014). 
However, green tea-based catechin supplements are potentially an undesirable 
choice of antioxidant supplement for athletes (Mason et al, 2020). Jówko et al’s 
(2012) study investigated a single dose of green tea polyphenols administered 
before an intense muscle endurance test. The study failed to suppress exercise-
induced oxidative stress and muscle damage, leading the authors to conclude 
that a higher dose of polyphenols may be required to exert a positive effect on 
oxidative-stress parameters. By contrast, 16 trained amateur male athletes sup-
plemented with green tea extract (500 mg per day) (or a placebo) were tested 
over a period of 15 days while participating in repeated trials of sub-maximal 
cycling at 60% of peak power output, performed after a protocol for cumula-
tive fatigue of knee extensors (Machado et al, 2018). The authors concluded 
that green tea extract supplementation before an event of cumulative fatigue 
minimises muscle damage and oxidative stress in trained athletes. It also demon-
strated positive effects on neuromuscular parameters related to muscle activation 
and muscle fatigue. 

A recent study by Gholami et al (2021) indicated that tomato powder improves 
antioxidant capacity and alleviates the response of biomarkers of lipid peroxida-
tion to exhaustive exercise in well-trained athletes. However, an identical amount 
of lycopene did not result in similar outcomes. The authors concluded that the 
beneficial effects of tomato powder on antioxidant capacity and exercise-induced 
lipid peroxidation might be brought about by the synergistic interaction of lyco-
pene with other bioactive components. 

Modest cocoa flavanol supplementation may be potentially beneficial for over-
weight/obese athletes or exercisers who want to improve their vascular health, 
according to Myburgh (2014). He observed that while polyphenol supplemen-
tation in a variety of forms and doses can increase the capacity to quench free 
radicals – at least in the circulation – it is not yet clear whether it holds benefi-
cial effects for athletes. However, in comparison to endurance performance tri-
als, trials of recovery from muscle-damaging exercise protocols have been more 
promising. Massaro et al (2019) reviewed the effect of cocoa products and their 
polyphenolic constituents on exercise performance and EIMD and inflammation, 
and concluded that the evidence supporting the effects of the consumption of 
cacao or dark chocolate on exercise performance and/or EIMD remains weak. 
By contrast, promising results were noted by Herrlinger et al (2015) in a ran-
domised, double-blind, placebo-controlled clinical study, which demonstrated 
that after 13 weeks of supplementation with polyphenolic blend, post-exercise 
recovery improved. More specifically, significant improvements in serum antioxi-
dant status, accompanied by quicker recovery from a muscle-damaging exercise 
(compared to the placebo treatment), were demonstrated. Polyphenolic blend 



  

  

  
 

 

76 Prevention and recovery options 

supplementation resulted in a significant attenuation of peak torque losses over 
96 hours post-exercise; a quicker return of cortisol and CK to pre-exercise val-
ues over the 96-hour evaluation period; and significantly lower muscle soreness 
ratings 48 hours following participants’ downhill run. The authors concluded 
that polyphenolic constituents – including catechins and theaflavins – can pro-
vide both antioxidant and anti-inflammatory properties, which may be beneficial 
to athletes and non-athletes during competitive training and in general exercise 
regimens. 

Moreover, it appears from Bowtell & Kelly’s (2019) extensive review on fruit‐
derived polyphenol supplementation for athlete recovery and performance, that 
supplementation with fruit-derived polyphenols will assist in the recovery of mus-
cle function, and reduce muscle soreness following intensive exercise. The cur-
rent evidence suggests that supplementation with >1000 mg polyphenols per 
day for three or more days prior to and following exercise will enhance recovery 
following sporting events that induce muscle damage. 

The efficacy of pomegranate extract is attributed to its high content of poly-
phenols, primarily in the form of ellagitannins (Thrombold et al, 2010). This was 
demonstrated in recreationally active males (n =16) who received supplements of 
pomegranate extract or a placebo (500 ml) twice daily at 12-hour intervals during 
a nine-day testing period. On the fifth day of supplementation, eccentric exer-
cise was performed. The authors noted improved acute strength recovery with 
pomegranate extract supplementation without a measurable attenuation of mus-
cle soreness compared with a placebo. Muscle soreness was significantly reduced 
in the pomegranate extract treatment compared with placebo treatment at two 
hours post-exercise. In addition, the authors found improved strength recovery 
two to three days after exercise when ellagitannins from pomegranate extract 
were ingested for four days before eccentric exercise, and throughout the four-
day recovery period. However, they failed to detect a benefit regarding inflam-
mation or muscle damage. Similarly, Ammar et al’s (2018) systematic review on 
performance and post-exercise recovery concluded that the inclusion (750 ml per 
day) of polyphenol-rich pomegranate extract in the diet of active people prior to 
exercise (60 minutes), and after exercise (within 48 hours), could be beneficial 
for their physical performance and muscle recovery by conferring antioxidant and 
anti-inflammatory effects and improving cardiovascular responses during and fol-
lowing exercise. 

Coenzyme Q10 

CoQ10 is an endogenous lipid-soluble benzoquinone compound that functions 
as a diffusible electron carrier in the electron transport chain and has properties 
related to bioenergetic and antioxidant activity; thus, it is intimately involved 
in energy production and the prevention of peroxidative damage to membrane 
phospholipids and free radical-induced oxidation (Sarmiento et al, 2016). 
However, most studies have failed to demonstrate improvements in systemic 
markers of oxidative stress or antioxidant enzymes after CoQ10 supplementation, 
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with participants ranging from untrained to highly trained individuals (Mason 
et al, 2020). They include a study of 21 athletes who were supplemented with 
ubiquinol (an electron-rich form of CoQ10) (200 mg per day) or placebo for one 
month (Orlando et al, 2018), and who then completed a single bout of intense 
exercise (40-minute run at 85% maximum heart rate). Participants demonstrated 
a rapid and significant decrease in plasma ubiquinol levels – in particular, in terms 
of lipoprotein CoQ10 depletion. However, ubiquinol supplementation did not 
improve indexes of physical performance or prevent enhancement of markers of 
EIMD. By contrast, in an earlier study, Díaz-Castro et al (2012) found evidence 
that oral supplementation of CoQ10 during high-intensity exercise is efficient in 
reducing the degree of oxidative stress (decreased membrane hydroperoxides, 
8-deoxyguanosine and isoprostane generation, with a recovery of antioxidative 
defence), leading to the maintenance of cell integrity. CoQ10 supplementation 
reduces creatinine excretion and therefore decreases muscle damage during phys-
ical performance. 

Vitamins A, C and E 

Research by Mason et al (2020) concluded that the effects of vitamin C sup-
plementation on muscle recovery post muscle-damaging exercise are equivocal 
in humans; therefore, the evidence is not currently supportive of any ergogenic 
effects of vitamin C supplementation in athletes. In fact, Otocka-Kmiecik and 
Król (2020) advised caution when using vitamin C as a supplement during physi-
cal training. No improvement in – and sometimes even deterioration of – physi-
cal performance, undesirable metabolic changes in the blood and muscles, and 
a decline in antioxidant activity are often observed, especially when high levels 
of vitamin C are administered. In addition, Close et al (2006) noted that sup-
plementation with ascorbic acid (synthetic vitamin C) to prevent post-exercise 
ROS production does not attenuate DOMS or preserve muscle function, but 
may hinder the recovery process. The authors concluded that supplementation of 
ascorbic acid before and following muscle-damaging exercise (downhill running) 
not only is unnecessary, but may be detrimental to future performance. 

In a number of studies, vitamin C or ascorbic acid was combined with other 
vitamins – notably vitamins A and E. For example, in a review to examine whether 
vitamin C and/or vitamin E supplementation prevents EIMD (including 21 ran-
domised, placebo-controlled trials, 19 double-blind trials and two single-blind 
trials), Martinez-Ferran et al (2020) provided some data – although relatively 
weak – indicating a protective effect of antioxidant vitamins against EIMD. 
However, this evidence is not conclusive and not all studies have reported a clear 
benefit from vitamin C and vitamin E supplements. Therefore, based on the cur-
rent evidence, acute or chronic antioxidant vitamin supplementation does not 
seem to benefit physical performance. Furthermore, vitamin C and vitamin E 
supplements probably should not be given to athletes during training, when mus-
cle adaptations are pursued. In contrast, acute supplementation with antioxidant 
vitamins could lessen muscle damage and thus improve recovery while training 
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or during consecutive competitions. In addition, in a study by de Oliveira et al 
(2019), vitamin C and E supplementation did not promote any reduction in 
muscle-damage marker CK or DOMS, or provide any indication of faster muscle 
recovery in the days after exercise. Both CK and DOMS increased and remained 
elevated up to 72 hours after exercise; however, no changes between the placebo 
and antioxidant-supplemented groups were detected. Vitamin C and E supple-
mentation can inhibit oxidative stress promoted by intense exercise. However, 
the authors summarised that antioxidant supplementation does not attenuate 
elevated CK or DOMS promoted by exercise and exerts no ergogenic effect on 
strength, agility or power – even with reduced oxidative stress. 

Despite a considerable number of studies investigating the effects of combined 
vitamin C and E on skeletal muscle exercise adaptations, there is an absence of 
studies investigating vitamin E alone on skeletal muscle adaptations to exercise 
training in humans (Mason et al, 2020). Dutra et al (2018) analysed the chronic 
effects of strength training combined with vitamin C and E supplementation 
(twice a week for ten weeks) on hypertrophy and muscle performance of young 
untrained women. The vitamins group was supplemented with vitamins C (1 g 
per day) and E (400 international units (IU) per day) during the strength train-
ing period. The important finding from this study was that women who received 
antioxidant supplementation did not increase muscle performance (ie, peak 
torque and total work) when compared with the control group. In addition, a 
four-week randomised double-blind clinical trial conducted on 64 trained female 
athletes (Taghiyar et al, 2013) who received either vitamin C (250 mg per day), 
vitamin E (400 IU per day), vitamin C+vitamin E or a placebo revealed that 
taking vitamin C and vitamin E reduced muscle damage markers through a sig-
nificant reduction in CK. 

In research by Teixeira et al (2009), highly trained subjects completing a 100-
metre kayaking bout (n =20) were randomly assigned to receive a placebo or an 
antioxidant capsule containing 272 mg of alpha-tocopherol; 400 mg of vitamin 
C; 30 mg of beta-carotene; 2 mg of lutein; 400 micrograms of selenium; 30 mg of 
zinc; and 600 mg of magnesium. The authors analysed alpha-tocopherol, alpha-
carotene, beta-carotene, lycopene, lutein plus zeaxanthin, vitamin C, uric acid, 
total antioxidant status, thiobarbituric reactive acid substances and interleukin-6 
(IL-6) levels, CK, superoxide dismutase, glutathione reductase and glutathione 
peroxidase activities. The findings indicated that antioxidant supplementation did 
not afford protection against lipid peroxidation, muscle damage or inflammation. 

Vitamin E is an effective fat-soluble antioxidant that can protect cells from 
oxidative damage of membrane lipids (Braakhuis & Hopkins, 2015). However, 
Mason et al (2020) noted that evidence of the beneficial effects of vitamin E sup-
plementation on muscle recovery post muscle-damaging exercise is lacking. This 
agrees with the findings of a meta-analysis conducted by Stepanyan et al (2014) 
on the effects of vitamin E supplementation on exercise-induced oxidative stress. 
The results indicated that tocopherol supplementation did not result in signifi-
cant protection against either exercise-induced lipid peroxidation or muscle dam-
age. In addition, a study by Avery et al (2003) examined the effects of vitamin E 
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supplementation (1200 IU per day) on recovery responses to repeated bouts of 
resistance exercise in non-resistance trained men (n=9) or placebo (n=9) for three 
weeks. Participants then performed three resistance exercise sessions separated by 
three days of recovery. The findings agreed with those of Stepanyan et al (2014) 
and Mason et al (2020), indicating that vitamin E supplementation has no effect on 
perceived muscle soreness, membrane disruption (assessed by CK levels), free radi-
cal generation (assessed by malondialdehyde) or exercise performance following 
a bout of whole-body concentric and eccentric resistance exercise. Furthermore, 
there was no effect of vitamin E after the same bout of resistance exercise performed 
after three and six days of recovery. 

As previously mentioned with vitamin C, studies rarely examine vitamin A or 
beta-carotene alone. Neubauer et al (2010) observed that plasma concentrations 
of carotenoids and tocopherols (which are produced by plants and algae, and give 
colour to food and plants) decreased to significantly below pre-race values one 
day post-race, except for a-tocopherol (p >0.05). This may indicate an increased 
need for antioxidant nutrients in the early recovery period after an acute bout of 
ultra-endurance exercise. However, contrary to the low intake of beta-carotene 
and the moderate intake of a-tocopherol in the authors’ study, the consumption 
of vitamin C in the first 24 hours post-race (partly provided by vitamin-forti-
fied foods and drinks) was sufficient to prevent a decrease to below the baseline 
plasma vitamin C levels. 

Gelatin 

Studies have shown that gelatin supplementation can improve cartilage thickness 
and decrease knee pain, and may reduce the risk of injury or accelerate return to 
play, providing both a prophylactic and therapeutic treatment for tendon, liga-
ment and – potentially – bone health (Close et al, 2019). For example, using a 
small sample (n =8), a study by Shaw et al (2017) strongly supported the hypoth-
esis that starting an exercise bout one hour after consuming 15 g of gelatin results 
in greater collagen synthesis in the recovery period after exercise. The accelerated 
rate of collagen synthesis was observed as early as four hours after the first bout 
(five hours after gelatin supplementation) and was maintained over the 72 hours 
of the study. Therefore, adding gelatin and vitamin C to an intermittent exercise 
programme could play a beneficial role in injury prevention and tissue repair. In 
addition, despite the underlying mechanisms being unclear, Clifford et al (2019) 
showed that nine days of collagen peptide supplementation might help to accel-
erate the recovery of muscle function and attenuate muscle soreness following 
strenuous physical exercise. As adverse effects from gelatin/collagen supplements 
appear low, at worst, these supplements are just an inexpensive source of amino 
acids, so the benefits of supplementation outweigh the risks (Rawson et al, 2018). 

Selenium 

The incorporation of selenium supplementation may be a practical way to enhance 
the antioxidant activity of diets, as selenium is a more powerful antioxidant than 
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vitamin E, vitamin C, vitamin A and beta-carotene (Fernández-Lázaro et al, 
2020). However, Mason et al (2020) suggest that at present, the evidence is not 
supportive of selenium supplementation in athletes. This agrees with the results 
of a systematic review by Fernández-Lázaro et al (2020), which found no evi-
dence of beneficial effects of the use of selenium supplementation on aerobic or 
anaerobic athletic performance. However, selenium supplementation may con-
tribute to maintain optimal levels in athletes who have significant losses from 
high-intensity and high-volume exercise, and may consequently reduce chronic 
exercise-induced oxidative stress. 

Astaxanthin 

The highest concentrations of astaxanthin are found in Haematococcus algae in 
the plant world and salmon in the animal world (Capelli, 2012). Astaxanthin is 
a carotenoid – a family of molecules that includes other health-giving nutrients 
such as lutein, lycopene, zeaxanthin and the most famous carotenoid, beta-caro-
tene (Capelli, 2012). Astaxanthin is a kind of lutein carotenoid found in marine 
organisms (fish, shrimp, algae), which has been shown to accelerate the recovery 
of antioxidant capacity, accelerate the clearance of blood lactate and delay the 
increase of blood uric acid in the body within one hour after acute high-intensity 
exercise (Wu et al, 2019). Unfortunately, however, the current efficacy surround-
ing astaxanthin supplementation in exercising humans is somewhat equivocal 
(Brown et al, 2018). 

An investigation by Bloomer et al (2005) was designed to determine the 
effects of astaxanthin on markers of skeletal muscle injury (n =20). The subjects 
consumed their assigned treatment for three weeks prior to eccentric exercise 
(ten sets of ten repetitions at 85% of one repetition maximum) and through 96 
hours post-exercise. Muscle soreness, CK and muscle performance were meas-
ured before and through 96 hours post-exercise. The results yielded similar 
responses for both treatment groups for all dependent variables, indicating that 
in resistance-trained men, astaxanthin supplementation does not favourably affect 
indirect markers of skeletal muscle injury following eccentric loading. According 
to Baralic et al’s (2015) results, astaxanthin supplementation improved secre-
tory immunoglobulin responses and attenuated muscle damage –probably due 
to restoring redox balance, thus preventing inflammation induced by rigorous 
physical training. 

The açai berry is very rich in polyphenols – including ACNs and proanthocya-
nidins – and flavonoids – and is becoming increasingly popular among the athletic 
population. In fact, Carvalho-Peixoto et al (2015) indicated that from a practical 
perspective, an açai functional beverage (27.6 mg of ACNs per dose) may be a use-
ful and practical way to enhance athletic performance and recovery post-exercise 
during high-intensity training or competitions. In addition, six weeks’ consumption 
of an açai-based juice blend in a pilot study by Sadowska-Krępa et al (2015) had 
no effect on the sprint performance of junior hurdlers (n=7), but caused a marked 
increase in the total antioxidant capacity of plasma, a substantial improvement in 
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lipid profile and moderate attenuation of EIMD. The authors attributed this to its 
high total polyphenol content and related high in vivo antioxidant and hypocholes-
terolaemia activities. In a recent systematic review and meta-analysis, Carey et al’s 
(2021) systematic review and meta analysis concluded that the ingestion of poly-
phenol treatments which contain flavonoids has significant potential to improve 
recovery of muscular strength by 7.14% and reduce muscle soreness by 4.12% in the 
four days post-EIMD (no change in the recovery of CK was observed). 

Tart cherry and pomegranate are two fruits with high content of polyphe-
nols. Indeed, Rojano Ortega et al’s (2021) systematic review and meta-analysis 
(25 studies) suggests that both types of supplementation are good strategies to 
accelerate recovery of functional performance variables, perceptual variables and 
inflammation; although pomegranate supplementation shows better recovery of 
oxidative stress. However, positive effects are more likely: (i) when supplementa-
tion starts some days before muscle damage is induced and finishes some days 
after, for a total period of at least eight to ten days; (ii) with pronounced muscle 
damage of the muscles involved; and (iii) when total phenolic content is at least 
1000 mg per day. 

The beneficial health effects of cranberries, which are frequently used by ath-
letes, have been attributed to their (poly)phenol content (Feliciano et al, 2017). 
For example, Skarpańska-Stejnborn et al’s (2017) supplementation protocol with 
cranberry extract contributed to a significant strengthening of antioxidant poten-
tial in individuals exposed to strenuous physical exercise. However, supplemen-
tation did not exert direct effects on other analysed parameters: inflammatory 
markers and indices of iron metabolism (tumour necrosis factor alpha, hepcidin 
and myoglobin). The lack of exercise-induced changes in inflammatory markers 
and parameters of iron metabolism seems to be indirectly linked to the enhance-
ment of antioxidant potential. 

Lemon verbena extract has been shown to be a safe and well-tolerated 
natural sports ingredient that reduces muscle damage after exhaustive exer-
cise (Buchwald-Werner et al, 2018). The authors found that participants sup-
plemented with 400 mg of lemon verbena (Recoverben®) benefited from less 
muscle damage and faster and full recovery, compared to the placebo group. 
The same participants also had significantly less exercise-related loss of muscle 
strength (p =0.0311) over all time points, improved glutathione peroxidase activ-
ity by trend (p =0.0681) and less movement-induced pain by trend (p=0.0788). 
CK and IL-6 did not show significant discrimination between groups. Based on 
these findings, lemon verbena appears not only to speed recovery, but also to 
reduce fatigue directly after exercise. The less pronounced muscle damage seen 
by significantly less reduction of MVC seems to be reflected by less perceived pain 
under lemon verbena extract as compared to placebo. 

N-acetylcysteine 

The antioxidant N-acetylcysteine (NAC), a derivative of the natural amino acid 
cysteine, is a precursor to glutathione. Glutathione is an endogenous thiol-group 
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containing antioxidant that reacts with ROS as a co-factor of the antioxidant 
enzyme glutathione peroxidase (Yavari et al, 2015). While N-acetylcysteine 
(NAC) has been studied in an ‘endurance’ performance context, it may prove 
equally important in other settings, such as adaptations or recovery from resistance 
training (Braakhuis & Hopkins, 2015). Furthermore, the major thiol-disulfide 
couple of reduced glutathione and oxidized glutathione is a key regulator of 
major transcriptional pathways regulating aseptic inflammation and recovery of 
skeletal muscle after aseptic injury (Michailidis et al, 2013). In the authors’ study, 
where ten men received either a placebo or NAC after muscle-damaging exercise 
(300 eccentric contractions), eccentric exercise induced severe muscle damage 
and inflammatory response (days 1-3) as evidenced by the pronounced elevation 
of DOMS, CK, CRP, pro-inflammatory cytokines, oxidative stress markers and 
leukocytosis, and a substantial decrease in muscle function. The authors con-
cluded that although redox status alterations attenuate oxidative damage and 
inflammation and enhance muscle performance shortly after aseptic muscle dam-
age, antioxidants may delay the long-term recovery of muscle by interfering with 
intracellular signalling pathways. Therefore, the researchers suggested, heavy use 
of antioxidants may have an adverse effect on muscle performance and recov-
ery – probably by altering signalling pathways mediating muscle inflammation 
and recovery and potentially mitochondrial biogenesis and subsequent energy 
metabolism. 

Turmeric (curcumin) 

In recent years, turmeric/curcumin has increased in popularity and it appears to 
be well tolerated in high doses without significant side effects (Fernández-Lázaro 
et al, 2020). The anti-inflammatory properties of turmeric have been attributed 
to its constituent curcumin (1.7-bis (4-hidroxi-3 methoxyphenol)-1.6 heptadi-
ene-3.5-diona), also known as diferuloylmethane (Suhett et al, 2021). 

Delecroix et al (2017) demonstrated that supplementation with 6 g of cur-
cumin and 60 mg of piperine each day between 48 hours before and 48 hours 
after exercise in 10 elite-level rugby players after EIMD showed an effect on the 
recovery of some aspects of muscle function 24 hours and 48 hours after exercise. 
However, the authors stated that this effect was limited to the loss of power dur-
ing the one-leg six-second sprint, without any effect on other aspects of muscle 
damage or muscle soreness. In addition, when compared to changes observed 
against a placebo, a 200-mg dose of curcumin attenuated reductions in some 
but not all observed changes in performance and soreness after completion of a 
downhill running bout (n =63) (Jäger et al, 2019). Mixed results were also noted 
by Sciberras et al (2015). The effect of curcumin supplementation on cytokine 
and inflammatory marker responses following two hours of endurance cycling 
did not reveal a statistically significant difference between supplementation with 
curcumin versus placebo or control exercise, but did show that curcumin was 
effective for some aspects of muscle damage. Likewise, curcumin supplemen-
tation resulted in significantly smaller increases in CK (-48%), tumour necrosis 
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factor alpha (TNF-α) (-25%), and IL-8 (-21%) following EIMD compared to a 
placebo in research by (McFarlin et al, 2016). The authors observed no signifi-
cant differences in IL-6, IL-10 or quadriceps muscle soreness between conditions 
for this sample size. Collectively, the findings demonstrated that consumption of 
curcumin reduced biological inflammation, but not quadriceps muscle soreness, 
during recovery after EIMD. The observed improvements in biological inflam-
mation may translate to faster recovery and improved functional capacity during 
subsequent exercise sessions. 

A study by Tanabe et al (2015) demonstrated that a decrease in muscle 
strength and increase in serum CK activity after eccentric exercise were attenu-
ated by highly bioavailable curcumin intake at one hour before and 12 hours after 
eccentric exercise of the elbow flexors in untrained men, suggesting that cur-
cumin intake has some beneficial effects on recovery of EEIMD. Further positive 
findings include those from Fernández-Lázaro et al’s (2020) systematic review 
on the modulation of EIMD, inflammation and oxidative markers by curcumin 
supplementation, which noted that the use of curcumin reduces the subjective 
perception of the intensity of muscle pain. Likewise, curcumin can decrease mus-
cle damage through the reduction of muscle CK activity and increase muscle 
performance. Moreover, supplementation with curcumin exerts a post-exercise 
anti-inflammatory effect by modulating the pro-inflammatory cytokines TNF-α, 
IL-6 and IL-8; and curcumin may have a slight antioxidant effect. The mini-
mum optimal dose to achieve a positive impact is between 150 and 1500 mg per 
day, when administered before and immediately after exercise and for 72 hours 
thereafter. In another systematic review by Suhett et al (2021) on the effects of 
curcumin supplementation on sport and physical exercise, pooled results indi-
cated a reduction in inflammation, oxidative stress, muscle pain and damage; and 
improved muscle recovery, sport performance and psychological and physiologi-
cal responses (thermal and cardiovascular) during training, as well as gastroin-
testinal function. Furthermore, Fang and Nasir’s (2021) systematic review and 
meta‐analysis on the effect of curcumin supplementation on recovery following 
EIMD and DOMs revealed the efficacy of curcumin in reducing CK serum levels 
and muscle soreness index among adults. Therefore, curcumin may be known as 
a priority EIMD recovery agent in interventions. In another recent systematic 
review and meta-analysis (13 studies including 202 and 176 persons in the cur-
cumin and placebo groups respectively), Rattanaseth et al (2021) concluded that 
curcumin supplement reduced delayed onset muscle soreness and CK after exer-
cise in one, two, three and four days when compared to placebo. However, TNF 
and IL were not affected by curcumin ingestion. Adding to the potential benefits 
of curcumin, the results of a study by Nakhostin-Roohi (2016) demonstrate that 
acute curcumin supplementation (150 mg) after intensive eccentric exercise can 
not only keep antioxidant capacity responses high, but also serve to decrease 
muscle damage and pain. One explanation postulated by the authors is that the 
antioxidant properties of curcumin caused a decline in some enzymes. 

In agreement, Nicol et al’s (2015) study of curcumin supplementation caused 
moderate to large reductions in DOMS-related leg muscle pain symptoms at 
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several sites, which were associated with lower blood CK and higher blood IL-6. 
The study also provided some evidence of improved muscle performance (meas-
ured by increased first jump height) at 24 to 48 hours post-eccentric exercise; 
but the difference in jump height in the other jumps were trivial, so more work is 
required to clarify the nature of the effect on performance. These results led the 
authors to suggest that curcumin has the potential to be part of the nutritional 
intake of individuals wishing to reduce post-exercise soreness, which may hasten 
a return to effective training. This point was echoed by Heaton et al (2017), who 
summarised that supplementation with curcumin may be beneficial for athletes 
participating in high-intensity exercise with a significant eccentric load; how-
ever, consuming 400 mg or more of curcumin by including the spice turmeric 
in one’s diet in an effort to decrease inflammatory cytokines or reduce DOMS is 
unrealistic. The positive effects of curcumin supplementation were also noted by 
Hillman et al (2021), who suggested that consuming (500mg) twice daily for 
tendays (sixdays before, on the day of and threedays post-exercise) compared to 
a placebo reduces soreness and maintains muscular power following plyometric 
exercise. 

Eicosapentaenoic Acid/Docosahexaenoic Acid – Omega 3 

Omega-3 fatty acids belong to the n-3 polyunsaturated fatty acid family and 
contain eicosapentaenoic acid (EPA) (20:5 n-3), docosahexaenoic acid (DHA) 
(22:6 n-3), alpha-linolenic acid (ALA), stearidonic acid and docosapentaenoic 
acid (Ochi & Tsuchiya, 2019). Products containing omega-3 fatty acids are 
highly marketed, and the scientific evidence of improved athletic performance 
and recovery in athletic populations appears to be gaining momentum. Fatty 
acids and fish oil are recognised as antioxidants with anti-inflammatory proper-
ties, and the long-term intake of omega-3 fatty acids enhances anabolic sensitivity 
to amino acids; thus, it may be beneficial to the injured athlete (Ochi & Tsuchiya, 
2018). Lee et al (2017) recommended an intake of omega-3 fatty acids (1 gram 
(g) a day of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA))≤3 
grams per day for average individuals or those moderately physically active, but 
recommendations may be as high as 6–8 grams per day (2:1 ratio of EPA to 
DHA) for elite athletes. Greater training demands may increase requirements for 
omega-3 fatty acid intake. 

The predominant source of EPA/DHA is seafood – particularly fatty fish such 
as mackerel and herring. Although food products such as linseed oil and walnut 
oil have high amounts of plant-derived ALA (18:3n-3), they are not routinely 
consumed in large quantities. Other foods – such as soybeans, squash and wheat-
germ cereals – contain less ALA, but are often consumed in higher amounts and 
therefore contribute significantly to ALA intake (Thielecke & Blannin, 2020). 
The same authors’ review identified evidence to support a role of EPA/DHA 
in improved performance such as enhanced endurance, markers of functional 
response to exercise, enhanced recovery and neuroprotection. In practical terms, 
athletes – and likely more so, amateurs – may benefit from the consumption/ 
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supplementation of EPA/DHA. In general terms, there seems to be an effect of 
supplementation duration, with favourable outcomes appearing more consist-
ently after approximately six to eight weeks. The same is true for EPA/DHA 
dosage, with better responses from doses above approximately 1.5 g to 2.0 g per 
day (Thielecke & Blannin, 2020). In addition, based on the results of an inves-
tigation, Van Dusseldorp et al (2020) recommended that exercising individuals 
undergoing vigorous or unaccustomed exercise consume a higher dose of 6 g per 
day (2400 mg EPA; 1800 mg DHA) in order to reduce perceived soreness and 
improve acute power production in the recovery period. Despite this guidance, 
Ochi and Tsuchiya (2018) stated that currently there are no clarified optimal 
periods and dosages for EPA and DHA. 

The participants in a study by Jakeman et al (2017) (27 physically active 
males) received two fish oil supplements (one EPA 750 mg and DHA 50 mg; 
and one EPA 150 mg and DHA 100 mg). Following 100 plyometric drop jumps 
to induce muscle damage, the authors noted that an acute dose of high EPA fish 
oil may ameliorate the functional changes following EIMD. In a recent article 
on the effects of omega-3 polyunsaturated fatty acid supplementation on EIMD, 
Kyriakidou et al (2021) found that fourweeks of supplementation at 3g per day 
may attenuate minor aspects of EIMD, as observed in DOMS and peak power. 
Typically, no significant differences were noted between groups; however, a 
blunted inflammatory response was observed immediately after eccentric exercise 
and decreased CK activity at 24hours following muscle-damaging exercise in 
the omega-3 group. The authors noted no significant differences in leg strength 
between groups, indicating that omega-3 supplementation has limited impact on 
muscle function and subsequent performance. While not improving performance, 
these findings may have relevance to soreness-associated exercise avoidance. 

Figure 8.2 Food sources of natural antioxidants (minerals, carotenoids and vitamins) 
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Further positive findings were noted by Black et al (2018). The authors con-
cluded that the moderate beneficial effect of adding fish oil to a protein-based 
supplement on muscle soreness translated into better maintenance of explosive 
power in elite rugby union players during pre-season training. Furthermore, a 
study by Corder et al (2016) indicated that short-term DHA supplementation 
reduces exercise-induced muscle inflammation, as evidenced by 23% lower sore-
ness ratings in their DHA group than in the placebo group. In addition, due to 
DOMS and muscle stiffness, many participants were unable to fully extend the 
elbow joint 48 hours after eccentric exercise, but this affected significantly fewer 
women in the DHA group (29% versus 85% were unable to fully extend). The 
authors concluded that their findings of less soreness and stiffness, and better 
preservation of range of motion, in the days after strenuous exercise would likely 
have functional implications during activities performed in that time period. 

Conclusions 

In brief summary, a number of authors – including Mason et al (2020) – have 
questioned the use of antioxidants to assist in recovery from strenuous exercise, 
as there is currently limited supportive evidence for the use of antioxidant supple-
ments in athletes and otherwise healthy exercisers to enhance recovery or perfor-
mance. In agreement, 50 studies were included in a review by Ranchordas et al 
(2020) which involved a total of 1,089 participants (961 male and 128 female), 
with an age range of 16 to 55. The researchers mentioned that there was moder-
ate to low-quality evidence that high-dose antioxidant supplementation does not 
result in a clinically relevant reduction of muscle soreness up to sixhours after 
exercise, or at 24, 48, 72 and 96hours after exercise. In contrast, in 48 articles – 
of which 17 related to vitamin C and E supplements, 14 to polyphenolic supple-
ments, 11 to other antioxidant supplements and six to commercial supplements 
– all supplements were shown to diminish DOMS and other variables (Candia-
Lujan & De Paz Fernandez, 2014). The authors concluded that polyphenols 
and other antioxidant supplements show moderate to good effectiveness in com-
bating DOMS. However, most studies showed some effectiveness in reducing 
other symptoms of muscle damage besides helping with post-exercise recovery. 
In addition, de Oliveira et al (2019) found that antioxidant supplementation had 
no ergogenic effects on lower body power, agility or anaerobic power; although it 
did counteract oxidative stress on football athletes imposed by strenuous exercise. 
Given the potential for antioxidants to suppress some training adaptations with 
little evidence to suggest any positive effects, Merry and Ristow (2016) rejected 
the use of such supplements. Importantly, Yavari et al (2015) reported that the 
best recommendation regarding antioxidants and exercise is to have a balanced 
diet, rich in natural antioxidants and phytochemicals. Regular consumption of 
fresh fruits and vegetables, wholegrains, legumes and beans, sprouts and seeds is 
an effective and safe way to meet all antioxidant requirements in physically active 
persons and athletes. This point was reiterated by Petermelj et al (2011). Pastor 
and Tur (2019) claimed that acute administration of antioxidants immediately 



  Antioxidants 87 

before or during an exercise session can have beneficial effects, such as a delay 
in the onset of fatigue and a reduction in the recovery period; however, chronic 
administration of antioxidant supplements may impair exercise adaptations. It 
should also be noted that numerous positive articles on the benefits of turmeric 
(curcumin) on the reduction of EIMD and DOMS have been published (Nicol et 
al, 2015; Nakhostin-Roohi et al, 2016; Fang & Nasir, 2021; Suhett et al, 2020; 
Fernández-Lázaro et al, 2020; and Rattanaseth et al, 2021). Therefore, its use 
should not be overlooked by athletes who wish to reduce painful symptoms from 
DOMS. 



 
  

 
 
 
 

 
 
 
 
 
 
 
 

 

 

9 Recovery Drinks 

Figure 9.1 Electrolyte drink 

A primary goal soon after exercise should be to completely replace lost fluid and 
electrolytes during the training session or competition (Kerksick et al, 2018) 
– especially in high ambient temperatures where sweat loss has been high, as 
dehydration increases cardiovascular strain by reducing blood volume through 
fluid loss, thereby decreasing stroke volume and increasing heart rate (Harris 
et al, 2019). Further information on recovery in high ambient temperatures can 
be found on 96. If fluid ingestion is less than fluid loss, hypohydration devel-
ops and is commonly present at the end of exercise bouts (Evans et al, 2017). 
Therefore, it is pertinent for athletes to address their hydration need prior 
to, during and following prolonged strenuous training and competition, as a 
deficit greater than 5% is consistently associated with impaired performance, 
extreme thirst, headache and other symptoms; such a fluid deficit is difficult to 
replace, even with extended recovery time (McDermott et al, 2017). With this 
in mind, the aim of rehydration should be to consume a volume of fluid that 
not only avoids dehydration of greater than 2% to 4% of body mass, but also 
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to avoid overhydration (Armstrong et al, 2021). In fact, according to Bonilla 
et al’s (2021) review of nutritional strategies for post-exercise recovery, athletes 
should guarantee the post-exercise consumption of at least 150% of the weight 
lost during the event (~1.5 L·kg−1), accompanied by sodium (if a faster replace-
ment is required). However, this amount may be difficult to consume without 
considerable bloating; therefore, if an athlete can drink smaller amounts fre-
quently, fluid balance, carbohydrate, protein and sodium requirements can be 
met. 

Acute decrease in body weight has been used as the gold standard to evalu-
ate the degree of dehydration, because it reflects mainly a decrease in total body 
water and not energy substrates (eg, fat, protein) (Lee et al, 2017). When using 
changes in body mass as a dehydration marker, it is assumed that the acute loss of 
1 gram (g) is equivalent to the loss of 1 millilitre (ml) of water (Lee et al, 2017; 
Orrù et al, 2018). In addition, the sensation of thirst is a qualitative tool that 
can be used for hydration assessment. Generally, this method is used to evaluate 
hydration status during exercise sessions (Orrù et al, 2018). A study by Capitán-
Jiménez and Aragón-Vargas (2016) highlighted that in the absence of drinking, 
the subjective perception of thirst after exercise in the heat can detect dehydra-
tion equivalent to 2% body mass loss or greater. The authors noted that this 
measure is reliable and robust (not affected by taking a cold shower), and shows a 
clear, significant association with net fluid balance (rpart= -0.62, p <0.05). Thirst 
perception is, however, disproportionately reduced in dehydrated subjects after 
acute ingestion of water. When the goal is to replace all fluid lost through sweat-
ing after exercising in the heat, the authors deemed thirst to be far from perfect, 
as it responds inappropriately to fluid intake. Other methods to detect dehydra-
tion have also been employed, including urine-specific gravity and colour, which 
are easily measured in a field setting where parameters can be easily confounded 
when proper controls are not employed, such as when they are obtained during 
periods of rehydration or after exercise when glomerular filtration rate has been 
reduced (Orrù et al, 2018). 

Understanding an athlete’s whole-body sweating rate (WBSR) and sweat 
sodium concentration can inform them of sweat fluid and electrolyte losses 
to help customise hydration strategies during and after training/competition 
(Barnes et al, 2019). For example, Holmes et al (2011) recruited 18 male endur-
ance athletes who were randomised into one of three groups. Group 1 (L) began 
with a low-intensity trial (40% maximal oxygen consumption (VO2 max)); group 
2 (M) with a moderate-intensity trial (70% VO2 max); and group 3 (H) with a 
high-intensity trial (time trial). All subjects performed each of the three trials one 
week apart. Each trial consisted of a 15-minute warm-up followed by 15 minutes 
at the various intensities, with sweat collected from the arms and legs. Based on 
the results, the authors predicted that sweat sodium loss in a high salt sweater, 
training four hours per day, could potentially be as high as 7 to 10 g sodium or 
17.5 to 25 g salt. Furthermore, Barnes et al (2019) found that American football 
players and endurance athletes generally have higher WBSRs and sweat sodium 
losses than athletes in other sports (eg, basketball, football and baseball), and 
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thus may be at higher risk of fluid/electrolyte imbalances; although consider-
able inter-individual variation within sports exists, thus reinforcing the need for 
individual testing in athletes regardless of sport. Most of the intra- and inter-
individual variability in steady-state sweating rate is due to differences in sweat 
secretion rate per gland, rather than the total number of active sweat glands or 
sweat gland density (Baker, 2017). 

To replace fluid and sodium losses following strenuous exercise, athletes use a 
variety of sports drinks to rehydrate and refuel – usually chosen as a result of indi-
vidual preference, availability or the directions of a member of their support team. 
Sports drinks can be classified into three types: hypotonic, isotonic and hyper-
tonic. The main determinants influencing the osmotic pressure of carbohydrate-
based beverages are the concentration and the molecular weight of carbohydrate. 
In fact, carbohydrate molecular weight influences gastric emptying and the rate 
of muscle glycogen replenishment (Orrù et al, 2018). An optimal carbohydrate-
containing sports drink should induce low osmotic pressure with good intestinal 
absorption (Orrù et al, 2018). For example, Evans et al (2017) suggested that 
a hyperosmotic 10% glucose drink resulted in significant reductions in plasma 
volume amounting to 2.2% (or~100 ml) over the following hour. The authors 
speculated that this was caused by the movement of water into the intestinal 
lumen in response to the concentration gradient that was established following 
ingestion. This may be beneficial for post-exercise rehydration, as it may reduce 
the rate of overall fluid uptake, which may influence fluid balance mechanisms 
and ultimately the maintenance of fluid balance after rehydration. 

A large number of hypotonic, isotonic and hypertonic drinks are commercially 
available for consumption by the athlete community. These are usually provided 
by an event or team, recommended by another athlete or coach, or selected based 
on taste and availability. In this regard, the use of (chocolate) milk-based drinks 
to deliver a palatable form of fluid, carbohydrate, protein and sodium has been 
investigated in great detail (Karp et al, 2006; Cockburn et al, 2010; Saunders, 
2011; Spaccarotella & Andzel, 2011; Pritchett & Pritchett, 2012; Desbrow et al, 
2014; Seery & Jakeman, 2016; Amiri et al, 2019; Alcantara et al, 2019; Loureiro 
et al, 2021; Russo et al, 2021; Molaeikhaletabadi et al, 2022). Compared to tra-
ditional sports drinks, adding protein may help to increase performance, mitigate 
muscle damage, promote euglycemia and facilitate glycogen resynthesis (Kerksick 
et al, 2018). The consumption of carbohydrate and protein during the early 
phases of post-exercise recovery has been shown to positively affect subsequent 
exercise performance and could be of specific benefit for athletes involved in 
multiple training or competition sessions on the same or successive days (Beelan 
et al, 2010). In fact, an investigation by Desbrow et al (2014) demonstrated 
that the consumption of a milk-based liquid meal supplement following exercise 
resulted in improved fluid retention when compared with cow’s milk, soy milk 
and a carbohydrate-electrolyte drink. Additionally, cow’s milk and soy milk were 
similarly effective at enhancing fluid restoration in comparison with the carbo-
hydrate-electrolyte drink. Furthermore, Seery & Jakeman (2016) noted (n =7) a 
significant advantage in the restoration of body net fluid balance over a five-hour 
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period following exercise and thermal dehydration to -2% of body mass by a 
metered replacement of milk compared with a carbohydrate-electrolyte drink or 
water. Consumed as the sole recovery diet, neither milk nor the carbohydrate-
electrolyte drink provided optimal nutrition for recovery. However, the authors 
concluded that the protein component of milk – which is essentially absent from 
carbohydrate-electrolyte drinks and water – may further enhance glycogen resyn-
thesis and promote muscle protein synthesis. In addition, the minerals (calcium, 
phosphorus, zinc and iodine) and vitamins (A, E and B group vitamins) in milk 
that are not present in carbohydrate-electrolyte drinks contribute to the athlete’s 
micro-nutrient requirements. Furthermore, Cockburn et al (2010) examined 
the effects of acute milk-based carbohydrate-protein supplementation timing on 
the attenuation of exercise-induced muscle damage (EIMD). Four independ-
ent matched groups of eight healthy males consumed milk-based carbohydrate-
protein supplements before (PRE), immediately after (POST) or 24 hours after 
muscle-damaging exercise. Active delayed-onset muscle soreness (DOMS), isoki-
netic muscle performance, reactive strength index (RSI) and creatine kinase (CK) 
were assessed immediately before and 24, 48 and 72 hours after EIMD. POST 
and at 24 hours demonstrated a benefit in limiting changes in active DOMS, 
peak torque and RSI over 48 hours, compared with PRE. PRE showed a pos-
sible benefit in reducing increases in CK over 48 hours and limiting changes 
in other variables over 72 hours. The authors suggested that consuming milk-
based carbohydrate-protein supplements after muscle-damaging exercise is more 
beneficial in attenuating decreases in muscle performance and increases in active 
DOMS at 48 hours than ingestion prior to exercise. In the above study, the 
authors highlighted an important point: consuming 500 ml rather than 1,000 ml 
following exercise may be easier for athletes to implement, as fewer calories will 
be consumed and it may lead to less stomach fullness and discomfort. Since fla-
voured milk, such as chocolate milk, has a similar carbohydrate content to that of 
many carbohydrate-replacement drinks, it may be an effective means of refuelling 
glycogen-depleted muscles, enabling individuals to exercise at a high intensity 
during a second workout of the day (Karp et al, 2006). Therefore, flavoured 
milk may be considered an effective alternative to commercial fluid replacement 
and carbohydrate-replacement drinks for recovery from exhausting, glycogen-
depleting exercise. This agrees with the work of Amiri et al (2019), who noted 
that chocolate milk seems to be a good candidate to aid in recovery, since it 
contains carbohydrate, protein, water and electrolytes. The authors’ systematic 
review and meta-analysis revealed that chocolate milk consumption after exercise 
improved time to exhaustion compared to placebo or carbohydrate+protein+ fat 
drinks. Additionally, chocolate milk consumption led to lower blood lactate com-
pared to a placebo. Therefore, chocolate milk provides either similar or supe-
rior results on recovery indices compared to other recovery drinks, and thus 
represents an alternative and often economic replacement. Also in agreement, 
Pritchett and Pritchett (2012) added that low-fat chocolate milk consists of a 
4:1 carbohydrate-protein ratio (similar to many commercial recovery beverages), 
and provides fluids and sodium to aid in post-workout recovery. Consuming 
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chocolate milk (1.0–1.5•g•kg–1 h–1) immediately after exercise and again at two 
hours post-exercise appears to be optimal for exercise recovery and may attenuate 
indices of muscle damage. Furthermore, Lunn et al (2012) summarised, relative 
to a carbohydrate-only beverage, consumption of (fat-free chocolate) milk after 
an endurance exercise bout significantly increased skeletal muscle protein synthe-
sis, attenuated whole-body proteolysis, enhanced phosphorylation of eukaryotic 
translation factor 4E- binding protein 1, and suppressed or maintained molecular 
activity of protein breakdown during recovery. In addition, milk consumption 
was as effective as the control at maintaining muscle glycogen during the recov-
ery period; and performance in a subsequent exercise bout was enhanced com-
pared with the control. Also finding positive outcomes were Spaccarotella and 
Andzel (2011). The results from their study suggested that consuming low-fat 
chocolate milk between morning and afternoon practices may be as good as an 
isovolumetric amount of carbohydrate-electrolyte beverage at promoting recov-
ery, measured by shuttle run time to fatigue, among Division III football players. 
However, mixed findings were noted by Rankin et al (2018). They found that 
the consumption of 500 ml of milk post repeated sprinting and jumping had a 
positive effect on the attenuation of losses in muscle function, thus improving 
recovery, compared to an energy-matched carbohydrate drink in female athletes. 
However, although a benefit of milk was seen for rate of force development and 
a five-metre sprint (small) over the first 24 hours of recovery, the outcomes for 
RSI, ten- or 20-metre sprint performance, muscle soreness and tiredness, CK and 
CRP were unclear. Further positive outcomes were noted by Russo et al (2021). 
The authors found that small, frequent doses of a flavoured cow’s milk beverage 
are well tolerated and support greater overall recovery optimisation during the 
acute recovery period (ie, two hours post-exercise) compared to a non-nitroge-
nous carbohydrate-electrolyte beverage. 

In a less favourable study on the benefits of chocolate milk for recovery, 
Alcantara et al (2019) conducted a systematic review (11 studies) of the impact 
of cow’s milk intake on exercise performance and recovery of muscle function 
and concluded that, based on the current evidence, it cannot be determined 
whether cow’s milk has a positive effect on exercise performance and recovery 
of muscle function in humans. However contrary to this, a literature review by 
Saunders (2011) found that there is a variety of evidence indicating that carbohy-
drate+protein ingestion – and chocolate milk in particular – may promote post-
exercise recovery and enhance subsequent exercise performance when compared 
with carbohydrate alone. The author suggested that these effects could be the 
result of positive influences on glycogen resynthesis, protein turnover, muscle 
disruption, rehydration or a combination of these factors; although it seems that 
carbohydrate+protein beverages (including chocolate milk) may have the poten-
tial to improve recovery under some exercise conditions. Thus, although greater 
clarity is required before specific recommendations can be provided, the current 
evidence suggests that chocolate milk is a good choice as a recovery beverage for 
endurance athletes. 



 
 

 

10 Muscular Cramps and 
Recovery from Exercise in 
Extreme Heat and Cold 

‘Skeletal muscle cramps’ are defined as sudden, involuntary and painful contrac-
tions (Minetto et al, 2013). The exact causes of muscular cramps are not fully 
understood; however, numerous factors are thought to be involved, includ-
ing muscle fatigue, prolonged muscle contractions, muscle damage, restricted 
muscle blood flow, diabetes, dehydration and hyperthermia (Katzberg, 2015). 
Traditionally, it has been assumed that depletion of the extracellular volume 
(dehydration) is the main cause of cramp; however, it has been reported that 69% 
of muscle cramps occur in subjects who are well hydrated and sufficiently sup-
plemented with electrolytes (Jung et al, 2005). 

One of the possible explanations for muscle cramp is the theory of altered neu-
romuscular control. As muscle fatigue develops there is evidence that this is asso-
ciated with increased excitatory and decreased inhibitory signals to the a-motor 
neuron (Schwellnus, 2009). If muscle contraction (or electrical stimulation of 
the muscle) continues, muscle cramping results. Furthermore, there is some evi-
dence that athletes with acute exercise-associated muscle cramp (EAMC) exhibit 
this increased muscular hyperexcitability in between bouts of acute EAMC 
(Schwellnus, 2009). This hyperexcitability results from an imbalance between 
increased muscle spindle activity and reduced Golgi tendon organ feedback, and 
is believed to stem from neuromuscular overload and fatigue (Miller et al, 2010; 
Panza et al, 2017), rather than dehydration or electrolyte deficits. In agreement, 
Giuriato et al’s (2018) review of 69 manuscripts suggested that action potentials 
during muscle cramp are generated in the motoneuron soma, likely accompanied 
by an imbalance between the rising excitatory drive from the 1a muscle spindles 
and the decreasing inhibitory drive from the Golgi tendon organs. This agrees 
with the theories of other researchers, including Troyer et al (2020), who stated 
that electromyographically, muscle cramps are characterised as the repetitive fir-
ing of normal motor unit action potentials. Bordoni et al (2021) described two 
hypotheses behind exertional muscle cramps. The first relates to the concept of 
dehydration and electrolyte imbalance; while the second, more recent, theory 
is linked to a transient peripheral neurological disorder. Their major findings 
indicate peripheral fatigue of neurological origin as a cause for the appearance 
of muscle cramps. Continuous muscle contractions increase the afferents from 
the neuromuscular spindles, with a parallel inhibitory effect on Golgi tendon 
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organs. Stretching reduces the afferences of the second motoneuron to the mus-
cle with the cramp, improving at the same time the afferents of the Golgi. Jahic 
and Begin (2018) described the same theories: the authors observed that mus-
cle overload and fatigue affect the balance between the excitatory drive from 
muscle spindles and the inhibitory drive from the Golgi tendon organs. Since 
dehydration and electrolyte depletion are systemic abnormalities, it is not clear 
how these changes would result in local symptoms such as cramping of the work-
ing muscle groups. As previously mentioned, a ‘triad’ of causes might be behind 
the aetiology EAMC. The ‘altered neuromuscular control’ theory together with 
the ‘dehydration’ theory is the most cogent descriptive model that explains the 
origin of EAMC; but Qui & Kang et al (2017) indicated that muscle cramps 
can also be viewed as the consequence of a sustained alpha motor neuron dis-
charge that occurs when the enhanced excitatory activity of the muscle spindle, 
which triggers an involuntary muscle contraction, is unopposed by Golgi tendon 
organs designed to inhibit such a muscular response, and recommended moder-
ate stretching of the affected muscle to alleviate the cramp. 

There are no specific ‘treatments’ for cramp; however, elevation of the leg 
to stretch the hamstring, dorsiflexion of the ankle to stretch the calf muscles, 
massage therapy, active contraction of the antagonist muscle group and icing 
of the affected muscles work to reduce electromyographic activity by increasing 
the inhibitory afferent activity of the Golgi tendon organ (Troyer et al, 2020). 
Similarly, Jahic and Begin (2018) observed that corrective exercises, stretching 
with dietary supplements and massage therapy may help to prevent the occur-
rence of EAMC. And according to Miller et al (2021), there is strong evidence 
that EAMC treatments should include exercise cessation (rest) and gentle stretch-
ing until abatement, followed by techniques that address the underlying factors 

Figure 10.1 Young man being stretched by his trainer 
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which precipitated EAMC occurrence. As Qui and Kang et al (2017), Jahic and 
Begin (2018) and Miller et al (2021) stated, most of the recommendations to 
alleviate the painful spasms associated with EAMC appear to involve stretching. 
Bordoni et al (2021) elaborated that this is to try to keep the muscular dis-
tricts softer, preserving physiological length. When a muscle tends to persist in its 
shortening, the sarcomeres of the most distal fibres tend to disappear. A muscle in 
chronic shortening will have electrical disturbances, as the electric efference will 
struggle to excite the muscle fibre properly. 

Aside from stretching, pickle juice has also been recommended as a cramp 
remedy; but Georgieva et al’s (2021) data suggested that there was no differ-
ence in cramp duration and perceived discomfort between pickle juice and water. 
However, Marosek et al (2020) observed that acetic acid – a component of inter-
est in pickle juice – has been recognised for its potential role in cramp reduction. 
Acetic acid is postulated to mitigate cramping by decreasing alpha motor neurone 
activity through oropharyngeal stimulation and inhibitory neurotransmitter pro-
duction, while aiding in the role that acetylcholine plays in muscle contraction 
and relaxation. The authors continued that, based on established studies resulting 
in EAMC relief, acetic acid consumption, yellow mustard, and all pickle juices 
would be the most practical and palatable sources of acetic acid for strength and 
conditioning professionals to recommend for the possible prevention or allevia-
tion of muscle cramps. 

Further treatment options for cramp include lifestyle modifications, treat-
ment of underlying conditions, stretching, B-complex vitamins, diltiazem, 
mexiletine, carbamazepine, tetrahydro cannabinoid, levetiracetam and quinine 
sulphate – all of which have shown some evidence for treatment (Katzberg, 
2015). It is worth noting that if an athlete has repeated intermittent muscle 
spasms following brief episodes of exertion, they should be referred to their 
physician, as underlying medical conditions may be present, such as paroxys-
mal dyskinesias (attacks are triggered by an abrupt movement or an increase of 
speed, amplitude or strength, the sudden addition of new actions during ongo-
ing steady movements or a change in direction) (Manso-Calderón, 2019). The 
possibility of McArdle’s disease (glycogen storage disease type V) should also 
be investigated. 

Recovery from Exercise in Extreme Heat and Cold 

In many events around the world, athletes must compete in extreme tempera-
tures and/or at high altitude or in deep sea. They include the Marathon des Sables 
– a six-day, 251-kilometre (156-mile) race held each year in the Sahara Desert 
(40°C during the day and 0°C at night). Matches were also played in heat and 
at high altitude at the 1994 World Cup, hosted by the United States (45°C), 
and at both World Cups held in Mexico in 1970 and 1986 (consistently above 
30°C). In addition, Furnace Creek Resort – located in Death Valley, California 
(50°C) – is home to what is possibly the world’s hottest golfing competition, the 
Heatstroke Open; temperatures routinely soar at the Australian Tennis Open in 
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Figure 10.2 Unidentified runner running on dunes during an extreme marathon, 
Oman, December 2011 

Melbourne (>40°C) every January; and the 2021 Olympic Games in Tokyo saw 
athletes compete in temperatures of 34.7°C. 

At the opposite end of the spectrum, the North Pole marathon (-25°C to 
-40°C, with a wind chill of -60°C), the Antarctic marathon (-20°C), the 6633 
Arctic Ultra in Canada (-30° to -40°C, with a windchill of -52°C (-78°C in 
2008)) and the ‘Ice Mile’ (a one-mile swim in water of 5°C or less) see athletes 
compete in extreme cold temperatures. The effects of recovery from strenuous 
exercise, competition and exploration in the heat and cold are discussed below. 

To select the correct recovery modalities when athletes train and compete 
in the heat, coaches, therapists, athletes and their healthcare providers need to 
understand the definitions and terminology used, and the severity and serious-
ness of potential conditions (heat stress, exertional heatstroke, heat injury, heat 
exhaustion) that may occur. A number of authors (Grooms & Straley, 2013; 
Bergeron, 2014; Nichols, 2014; and Mitchell et al, 2019) have described these 
conditions in great detail. The authors noted that ‘heat exhaustion’ is generally 
thought of as a moderate form of heat illness in which elevated body temperature 
and reduced organ perfusion result in fatigue. Organ damage and central nerv-
ous system dysfunction with heat exhaustion are absent or extremely mild, and 
recovery occurs rapidly with the cessation of heat stress. ‘Exertional heat injury’ 
is a more severe form of heat illness that presents with reversible organ damage. 
The most severe – and potentially lethal – form of heat injury is heatstroke, which 
is characterised by profound central nervous system dysfunction in combination 
with severe hyperthermia, and often with end organ damage. 
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Figure 10.3 Cooling during marathon running 

As about 80% of energy expenditure during exercise is converted into heat, the 
resting heat production (~1.5 watts per kilogram of body mass) increases more 
than tenfold during heavy exercise. This imposes a considerable stress on the 
body’s cardiovascular system and heat loss mechanisms (Teunissen, 2012). This 
increased physiological strain may lead to dehydration during prolonged exercise 
(Racinais et al, 2015) which, if not addressed, can have a detrimental effect on 
performance and health (as mentioned above). In addition, it is plausible that 
exercise in hot environments with muscle damage could generate a more severe 
pro-inflammatory response that induces kidney dysfunction typical of severe heat 
illness (Junglee et al, 2013). Therefore, recovery interventions which reduce 
body temperature in addition to reducing the damaging physiological effects 
from training or competition are a necessity. 

In a study of 17 semi-professional footballers, Nybo et al (2013) concluded 
that neither markers of muscle damage nor the recovery of functional perfor-
mance was aggravated by completing a competitive football match under heat 
stress (43°C) (HOT) compared with a control match (21°C) in a temperate envi-
ronment. The authors’ data indicated that muscle temperature was 1°C higher 
(p <0.001) after the game in the hot group compared with the control group, 
and reached individual values of between 39.9°C and 41.1°C. Serum myoglobin 
levels increased more than threefold after the matches (p <0.01), but values were 
no different in the hot group compared with the control and were similar to base-
line values after 24 hours of recovery. Creatine kinase (CK) was significantly ele-
vated both immediately and 24 hours after the matches, but the response in the 
hot group was reduced compared with the control. Muscle glycogen responses 
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were similar across trials and remained depressed for more than 48 hours after 
both matches. Sprint performance and voluntary muscle activation were impaired 
to a similar extent after the matches (sprint by 2% and voluntary activation by 
1.5%; p <0.05). 

In another study of female football players, Somboonwong et al (2015) 
noticed that after 10 minutes of recovery, the rectal temperature remained>38°C 
during the early follicular and midluteal phases. After 20 minutes, the rectal tem-
perature finally dropped by approximately 50% and eventually returned to the 
baseline level within 45 minutes in an environment with an ambient temperature 
of 32.5°C and a relative humidity of 53.6%. 

Although not in an athletic population, Chan et al (2012) used the physiologi-
cal strain index as a yardstick to determine the rate of recovery from volitional 
fatigue in 19 construction workers during the summer in Hong Kong. A total 
of 411 sets of meteorological and physiological data collected over 14 working 
days were collated to derive the optimal recovery time. It was found that on 
average, workers could achieve 94% recovery in 40 minutes; 93% in 35 minutes; 
92% in 30 minutes; 88% in 25 minutes; 84% in 20 minutes; 78% in 15 min-
utes; 68% in ten minutes; and 58% in five minutes. Curve estimation results 
showed that recovery time is a significant variable to predict the rate of recovery 
(r2 = 0.99, p < 0.05). If these results were applied to professional football, for 
example, a 15-minute half-time break would mean that players would start the 
second half only 88% recovered. The authors discovered that in hot conditions, 
15 minutes of warm-up can achieve a 1-2°C increase in core temperature if the 
maximal intensity is 70-80% maximum heart rate. If the recovery time is inade-
quate or too long, this can affect the player’s performance during the subsequent 
game. 

Exercise in hot environments and recovery to baseline values of heart rate varia-
bility (HRV) (commonly used to assess autonomic nervous system (ANS) modula-
tion) depending on relative humidity were explored by Abellán-Aynés et al (2019). 
The authors concluded that HRV does not behave differently during exercise in 
hot conditions depending on relative humidity; and that higher relative humidity 
may lead to a slower recovery of ANS modulation after continuous exercise under 
high-temperature conditions. The recovery to baseline conditions for practition-
ers took longer after endurance exercise in hot and humid conditions than in hot 
and dry conditions. In a novel approach, comparing 36 hours of sleep deprivation 
to an eight- and four-hour sleep condition, Cernych et al (2021) revealed that 36 
hours of total wakefulness compromised the ability to accumulate external heat in 
the body’s core under un-compensable passive heat-stress conditions, which was 
attributable to the attenuated ANS response to acute heat stress after 36 hours of 
total sleep deprivation. Sleep is discussed further on page 183. 

Cooling interventions can increase heat storage capacity (pre-cooling), attenu-
ate the exercise-induced increase in core body temperature (pre-cooling) and 
accelerate recovery following intense exercise (post-cooling) (Bongers et al, 
2017). Common interventions include pre-cooling such as cold water immer-
sion (CWI) and cold air exposure; local cooling using cooling vests or cooling 
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packs; internal cooling strategies such as the ingestion of cold water or ice slurry; 
facial wind or water spray cooling; and menthol cooling (Bongers et al, 2017). 
In fact, Otani et al’s (2021) study indicated that cooling between exercise bouts 
and post-exercise with a commercially available fan cooling jacket could effec-
tively mitigate thermal strain and lower thermal perception/discomfort during 
and following exercise in compensable hot and humid environments. This was 
accompanied by a swift reduction in whole-body skin temperature, and promoted 
falls in upper-body skin temperature within under five minutes and lower-body 
skin temperature within five to ten minutes during recovery following exercise in 
the heat. Other types of cooling, including selective brain cooling, can prevent 
heat-induced damage of cerebral tissue, but can also be used to delay the onset of 
fatigue during prolonged exercise (Teunissen, 2012) 

The beneficial effects of pre-cooling and during (pre-cooling) may be explained 
by thermoregulatory as well as cardiovascular and metabolic mechanisms. Post-
cooling is primarily focused on facilitating recovery after a strenuous bout of 
exercise, with whole-body CWI the most effective in reducing the subjective rate 
of muscle soreness (Bongers et al, 2017). Cryotherapy may also have a positive 
effect on objective outcomes of exercise recovery such as increased maximal mus-
cle strength and a decreased inflammatory response, whereas these effects were 
absent after CWI (see page 134). 

While cold beverages administered during exercise may help an athlete to feel 
cooler, they do not necessarily result in a net cooling effect, owing to a reduction 
in sweating that lowers the potential for evaporative heat loss from the skin by 
an amount that is at least equivalent to the additional internal heat loss from the 
ingested fluid. However, when combinations of activity (metabolic heat produc-
tion) and climate conspire to yield decrements in sweating efficiency, a net cool-
ing effect with cold water/ice ingestion develops, as all internal heat loss is always 
100% efficient (Jay & Morris et al, 2018). As such, cold water and ice slurry inges-
tion can be recommended for cooling an athlete during exercise in hot, humid 
and still environments; but not warm, dry and windy environments. 

In other conditions, athletes should ingest fluids at the temperature they find 
most palatable and will best help maintain hydration status (Jay & Morris et al, 
2018). However, ice slurry may be somewhat difficult to ingest during intense 
exercise with high associated ventilation, and intake may cause participants addi-
tional discomfort during exercise compared to cold water, which is more easily 
consumed – even though it is less effective in lowering core temperature (Naito 
et al, 2018). Nakamura et al (2021) suggested that ingestion of ice slurry post-
exercise promoted core and skin temperature recovery, but did not affect the 
central and peripheral cardiovascular responses during the acute recovery period 
in their study. Furthermore, Naito et al (2018) suggested that ice slurry inges-
tion during breaks in simulated match-play tennis significantly attenuated the rise 
in both rectal and forehead skin temperature in the heat, and could thus reduce 
total sweat loss, heart rate and thermal comfort; and that ice slurry is more effec-
tive than cold water ingestion in mitigating the development of heat strain during 
match-play tennis in the heat. 
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In a study conducted by Hausswirth et al (2012), well-trained male cyclists 
(n =9) performed two successive 45-minute bouts of endurance cycling exercise 
in a temperate environment (20°C) where the respective recovery interventions 
included 25 minutes of: (i) passive recovery, with the subjects remaining seated 
for the entirety of the recovery period; (ii) recovery with participants wearing a 
cooling-vest (Cryo-Vest) composed of eight cryopacks stored at -4°C until use, 
and again remaining seated; and (iii) CWI, where participants were immersed to 
the sternum in a seated position in cool water (20°C). The comparison between 
cooling methods suggested that CWI has a greater effect on reducing thermoreg-
ulatory load. However, although the cooling vest method had a lower cooling 
effect on body temperature, greater benefits on physiological load in the early 
stage of a subsequent exercise were observed compared with CWI. According to 
these results, post-exercise cooling through either CWI or cooling vests provides 
thermoregulatory benefits for ensuing exercise in temperate environments. 

Rewarming Following Cold Exposure 

The North Pole marathon, the Antarctic marathon, the 6633 Arctic Ultra and 
many long-distance swimming events, to name a few, see athletes compete in 
extreme cold temperatures. Aside from peripheral and central fatigue, partici-
pants in these events are also at risk of frostbite and hypothermia; therefore, 
recovery also involves the restoration of normal body temperature. The terms 
‘frostbite’ and ‘hypothermia’ have been well described in the literature (Grooms 
& Straley, 2013; Fudge, 2016; McDonald et al, 2020), and it is well agreed 
that hypothermia occurs when the body’s internal temperature drops to 35°C 
or below. Assisting athletes in their recovery from hypothermia involves mov-
ing them to a warm and dry environment as quickly and gently as possible. Wet 
clothes should be replaced with dry clothing or blankets to allow passive external 
rewarming; shivering should be allowed to continue; and spontaneous thawing 
of skin tissue should be allowed if rapid rewarming is not possible (Fudge, 2016). 

In adventure racing and expeditions, rewarming to recover from hypothermia 
is paramount for survival. Kulkarni et al (2019) noted that traditionally, applica-
tion of external heat to the groin, axillae and/or neck has been advised because 
these are areas of high heat transfer; however, heat transfer to the core via the 
groin is limited. The neck also has areas of high heat transfer; but practically, 
much of the heat applied to the neck can be lost through the neck/face open-
ing in the insulating bag or enclosure. Aside from the groin and neck, the head 
is another option, because of its high vascularity and blood flow, which could 
favour heat transfer to the core. Therefore, the authors summarised, although 
it is preferable to apply heat to the torso, heat donation to the head can be a 
beneficial alternative in severely hypothermic subjects in whom the application 
of heat to the torso is contraindicated. This was further highlighted in Muller et 
al’s (2012) results. The researchers indicated that some aspects of cognitive func-
tion are reduced during acute cold exposure (10°C) and persist into the recovery 
period (60 minutes) after removal from the cold. Therefore, reaction time and 
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decision time – which could be essential for the athlete for both performance and 
safety – could be impaired. 

Knechtle et al (2021) investigated the physiological responses to swimming 
repetitive Ice Miles and found after each of the six Ice Miles analysed, the athlete 
(case report) had increased metabolic acidosis and an increase in blood glucose 
and CK levels (suggesting skeletal muscle damage from shivering). The authors 
added that the change in cortisol was positively associated with increased acidosis, 
and changes in core body temperature (ie, the difference between the start and 
finish) were negatively associated with metabolic acidosis – the greater the change 
in temperature, the lower the pH. It is well recognised that exercise after CWI 
causes a drop in temperature (afterdrop), as warm central blood perfuses cold 
extremities and this muscle-driven cold peripheral blood redistributes or convec-
tively transfers cold back to the core (Christensen et al, 2017). 



  

 

 

11 Medications and Banned 
Substances 

Figure 11.1 Medications/drugs 

The use of non-steroidal anti-inflammatory drugs (NSAIDs) is commonly sug-
gested to contain pain and improve the recovery process (Nahon et al, 2020). 
Therefore, unsurprisingly, between 30% and 50% of all elite and even non-elite 
athletes are frequent users of NSAIDs during competition and training sessions 
to recover from the effects of strenuous exercise – particularly delayed onset 
muscle soreness (DOMS) (Tscholl et al, 2017). However, despite the various 
NSAIDs used for the treatment of DOMS, little is known about the magnitude 
of their clinical effects – mostly due to the use of different protocols (Nahon et al, 
2020). Currently, NSAIDs are not included on the World Anti-Doping Agency’s 
(WADA) list of prohibited agents because they are not performance enhancing 
and at best provide analgesic and anti-inflammatory effects that are performance 
enabling (Warden, 2010). 
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The use of NSAIDs remains controversial, as authors including Schoenfeld 
(2012) have indicated: as NSAIDs exert their actions by blocking cyclooxygenase 
(COX) and thus suppressing prostaglandin production, a theoretical rationale 
exists whereby these drugs may have detrimental effects on muscle regeneration 
and supercompensation. This was supported by Lima et al (2016), who noted 
that the anti-inflammatory action of this type of NSAID (ibuprofen) is based on 
the inhibition of prostaglandin endoperoxide synthase, which responds to the 
synthesis of endoperoxidase prostaglandins, responsible for cytokine production. 
In fact, NSAIDs not only are potent analgesics, but also interfere with adaptive 
processes in response to exercise and with tissue healing due to their anti-inflam-
matory characteristics; they have also demonstrated a decrease in protein synthe-
sis and proliferation of satellite cells in muscular tissue and decreased hyperaemia 
in the peritendinous tissue (Tscholl et al, 2017). Nahon et al’s (2020) system-
atic review and meta-analysis provided evidence that the use of NSAIDs in the 
management of DOMS does not appear to be superior to other control condi-
tions and/or placebo. However, the authors did state that these interpretations 
should be analysed with caution, due to variations in the types of NSAIDs, dose/ 
response and volume/intensity of the effort made to induce different kind of 
muscle damage and then different outputs. The results of a study by Mikkelsen et 
al (2009) also suggested that NSAIDs negatively affected satellite cell prolifera-
tion for eight days after eccentric exercise, even though the infusion was done 
only in the hours during and after exercise. More specifically, a blockade of pros-
taglandin synthesis in the hours during and after hard physical work blocks some 
of the pathways that are necessary for satellite cell proliferation (indomethacin 
was administered locally (6 milligrams (mg) per hour over 7.5 hours=45 mg). 
Furthermore, Vella et al (2016) demonstrated that ibuprofen administration 
(three doses of 400 mg throughout the trial day) had no effect on the histologi-
cal appearance of inflammatory white blood cells following an acute bout of tra-
ditional resistance exercise. They also found no effect of ibuprofen administration 
on blood markers of muscle damage or subjective muscle soreness, and no signifi-
cant correlations between leukocyte numbers and post-exercise muscle damage 
or soreness. In agreement, Loram et al (2005) discovered that both DOMS and 
ischemic pain share peripheral and central mechanisms, yet neither is attenuated 
by rofecoxib (50 mg daily) or tramadol (50 mg three times a day). In addi-
tion, Paulsen et al (2010) investigated the effect of a COX-2 inhibitor (400 mg 
Celecoxib) on inflammation, recovery, regeneration and adaptation after exer-
cise-induced muscle damage (EIMD) in 33 male and female participants. The 
authors found no effect of the COX-2 inhibitor on recovery of muscle function 
after damaging elbow flexor eccentric exercise; however, the drug did reduce 
DOMS. In a study by Markworth et al (2014), 16 male subjects orally ingested 
1200 mg of ibuprofen (or placebo control) in three 400-mg doses administered 
30 minutes before and six hours and 12 hours after a bout of unaccustomed 
resistance exercise (80% one repetition maximum). The authors concluded that 
early muscle signalling responses to resistance exercise are in part ibuprofen sen-
sitive, suggesting that prostaglandins are important signalling molecules during 



  104 Prevention and recovery options 

early post-exercise recovery. Furthermore, in a study of eight Paralympic weight-
lifters, Fraga et al (2020) demonstrated that although there are some positive 
effects of ibuprofen use, there is no clear indication that it has a positive effect on 
muscle function and muscle damage. The authors further observed that the effect 
of ibuprofen to prevent the normal decrease in muscle temperature during post-
exercise recovery may potentially be indicative of a delay in the anti-inflammatory 
response. It should also be noted that taking anti-inflammatories prophylactically 
or to recover from strenuous exercise is not without risk. Side effects can occur 
as a result of general NSAID use (eg, gastrointestinal and cardiovascular side 
effects), as well as those more specific to athletes (eg, musculoskeletal and renal 
side effects), with evidence failing to show that prophylactic NSAID use reduces 
pain, decreases injury risk or improves function in athletes (Warden, 2010). 

Any athlete – amateur or professional – who finds themselves in a state of 
unexplained fatigue should consult their physician or healthcare provider for a 
blood profile screen to rule out any deficiencies, imbalances or medical condi-
tions. However, in most instances, an athlete who presents themselves as chroni-
cally fatigued does not present with a genuine pathology which merits a medical 
response (Bloodworth et al, 2018). Unfortunately, some athletes will look to 
medications as a way of delaying or combating fatigue and speeding up the 
recovery process. For example, hypothetically, a sports physician might interpret 
thyroid function tests so that merely fatigued athletes can be prescribed thyrox-
ine; thus, drawing a line between the fatigue naturally caused by serious athletic 
training and some more sustained pathological condition is challenging to say 
the least (Bloodworth et al, 2018). It is worth noting that some athletes may 
have a problem with getting enough sleep due to unforeseen circumstances (the 
cause are discussed in Part 3). In this case, sedative-hypnotic sleep aids do have 
utility in sleep phase advancement, serving as second-line agents to melatonin. 
Short-acting agents (zolpidem, zopiclone) are favoured, along with an eight-
hour period of sleep prior to competition to avoid ‘hangover’ effects and negative 
effects on performance (Baird & Asif, 2018) 

Indeed, a wide number of illegal drugs and therapeutic use exemptions have 
been used by athletes to combat fatigue and recover more quickly from strenuous 
exercise. For example, meldonium (added to the WADA monitoring programme 
in January 2015) is used medically in patients for the treatment of myocardial 
ischaemia, with effects reported to include improved systolic function; inhibited 
hypertrophy and dilation of the myocardium; improved peripheral blood circula-
tion; and increased stress tolerance. Consequently, use by athletes could poten-
tially result in enhanced personal performance and a shortening of the recovery 
period after physical activity (Stuart et al, 2016). Furthermore, to avoid the 
statutory controls of countries regarding the manufacture and supply of drugs, 
some compounds are often widely marketed as nutritional/dietary supplements 
– examples being dehydroepiandrosterone (DHEA), androstenedione, andros-
tenediol and their 19-norandrosterone equivalents (these steroids are prohor-
mones); and analogues of testosterone and stanozolol called 1-testosterone and 
prostanozolol (Kicman, 2008). 
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DHEA and its sulphated metabolite, dehydroepiandrosterone sulphate 
(DHEA-S), are androgens produced by the adrenal cortex (Heaney et al, 2013). 
Both have been shown to exert neuroprotective effects during stress (Taylor 
et al, 2012). The balance between catabolic hormones (cortisol) and anabolic 
hormones (testosterone, DHEA-S) can have important implications for the 
athlete’s performance and recovery (Souza et al, 2018). That said, the main 
finding from the study by Tsai et al (2006) on the effect of resistance exercise 
on DHEA-S concentrations during a 72-hour recovery period was that resist-
ance exercise caused a marked and delayed reduction in serum DHEA-S level 
48 hours and 72 hours after exercise. This reduction appears to be associated 
with increased insulin level during oral glucose tolerance testing, independent 
of serum concentrations of tumour necrosis factor alpha and cortisol. From a 
practical perspective, Liao et al (2013) suggested that DHEA-S may play a role 
in protecting skeletal muscle from EIMD, which would be of interest to most 
athletes during heavy training loads or competition. In Taylor et al’s (2012) 
randomised controlled field study, DHEA treatment resulted in higher salivary 
concentrations of DHEA(-S) during daily living, mock-captivity stress and at 24 
hours’ recovery in military men undergoing survival training. Protective effects 
were also observed for key biomarkers of anabolic balance. Although survival 
training led to subjective distress, DHEA supplementation did not influence this 
effect. In further studies (Collomp et al, 2015), hormonal (ie, DHEA, DHEA-S, 
aldosterone and testosterone) and pro- and anti-inflammatory markers (ie, inter-
leukin 6 (IL-6), IL-10 and IL-1 beta (IL-1β)) at rest and after resistance exer-
cise revealed a significant decrease in DHEA and DHEA-S (p <0.01), without 
change in the DHEA/DHEA-S ratio, aldosterone or testosterone, after acute 
prednisone intake. A significant increment in IL-10 and a significant decrement 
in IL-6 (p <0.05) were also observed with prednisone, both at rest and dur-
ing exercise, without significant change in IL-1β. Continued prednisone treat-
ment led to another significant decrease in both DHEA and DHEA-S (p <0.05), 
whereas no change in the inflammatory markers was observed between days 2 
and 7. Souza et al (2018) recruited 12 football and futsal athletes affected by 
burnout syndrome and 12 controls (absence of burnout) for their study. The 
findings indicated that there was no difference in hormones between players 
with and without burnout syndrome (DHEA-s, p =0.438; cortisol, p =0.575; 
testosterone, p =0.688). In addition, DHEA-S levels were not statistically differ-
ent between the groups. 

Santos et al (2013) investigated impaired post-exercise heart rate recovery 
(HRR) in young anabolic steroid users and found that androgenic anabolic ster-
oids (AAS) delayed heart rate reserve during the post-exercise period, increased 
muscle sympathetic nerve activity and decreased maximal oxygen consumption. 
The exacerbated sympathetic outflow associated with a lower parasympathetic 
activation after maximal exercise, showed by impaired HRR, strengthens the idea 
of autonomic imbalance in AAS users. In addition, Junior et al’s (2018) study 
demonstrated impaired systolic post-exercise hypotension as a new adverse effect 
of AAS usage. 
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12 Hyperbaric Oxygen Therapy 

Figure 12.1 Girl lies in hyperbaric chamber 

Athletes use oxygen therapy (hyperbaric oxygen treatment (HBO)) as an ergo-
genic aid to enhance performance, reduce muscle soreness, speed up the healing 
time of injuries and accelerate recovery after exercise. However, Huang et al’s 
(2021) recent systematic review and meta-analysis (ten studies) clearly indicated 
that pre-exercise HBO therapy had no significant effect on subsequent exercise 
performance and the effect of post-exercise HBO therapy on recovery was not 
obvious. The authors did state that HBO therapy administered during exercise 
can improve muscle endurance performance. 

HBO consists of breathing pure oxygen at a high atmospheric pressure; the 
standard pressure is 2.0-2.8 atmospheres absolute (ATA) for 60-90 minutes gen-
erated by pressurised air or oxygen inside the chamber (Oyaizu et al, 2018). 
Alternatively, as described by Woo et al (2020), HBO therapy is a treatment pro-
cedure where the patient is intermittently given 100% pure oxygen under pressure 
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higher than atmospheric pressure (1 ATA=101 kilopascal (kPa)) in a hyperbaric 
chamber, or from 1.5-3.0 standard atmospheres (atm) (1 atm=101.325 kPa) 
(Sen and Sen, 2021). According to Henry’s law (ie, in the conditions of tempera-
ture regularity, the quantity of gas dissolved in contact with a liquid is propor-
tional to the partial pressure of the gas), more oxygen is dissolved in the plasma 
of the pulmonary vein via the alveolar, which increases oxygen that reaches the 
peripheral tissues (Ishii et al, 2005). 

Regardless of aetiology, tissue oedema and hypoperfusion are frequently 
underlying problems associated with exercise-induced muscle damage (EIMD) 
(Germail et al, 2003). In the inflammatory phase, hypoxia-induced factor-1 alpha 
– which promotes, for example, the glycolytic system, vascularisation and angio-
genesis – has been shown to play an especially important role (Ishii et al, 2005). 
However, if the oxygen supply could be controlled without promoting blood 
flow, the blood vessel permeability could be controlled to reduce swelling and the 
associated sharp pain (Ishii et al, 2005). Therefore, it is unsurprising that athletes, 
therapists and team physicians consider the use of HBO as a recovery intervention 
from the effects of post-exercise muscle soreness. 

Twelve health male volunteers were recruited to a study investigating the 
effects of HBO (or placebo control) on EIMD (Webster et al, 2002). The first 
treatment was administered three to four hours after damage, with a second and 
third respectively 24 and 48 hours after the first. The authors concluded that 
there was little evidence of difference between the groups; however, faster recov-
ery was observed in the HBO group for isometric peak torque and pain sensation 
and unpleasantness. In addition, HBO consisting of 100% oxygen for 60 minutes 
at 2.0 ATA (the control group received 21% oxygen at 1.2 ATA) was used on 
subjects who performed 300 maximal voluntary eccentric contractions (three sets 
of ten repetitions per minute) to induce delayed onset muscle soreness (DOMS) 
(Babul et al, 2003). The authors’ analysis revealed no significant differences 
between groups or treatment effects for pain, strength, quadricep circumference, 
creatine kinase (CK), malondialdehyde or magnetic resonance images; therefore, 
they suggested, HBO is not effective in the treatment of exercise-induced muscle 
injury. Furthermore, in Germain et al’s (2003) study, muscle soreness, leg cir-
cumference, quadricep peak torque, quadricep average power, fatigue and plasma 
CK were measured after eccentric exercise. In this study, the treatments consisted 
of five HBO sessions of breathing 95% oxygen at 2.5 atm absolute for 100 min-
utes. The control group received no treatment. The results indicated that five 
HBO treatments did not speed recovery following the authors’ eccentric exercise 
protocol that induced temporary muscle soreness. Moreira and Moreira’s (2020) 
literature review (12 articles met their inclusion criteria) likewise showed that 
HBO was not effective in the treatment of muscle injuries induced by exercise, 
in the treatment of late muscle pain or in recovery after eccentric exercise that 
induced temporary muscle pain. By contrast, in a study by Woo et al (2020), their 
18 subjects performed treadmill running for 60 minutes at 75-80% maximum 
heart rate exercise intensity under three conditions (normobaric, normoxic and 
hypobaric, and hypoxic environments). The HBO consisted of breathing 100% 
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oxygen at 2.5 ATA for 60 minutes. The results suggested that acute exercise 
in both the NN and HH environments could induce temporary inflammatory 
responses and muscle damage; whereas HBO treatment may be effective in alle-
viating exercise-induced inflammatory responses and muscle damage. The find-
ings agree with those of Kim et al (2019), whose study investigated the effects of 
HBO on pain, range of motion (ROM) and muscle fatigue recovery of DOMS. 
The randomised controlled trial involved 26 subjects who were assigned into 
two groups: a control group (n =12) and an experiment group (n =14). Those 
in the experiment group were intervened by HBO (40 minutes, 1.3 ATA), while 
the control group received no intervention. The results indicated that HBO was 
effective in decreasing pain and improving ROM in DOMS. In the authors’ HBO 
treatment (100% oxygen at 2.5 ATA for 60 minutes), the recovery phase had a 
positive impact on relieving the inflammatory response and muscle damage after 
exercise. 

Shimoda et al (2015) also found that HBO had positive effects on muscle 
fatigue after maximal plantar flexion exercise. They concluded that HBO con-
tributes to the endurance of muscle force in maximal isometric contractions with 
repetitive movement (50 repetitions). The results also suggested that HBO after 
muscle fatigue is beneficial for sustained force production, rather than for short-
term maximal force production. 

Further positive results were found by Park et al (2018). The authors’ novel 
experiment involved the use of low-level oxygen on subjects who performed max-
imal exercise three times at intervals of at least seven days (control, pre-treatment 
and post-treatment). The researchers measured lactate concentration, heart rate 
and antioxidant capacity before and immediately after exercise, and after 30 min-
utes of recovery. The results highlighted that lactate concentration and heart rate 
recovery of 30 minutes were significantly lower in the low-pressure HBO group 
after maximal exercise, compared with the control group and the low-pressure 
HBO treated group before maximal exercise. The authors also suggested that 
HBO can affect the removal of the fatigue substances caused by maximal exercise. 

Three factors – recovery in the supply of energy, rapid removal of fatigue 
substances and stabilisation of hormone levels – are important in recovery from 
fatigue. Increasing the oxygen supply to a musculoskeletal system in the state of 
fatigue activates cellular activity, increases adenosine triphosphate synthesis and 
promotes the metabolism of fatigue substances. HBO can therefore be consid-
ered as a method of promoting recovery from fatigue (Ishii et al, 2005). As with 
most therapeutic interventions, cautions and contraindications should be under-
stood. The most common symptoms during HBO include light headache and 
fatigue, which are reversible once the individual is taken out of the hyperbaric 
oxygen chamber (Sen and Sen, 2021). The side effects of HBO are relatively less 
when the individual remains in the chamber for less than two hours and when 
the pressure does not exceed 300 kPa compared to normal atmospheric pressure 
(Sen and Sen, 2021). 



 

 
 
 
 
 
 

 

 

 

 

13 Cryotherapy 

The use of cold as a means of physical treatment has been studied since the age 
of the ancient Egyptians some 4,000 years ago. They noted that the application 
of cold was effective in minimising the pain of trauma and decreasing inflamma-
tion (Saini, 2015). There are several forms of cryotherapy, including cold water 
immersion (CWI) (ice baths); cold chambers, also known as whole body cryo-
therapy (WBC); contrast water therapy (CWT); crushed ice (wrapped in a towel 
or bag); and ice or gel packs. 

Cryotherapy is frequently used by athletes as a post-exercise recovery interven-
tion to relieve pain, reduce muscle spasm and minimise inflammation. The mech-
anism of cold therapy for recovery after exercise is predominantly attributed to its 
significant vasoconstrictive effect (Khoshnevis et al, 2015), which reduces inflam-
mation reaction through a decrease in the cell metabolism. In addition, cold 
exposure activates the sympathetic nervous system; increases blood levels of beta-
endorphin and noradrenaline; and increases the synaptic release of noradrenaline 
in the brain (Mooventhan & Nivethitha, 2014). 

The most popular form of cryotherapy is CWI, which is used to minimise 
fatigue and induce vasoconstriction, stimulating venous return, aiding metab-
olite removal after exercise and reducing swelling and muscle soreness for 
faster recovery. Another method used is WBC: brief exposure to very cold air 
in special temperature-controlled cryochambers, where the air is maintained 
at -110°C to -140°C (Banfi et al, 2010; Patel et al, 2019). Exposure to WBC 
is usually for two minutes, but in some protocols lasts for three minutes (Banfi 
et al, 2010). It is thought to work through reductions in muscle, skin and 
core temperature which stimulate cutaneous receptors and excite the sympa-
thetic adrenergic fibres, causing constriction of local blood vessels (Costello 
et al, 2014). 

Cold Water Immersion 

The use of CWI has demonstrated equivocal findings in the scientific litera-
ture. For example, a study by Ishan et al (2016) found that CWI application 
demonstrated limited recovery benefits when exercise-induced muscle dam-
age (EIMD) was induced by single-joint eccentrically biased contractions; 
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however, it appeared to be more effective in ameliorating the effects of EIMD 
induced by whole body prolonged endurance/intermittent-based exercise 
modalities. By contrast, Peake et al (2017) found that CWI is no more effec-
tive than active recovery in reducing inflammation or cellular stress in muscle 
following a bout of resistance exercise. These findings were echoed by de 
Freitas et al (2019), who found that five continuous days of CWI (follow-
ing training) had limited effects on performance, muscle damage, inflamma-
tion markers and reactive oxygen species mediators in 12 volleyball players. 
In addition, Grainger et al (2020) found that partial body cryotherapy did 
not improve restoration of selected performance parameters (delayed-onset 
muscle soreness (DOMS), countermovement jump (CMJ)) in 18 professional 
rugby union players. Furthermore, a study of recreational street runners 
(Dantas et al, 2020) showed that ten minutes of CWI at 10°C was no more 
effective than water immersion or rest in recovering triple hop distance and 
peak extension torque. Leeder et al (2019) added that CWI provides limited 
benefits in attenuating the deleterious effects experienced during tournament 
scenarios; however, CWI was associated with faster sprint times 24 hours fol-
lowing the tournament scenario. 

By contrast, in a study of 28 professional basketball players who received CWI 
following training and matches over a season, all serum muscular markers except 
myoglobin were higher in the CWI group than the control group (p<0.05) 
(Seco-Calvo et al, 2020). The time course of changes in muscle markers over the 
season also differed between the groups (p <0.05). In the CWI group, ratings of 
perceived exertion decreased significantly; isokinetic torque differed between the 
groups at the end of the season (60 o/s peak torque: p <0.001 and η2p =0.884; 
and 180 o/s peak torque: p <0.001 and η2p =0.898), and had changed signifi-
cantly over the season in the CWI group (p<0.05). 

Nine studies were included for a review and meta-analysis by Machado et al 
(2016). The authors noted that the available evidence suggests CWI may be 
slightly better than passive recovery in the management of muscle soreness. Their 
results also demonstrated the presence of a dose-response relationship, indicating 
that CWI with a water temperature of between 11°C and 15°C and an immersion 
time of 11 to 15 minutes can provide the best results. 

Comparing different cryotherapy recovery methods on a small sample 
(eight elite junior cyclists), Chan et al (2016) investigated the effects of CWI, 
cold compression therapy and 15 minutes of active recovery. The authors 
found no significant difference between average power output, blood lac-
tate, rating of perceived exertion and heart rate in two time-trial bouts for 
all recovery interventions. Therefore, they can all be used as recovery meth-
ods between exercise bouts and can be selected by availability and personal 
preference. 

In another investigation, 12 studies were examined by Freire et al (2016) in a 
systematic review on the effects of cryotherapy methods on circulatory, metabolic, 
inflammatory and neural properties. The authors concluded that cryotherapy 
promotes a significant decrease in blood flow, venous capillary pressure, oxygen 
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saturation and haemoglobin (for superficial tissues only), and nerve conduction 
velocity. However, the authors stated that the effect of cryotherapy on the con-
centration of inflammatory substances induced by exercise (creatine kinase (CK) 
enzyme and myoglobin) remains unclear. 

Depth of water during CWI is thought to play an important role due 
to the increased hydrostatic pressure on the musculature in deeper water. 
Interestingly, with every one metre of immersion, the pressure gradient rises 
by 74 millimetres of mercury (mm Hg) – almost equal to typical diastolic 
blood pressure (80 mm Hg) (Wilcock et al, 2006). Leeder et al (2015) com-
pared seated and standing CWI and discovered that seated CWI was associ-
ated with lower DOMS than standing CWI (effect size = 1.86, p = 0.001). 
This could add weight to the theory that water depth is as important as, or 
potentially more important than, temperature. Twenty elite wresters partici-
pated in a study by Demirhan et al (2015) investigating the effects of eight 
minutes of ice massage versus CWI on DOMS and CK levels. The results 
revealed significant differences within both groups at all times (p < 0.001) 
(DOMS at 24 and 48 hours). Therefore, either could be used, depending 
on the athlete’s preference. In a further study, Adamczyk et al (2016) inves-
tigated ice massage and CWI (n = 36), and concluded that both modalities 
showed positive results in utilising lactate and preventing DOMS, thereby 
supporting post-exercise recovery. 

In a novel approach, Gutierrez-Rojas et al (2015) examined the effects of 
combining myofascial release (MFR) with ice application on a latent trigger 
point in the forearms of young adults. Reflecting the results of Adamczyk et al 
(2016) and Demirhan et al (2015), the authors noted immediate improvements 
in pain variables after the application of ice massage (and MFR and MFR+ice). 
In a further study, Abaïdia et al (2017) investigated recovery from EIMD using 
CWI compared to WBC. Although only small effects were found by the authors, 
CWI was more effective than WBC in accelerating recovery kinetics for CMJ 
performance at 72 hours post-exercise. CWI also demonstrated lower soreness 
and higher perceived recovery levels at 24 to 48 hours post-exercise. Although 
the muscle-damaging protocols were different, in a study by Hohenauer et al 
(2018), CWI had a greater impact on the physiological response (thigh muscle 
oxygen saturation, mean arterial pressure, local skin temperature, cutaneous vas-
cular conductance) compared to partial body cryotherapy. A systematic review 
and meta-analysis (36 articles) by the same authors (Hohenauer et al, 2015) on 
the effect of post-exercise cryotherapy on recovery characteristics (DOMS (up to 
96 hours) and rate of perceived exertion (up to 24 hours)) revealed that cool-
ing is superior to passive recovery strategies after various exhaustive or muscle-
damaging exercise protocols. The duration of submersion, the depth of the water 
and the body fat of the subjects varied greatly within the literature; however, the 
authors concluded that the mean temperature showed significant results favour-
ing 10°C (range: 5°C to 13°C). The authors also suggested that the cooling time 
for alleviating the subjective symptoms was 13 minutes (range: ten minutes to 
24 minutes). 
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Whole Body Cryotherapy 

The effects of WBC on recovery are well studied (Banfi et al, 2010; Poppendieck 
et al, 2013; Bleakley et al, 2014; Costello et al, 2015; Kruger et al, 2015; Holmes 
& Willoughby, 2016; Abaïdia et al, 2017; Lombardi et al, 2017; Rose et al, 
2017; Wilson et al, 2018; Patel et al, 2019; Wilson et al, 2019; Qu et al, 2020). 
In fact, Banfi et al (2010) stated that WBC reduces pro-inflammatory responses, 
decreases pro-oxidant molecular species and stabilises membranes, resulting in 
high potential beneficial effects on sports-induced haemolysis and cell and tissue 
damage, which is characteristic of heavy physical exercise. Conversely, it does not 
influence immunological or hormonal responses – with the exception of testos-
terone and estradiol – or myocardial cell metabolism. Interleukin concentrations 
are modified by WBC, which induces an anti-inflammatory response. A literature 
review by Lombardi et al (2017) revealed that the evidence largely supports the 
effectiveness of WBC in relieving symptomatology of the whole set of inflamma-
tory conditions that could affect an athlete – although a small number of studies 
that reported no positive effects should not be neglected. The same applies to 
improving post-exercise recovery and – notably – to limiting or even prevent-
ing EIMD. In another review of the literature, Rose et al (2017) also recorded 
positive findings. The authors stated that WBC may be successful in enhancing 
maximum voluntary contraction and returning athletes to pre-exercise strength 
at a faster rate than control conditions; with WBC treatment conditions record-
ing pain scores on average 31% lower than control, the evidence tends to favour 
WBC as an analgesic treatment after muscle-damaging exercise. The authors’ data 
from inflammatory markers, as well as CK and cortisol concentrations, indicated 

Figure 13.1 Man taking cryotherapy treatment, standing at the capsule door 
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with reasonable consistency that WBC may dampen the inflammatory cytokine 
response, which may suggest less secondary tissue damage in the regeneration 
process, thus accelerating recovery. Multiple exposures of three or more sessions 
of three minutes conducted immediately after and in the two to three days post-
exercise presented the most consistent results, with little to no difference seen in 
temperatures colder than the average of -140°C. 

Researchers continually compare WBC and CWI to ascertain the most effec-
tive method of recovery. Holmes and Willoughby (2016) made a number of 
interesting points in this regard. The authors explained that the difference in 
body temperature reduction between the two modalities is relatively small consid-
ering the large temperature difference. One possible explanation for this involves 
the thermal conductivity of the medium used in each method: air and water, 
respectively. At -110°C, the thermal conductivity of air is only 0.0151 watts per 
metre-kelvin (W/mK) (found using linear interpolation from known air conduc-
tivities at -100°C and -150°C); while water at 10°C has a thermal conductivity 
of 0.5846 W/mK. Heat transfer occurs from high to low temperatures, meaning 
that water is much more efficient at extracting heat than air. This allows CWI to 
make up much of the difference in temperature to WBC through greater thermal 
conductivity. 

According to Bleakley et al (2014), studies suggest that WBC could have 
a positive influence on inflammatory mediators, antioxidant capacity and auto-
nomic function during sporting recovery; however, these findings are prelimi-
nary. Although the authors stated that there is some evidence that WBC improves 
the perception of recovery and soreness after various sports and exercise, this does 
not seem to translate into enhanced functional recovery. In a Cochrane review by 
Costello et al (2016) (four studies were reviewed) on WBC for preventing and 
treating muscle soreness after exercise. The authors concluded that WBC does 
not effectively reduce muscle soreness or improve subjective recovery after exer-
cise in physically active young men. In agreement, Wilson et al (2018) suggested 
that WBC was not more effective than CWI, and in fact had a negative impact 
on muscle function and perceptions of soreness and a number of blood param-
eters; however, neither was more effective than a placebo in accelerating recovery 
or perceptions of training stress following a marathon. By contrast, Qu et al 
(2020) compared CWI, CWT and WBC, and found that WBC positively affected 
muscle soreness and muscle recovery and affected visual analogue scale score, 
CK, C-reactive protein activity and vertical jump height associated with EIMD. 
Therefore, for middle- and long-distance runners with EIMD, WBC exerted bet-
ter recovery effects than CWI, CWT or the control immediately post-exercise and 
at one, 24, 48, 72 and 96 hours post-exercise. 

During lead climbing, in competition in rock climbing, repetitive performance 
is required. The recovery between trials is often incomplete and climbers may 
thus start a new climbing route only partially recovered. Hence, Baláš et al (2015) 
studied the effects of hydrotherapy and active and passive recovery on repeated 
maximal climbing performance. The researchers found that active recovery and 
CWI were efficient methods to maintain subsequent climbing performance to 
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exhaustion. By contrast, there was a significant decrease in climbing performance 
after cold and hot water (one minute in cold water and three minutes in warm 
water) immersion (24%) and passive recovery (41%); therefore, these two meth-
ods did not prove suitable for recovery after climbing to exhaustion. 

Contrast Water Therapy 

Cold reduces blood flow to compromised muscle fibres, which decreases the 
potential for swelling. Additionally, compressive forces commonly combined 
with cold (eg, hydrostatic forces of water, wraps used with ice bags) structurally 
limit swelling and fluid accumulation, while facilitating the removal of wastes 
and increasing central blood volume (White & Wells, 2013). Meanwhile, heat 
induces muscle relaxation, decreases muscle viscosity and increases connective 
tissue extensibility (Khamwong et al, 2015). CWT (ie, alternating between hot 
and cold) is frequently used by the athletic population as another means of recov-
ery from strenuous exercise. It is widely believed to reduce oedema through a 
‘pumping action’ that is created by vasoconstriction and vasodilation; to reduce 
muscle spasm, pain and inflammation; and to increase range of motion. However, 
there is a lack of scientific evidence of its effectiveness and the correct protocol 
to be used. 

A systematic review by Higgins et al (2017) revealed that although CWI and 
CWT were beneficial in attenuating decrements in neuromuscular performance 
24 hours following team sport, those benefits were not evident 48 hours later; 
although the authors did state that the beneficial effects of CWI and CWT and 
athletes’ improved perceptions of fatigue were supported by the meta-analysis 
conducted within their review. In a systematic review and meta-analysis (18 
studies) by Bieuzen et al (2013) on the effects of CWT on EIMD, despite the 
high risk of bias, data from 13 studies showed that CWT resulted in significantly 
greater improvements in muscle soreness at the five follow-up time points (<6, 
24, 48, 72 and 96 hours) in comparison to passive recovery. Pooled data also 
showed that CWT significantly reduced muscle strength loss at each follow-up 
time (<6, 24, 48, 72 and 96 hours) in comparison to passive recovery. An ear-
lier study by Vaile et al (2007) also found positive effects when CWT (15 min-
utes) was compared to passive recovery (immersion for 60 seconds in cold water 
(8-10°C) followed immediately by hot water immersion (HWI) for 120 seconds 
(40-42°C)). The results indicated a smaller reduction and faster restoration of 
strength and power measured by isometric force and jump squat production 
following DOMS-inducing leg-press exercise when compared to passive recov-
ery. In subsequent research, Vaile et al (2008) discovered that all hydrotherapy 
interventions studied – including CWI (15°C water for 14 minutes), hot water 
immersion (HWI) (38°C water for 14 minutes) and CWT (seven cycles of alter-
nate cold water exposure (15°C water for one minute) and hot water exposure 
(38°C water for one minute) for a total of 14 minutes) – improved the recovery 
of isometric force compared to passive recovery throughout their 72-hour post-
exercise data collection period. However, compared to passive recovery, only 
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CWI and CWT significantly enhanced the recovery of dynamic power (squat 
jump); while HWI appeared to have no effect on the return of power, following a 
similar trend to passive recovery. In addition to enhancing the recovery of athletic 
performance, CWI significantly reduced the degree of DOMS when compared 
to passive recovery. 

Contraindications to Cryotherapy 

The contraindications to cryotherapy include: (i) poor circulation (eg, cardiac 
conditions or Raynaud’s syndrome); (ii) open wounds or damaged skin; (iii) lim-
ited circulation (eg, due to diabetes or nerve injuries causing reduced or loss of 
sensation) and urticaria (hives due to extreme cold exposure). 

During exposure to cold therapy treatments, some athletes experience adverse 
effects to the modality. These may include constant shivering, confusion, an 
irregular pulse rate, a decrease in blood pressure, fatigue and loss of circulation. 
It is also important to take precautions regarding skin burns when using ice or 
gel packs: a barrier (eg, a wet towel or wrap) should be used rather than applying 
ice directly onto the skin. 

Conclusions 

In brief summary, the current literature does not support claims that CWI or 
WBC can lower muscle or core temperature because neither is effective at lower-
ing tissue temperature beyond the skin. Overall, the physiological effects of both 
are very comparable; however, a comprehensive review of the literature (Holmes 
& Willoughby, 2016) indicated no additional benefit of WBC over CWI. White 
and Wells (2013) stated that although physiological changes are induced by low-
ering tissue temperature and may have a role in facilitating recovery from some 
types of exercise, studies investigating the mechanisms concomitant with func-
tional outcomes are needed to substantiate whether cryotherapy has an effect 
greater than simply a placebo or subjective improvement in recovery. From 
a practical perspective, a systematic review and meta-analysis by Higgins et al 
(2017) suggested that to attenuate the detrimental effects of team sport activity, 
CWT should incorporate a protocol involving CWI at 10°C and warm/hot water 
immersions at 38-40°C. Total immersion times for CWT should total at least ten 
minutes, with similar immersion times for both cold and warm/hot used. 



 

14 Thermotherapy 

Thermotherapy can be applied post-performance as a recovery modality by using 
hot packs, ultrasound, (short) microwave diathermy, environmental chambers, 
(infrared) saunas, heat pads, thermal blankets, warm/hot water submersion (hot 
bath) or topical lotions. As a result of the selected method of heat, thermore-
ceptors are excited by thermal stimuli with resultant vasospasm or vasodilation 
(Witkoś et al, 2012). In addition, heat has been mentioned for its prophylactic 
effect on muscle damage by increasing heat shock protein (HSP). This has the 
advantage of inducing muscle relaxation, decreasing muscle viscosity and increas-
ing connective tissue extensibility (Khamwong et al, 2015). However, the type 
of heat used, the duration of the heat, when the heat is applied (pre- or post-
exercise) and the subcutaneous fat levels of the individual make the results on its 
effectiveness for improved recovery difficult to interpret. 

Heat therapy has demonstrated therapeutic benefits for both analgesia and 
reduced muscle tonicity (Nadler et al, 2004), and can support regeneration 
and improved tissue healing (Hotfiel et al, 2019). In addition, it has been sug-
gested that heat applied immediately after exercise can increase muscle blood 
flow and significantly reduce the intensity and duration of delayed-onset mus-
cle soreness (DOMS) (Petrofsky et al, 2021). Moreover, phagocytic activity is 
enhanced; interleukin 6 concentration increases; muscle spasm is relieved; tissue 
extensibility is improved; and the viscosity of the synovial fluid decreases – all of 
which reduces the inflammatory response (Witkoś et al, 2012). It has further 
been suggested that heat sources such as ultrasound can promote the metabolic 
rate; suppress pain and spasticity; improve nerve conduction rate; improve blood 
circulation; and increase soft tissue compliance (Hassan, 2011). Evidence has also 
indicated (McGorm et al, 2018) that heat elicits protective effects which attenu-
ate muscle injury and performance decrements, and enhance therapeutic effects 
that assist recovery and adaptation. Some of the purported mechanisms govern-
ing these effects involve HSP, kinases in the mammalian target of rapamycin 
(mTOR) pathway and genes associated with muscle hypertrophy/atrophy (the 
mTOR pathway plays an important role in the process of muscle anabolism and 
regeneration, and in the HSP response). 

Abapathy et al (2021) investigated the effects of three days of repeated heat 
pre-conditioning on the recovery of muscle torque, microvascular function and 
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running economy and stride kinematics following EIMD. Interestingly, the find-
ings indicated that pre-heat treatment decreased the magnitude of knee extensor 
strength loss and reduced the sensation of muscle soreness following EIMD. It 
also attenuated the decline in near-infrared (NIR) spectroscopy-derived micro-
vascular function following EIMD. Meanwhile, Petrofsky et al (2017) discovered 
that heat works well when applied immediately post DOMS-inducing exercise, 
but not 24 hours later. Once there is cellular disruption in muscle, damage has 
occurred and is hard to stop; but much less muscle damage occurs when heat is 
applied immediately after exercise. In agreement, Kim et al (2019) showed that 
exposure to heat therapy (five times daily for 90 minutes) immediately follow-
ing, and for four consecutive days after a maximal bout of eccentric exercise, 
hastened recovery of fatigue resistance, reduced perceived soreness and promoted 
the expression of angiogenic factors in human skeletal muscle. This could be the 
result of vasomotor reactions (frequently evidenced by a diffuse area of redness 
on the skin and reactive hyperaemia) which improve local circulation and cause 
better tissue nutrition (Witkoś et al, 2012). 

Infrared radiation is an invisible electromagnetic wave with a longer wavelength 
than that of visible light. Near-infrared radiation (NIR) (0.8 to 1.5 micrometres 
(μm)), middle-infrared radiation (1.5 to 5.6 μm) and far-infrared (FIR) radia-
tion (5.6 to 1000 μm) (Lin et al, 2007) have been shown to be effective in the 
treatment of muscle or joint pain including muscle spasm and stiffness (Aiyegbusi 
et al, 2016). Noponen et al (2015) analysed the use of FIR heat for 40 minutes at 
a temperature of 50o C every evening during a five-day intensive training period 
and discovered that this improved recovery of neuromuscular performance in 
ten power athletes when compared to a passive recovery modality. The authors 
concluded that the increase observed in the serum testosterone/cortisol (T/C) 
ratio supported possible positive effects of FIR heat on recovery. Furthermore, in 
a study by Aiyegbusi et al (2016), treatment with infrared radiation immediately 
after the inducement of DOMS resulted in a significant reduction in pain and 
muscle soreness and a marginal increase in range of motion (ROM) on day 1. The 
infrared radiation group had the least pain and muscle soreness over the three 
days when compared with the control and warm-up groups. The authors postu-
lated that the significant reduction in pain and muscle soreness following infrared 
radiation may be attributed to the analgesic effect of heat therapy, since tem-
perature elevation results in vasodilatation and increased blood flow. Jeon et al 
(2015) noted that the application of a pulsed electromagnetic field was found to 
be effective in reducing the physiological deficits associated with DOMS (at 24, 
48 and 72 hours), including improved recovery of perceived muscle soreness, 
median frequency and electromechanical delay during isometric contraction. 

A study by Fancisco et al (2021) compared the haemodynamics of the recov-
ery periods following exercise versus hot water immersion (40.5°C). Twelve sub-
jects exercised for 60minutes at 60% maximal oxygen uptake or were immersed in 
water for 60minutes on separate days, in random order. Measurements were made 
before, during and for 60 minutes post-intervention (ie, recovery). The authors 
discovered that hot water immersion resulted in post-intervention hypotension 
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similar to that observed following exercise matched for time and core temperature 
rise. Heating was associated with lower heart rate, cardiac output and mean arte-
rial pressure than exercise. Thus, acute hot water immersion may provide similar 
or greater vascular changes in the hour following the intervention compared with 
acute exercise, but with a less taxing cardiac workload during the intervention. 
However, in their narrative review, McGorm et al (2018) concluded that the 
research to date indicates that the benefits of hot water immersion are small or 
non-existent when using water temperatures of approximately 38°C, considering 
that other forms of heating (eg, microwave diathermy, environmental chambers) 
have demonstrated benefits for performance and recovery. 

When comparing heat and cold therapies (32 randomised controlled trials 
involving 1,098 particpants), Wang et al (2021) demonstrated that the applica-
tion of cold therapy within one hour after exercise could reduce DOMS within 
24 hours after exercise (p = 0.0005), although it had no obvious effect within 
more than 24 hours (p = 0.05). Cold water immersion (p = 0.008) and other cold 
therapies (p = 0.03) had significant effects within 24 hours. The authors further 
noticed that heat treatment had obvious effects on DOMS pain within 24 hours 
(p = 0.03) and over 24 hours (p = 0.004). Hot packs were the most effective 
therapy, which reduced the pain within 24 hours (p = 0.03) and over 24 hours 
(p = 0.003). Other thermal therapies were not statistically significant (p > 0.05). 
The authors concluded that both cold therapy and heat therapy were effective in 
reducing DOMS; however, there were no significant differences between the cold 
and heat groups (p = 0.16). In agreement, Hiruma et al’s (2015) results indicated 
that a 20-minute heat pack (40°C) decreased pain immediately after strenuous 
exercise; however, it also increased creatine kinase and delayed recovery from 
DOMS compared with the control group. Khamwong et al (2012) investigated 
whether a 20-minute hot pack treatment could provide prophylactic effects on 
muscle damage induced by eccentric exercise of the wrist extensors in 28 males; 
their data suggested that the prophylactic effects of hot pack treatment on eccen-
tric EIMD of the wrist extensors are limited. 

A study (n =100) by Petrofsky et al (2013) compared chemical moist heat last-
ing for two hours to dry heat lasting for eight hours in order to distinguish which 
heat modality worked best on the symptoms of DOMS. The data indicated that 
moist heat had not only similar benefits to dry heat, but in some cases enhanced 
benefits, and in just 25% of the time of application of the dry heat. Pain relief 
was also seen with both moist and dry heat. The authors concluded that this was 
probably due both to faster healing and to gating of pain by skin temperature 
sensitive ion channels blocking deep pain. In a more recent informative study by 
Petrofsky et al (2021) comparing the effects of moist heat, dry heat, chemical dry 
heat and Icy HotTM on deep tissue heating and changes in tissue blood flow, the 
authors found that only ThermaCare DryTM and moist heat wraps both heated 
the muscle and increased muscle blood flow. They noticed that the menthol 
and methyl salicylate compounds in Icy HotTM cooled muscle. Furthermore, skin 
blood flow increased 300% when moist heat was applied for 45 minutes; low-level 
continuous dry heat increased skin blood flow by almost 256%, although it took 
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Figure 14.1 Hydrocollator heat packs 

105 minutes to reach this level; hydrocollator heat wraps increased skin blood 
flow by 201%, but only for only the first 45 minutes and then back to baseline; 
and a slight reduction in skin blood flow was seen following the application of 
Icy HotTM gel to the skin. In addition, moist heat caused muscle temperature 
to increase by an average of 3.1°C and dry heat caused muscle temperature to 
increase by 2.2°C; while hydrocollator packs increased temperature by 0.4°C. 
The authors concluded that continuous low-level heat products had better pen-
etration into muscle and increased blood flow compared to hydrocollator heat 
packs and Icy HotTM patches. 

A sauna bath consists of repeated cycles of exposure to heat. The length of 
stay in the sauna depends on the individual’s own sensations of comfort, but the 
duration usually ranges from five to 20 minutes. This is followed by a cooling-
off period (a shower, a swim or a period at room temperature), the length of 
which also depends on personal preference – usually about 30 minutes (Mero 
et al, 2015). Positive results have been found on the effects of sauna use on ath-
letic recovery – for example, Cerynch et al (2019) found that post-sauna recov-
ery was accompanied by slowed salivary-free cortisol diurnal kinetics; whereas 
noradrenaline, dopamine and serotonin did not persist into the second hour of 
recovery after the sauna. Although the authors stated that recovery to normother-
mia after a sauna led to a greater acceleration of muscle contractility properties 
and decreased muscle steadiness, sustained isometric submaximal contraction did 
not provoke greater neuromuscular fatigability. It has previously been noted that 
heat activates the sympathetic nervous system, resulting in the release of catecho-
lamines and other stress hormones, as well as hypothalamic-pituitary-adrenal axis 



  

   
  

   

  

 
   
     

   
 
 
 
 
 
 

Thermotherapy 145 

stimulation (Witkoś et al, 2012). In a study by Mero et al (2015), after either a 
60-minute hypertrophic strength training session or a 34 to 40-minute maximal 
endurance training session followed by 30 minutes in a special far-infrared sauna 
(FIRS) at a temperature of 35-50°C and humidity of 25-35%, subjects sat for 30 
minutes at room temperature (21°C and 25-30% humidity). The authors com-
pared this to 30 minutes of traditional Finnish sauna bathing at 35-50°C and in 
60-70% humidity. They found that deep penetration of infrared heat (approxi-
mately 3-4 centimetres into fat tissue and neuromuscular system) at mild tem-
peratures (35-50°C) and light humidity (25-35%) during FIRS bathing appears 
favourable for the neuromuscular system to recover from maximal endurance per-
formance. Furthermore, Khamwong et al (2015) reported that sauna application 
prior to EIMD demonstrated effectiveness in reducing sensory impairment passive 
flexion and passive extension, and in improving muscle functions, grip strength 
and wrist extension strength. By contrast, however, the research of Skorski et al 
(2019) yielded negative results, as swimmers performed significantly worse after 
a sauna (four×50-metre pre-post difference:+1.69 seconds) than after a placebo 
(−0.66 seconds, p =0.02), with the most pronounced decrease in the first 50 
metres (p =0.04,+2.7 seconds). Overall, the performance of the 15 athletes in 
the study deteriorated (+2.6 seconds). The subjective feeling of stress was signifi-
cantly higher in the sauna group than in the placebo group (p =0.03). Therefore, 
at least for competitive swimmers, sauna use does not appear to be a valuable asset 
for sports performance. In addition, following sub-maximal ergo cycle exercise at 
85% maximum heart rate, Putra et al (2020) found that the reduction in blood 
lactic acid levels with warm water recovery (temperature 35-37°C) proved to 
be greater than in the aromatherapy sauna recovery group, since in warm water 
recovery, vasodilation occurs in both arteries and veins, increasing the availability 
of oxygen needed to change from the anaerobic condition to aerobic and thus 
fulfilling the oxygen debt. 

Finally, a study by Cuesta-Vargas et al (2013) indicated that hydrotherapy 
(n = 34) demonstrated the ability to assist with recovery of perceived fatigue 
(p = 0.046) and cardiovascular parameters diastolic blood pressure (p = 0.041) 
and heart rate (p = 0.041) after a spinning session; but there were no effects 
on strength recovery. The authors used a cycle of three Vichy shower and 
whirlpool baths during a 30-minute period. The Vichy sedative shower was 
applied for 90-120 seconds to the sides of the trunk and the abdomen at a 
temperature of 36-38°C. A short partial jet spray followed the shower. In 
the whirlpool bath, participants immersed their body until their clavicle was 
level with the water for a ten-minute period at a temperature ranging from 
33.5-35.5°C. 

Contraindications to Heat Treatment/Thermotherapy 

The contraindications to heat treatment/thermotherapy include: (i) recent haem-
orrhage; (ii) skin infection; (iii) recent fever or infection; (iv) vascular disease 
(eg, deep-vein thrombosis, diabetic complications); (v) a confused or unreliable 
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mental state; (vi) pregnancy; and (vii) acute inflammation and superficial metal 
implants – although Batavia (2004) found no reports of metal implant-related 
complications in the literature. It is also of note that while moderate hyperther-
mia (38.5-39°C) stimulates the immune system, higher temperatures result in 
immunosuppression (Witkoś et al, 2012). 



 

  

 

15 Massage, Foam Rollers 
and Vibration 

Massage (Post-exercise) 

Figure 15.1 Athlete receiving a post-event massage 

Different types of massage therapy – including lymphatic drainage, pneumatic 
devices (massage guns), ice massage, deep and superficial ‘Swedish’ massage, 
Thai massage and vibrations – are used by athletes to improve blood flow (Shah 
et al, 2017; Monteiro Rodrigues et al, 2020); reduce inflammation (Crane et al, 
2012; Ntshangase and Peters-Futre, 2017); remove post-exercise waste products 
(Bakar et al, 2015); reduce the effects of delayed onset muscle soreness (DOMS) 
(Zainuddin et al, 2005; Mancinelli et al, 2006; Khamwong et al, 2010; Anderson 
et al, 2013; Shin & Sung, 2015; Guo et al, 2017; Holub & Smith, 2017; Dupuy 
et al, 2018; Davis et al, 2020); help with pain and sleep disturbances (Field et al, 
2019); reduce tissue stiffness (Kablan et al, 2021); improve perceptual and physi-
ological markers of fatigue (Tanaka et al, 2002; Mori et al, 2004; Ogai et al, 
2008; Nunes et al, 2016; Dupuy et al, 2018; Wiewelhove et al, 2018); promote 
faster recovery (Dunabeitia et al, 2022); and provide psychological regeneration 
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(Hemmings et al, 2000). Exercise training (see page 28) at high intensity can 
induce temporary damage to muscle with a change in the sarcomeres and com-
ponents of the excitation-contraction coupling system (Weerapong et al, 2005). 
However due to conflicting evidence, poorly controlled studies and the lack 
of high-quality research, there is a requirement for greater conclusive evidence 
before firm conclusions can reached on the physiological and psychological effec-
tiveness of sports massage on recovery parameters. For example, a number of 
articles noted no positive effect from massage on DOMS (Hart et al, 2005); 
recovery (Pinar et al, 2012); strength, swelling and soreness (although seven 
of the 12 participants indicated that their legs did feel better upon recovery) 
(Dawson et al, 2004); or lactate clearance (Robertson et al, 2004; Wiltshire et al, 
2010; Cè et al, 2013). In addition, ice massage has indicated negative results 
on the effects of exercise-induced muscle damage (EIMD) and muscle function 
(Howatson et al, 2005). Brummitt (2008) further summarised that research evi-
dence has generally failed to demonstrate that massage significantly contributes 
to the reduction of pain associated with DOMS or significantly enhances sports 
performance and recovery. A systematic review by Best et al (2008) on the effec-
tiveness of sports massage for recovery of skeletal muscle from strenuous exercise 
concluded that the beneficial effects of massage on muscle recovery were best 
realised when the treatment was administered within two hours of exercise (from 
six reviewed studies). However, the authors noted in their discussion that studies 
varied tremendously in their use of massage type; the number of times that mas-
sage was administered; the duration, magnitude and rate of massage; and the vast 
amount of outcome measures. 

The aforementioned types of massage are frequently compared to other 
modalities which are discussed in their relevant sections. For example, Naderi 
et al (2021) stated that although cold water immersion (CWI) had some modest 
effects on muscle pain (following three exercises of ten repetitions at 75% of one 
repetition maximum (1 RM)), massage attenuated the EIMD symptoms and the 
related impairments in joint position sense (JPS). Thus, the authors concluded, 
their research provides the basis for therapists and other practitioners to use mas-
sage as part of their evidence-based armamentarium to accelerate recovery (in 
older adults (>60 years)) and – critically – to reduce exercise-induced balance 
loss and postural sway following muscle-damaging resistance exercise. Delextrat 
et al (2013) also compared the effects of massage and intermittent CWI in male 
and female basketball players following competitive matches. There were lower 
perceptions of fatigue both overall and in the legs immediately after the massage 
and CWI condition (p < 0.001). Interestingly, women had a lower perception of 
fatigue in CWI than massage at any testing time (p < 0.001). Jump performance 
was greater after CWI than the control condition (p = 0.037). There was no 
effect of any of the recovery interventions on repeated-sprint measures (p =at best 
0.067) Therefore, aside from repeated sprinting, these results suggest that both 
massage and CWI improve perceptual measures of fatigue. 

In a study by White et al (2020), nine male participants completed a high-intensity 
intermittent sprint exercise protocol followed by either a massage therapy treatment 
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or a control condition. Drop jump and squat jump height, rating of perceived muscle 
soreness and a blood sample were taken pre-exercise, post-exercise and at one, two 
and 24 hours post-exercise. Following pre-exercise measurements, participants com-
pleted a standardised warm-up including 800 metres at a self-selected jogging pace, 
a series of eight dynamic stretches performed over 20 metres and a five-minute free-
stretch period, followed by the intermittent sprint protocol. Massage immediately 
following the intense bout of intermittent sprint exercise was more effective than a 
control condition at facilitating the return of circulating inflammatory signalling fac-
tors to baseline. More specifically, the authors observed significant increases in inter-
leukin 8 (IL-8), interleukin 10 (IL-10), interleukin 6 (IL-6), tumour necrosis factor 
alpha (TNFα) and monocyte chemoattractant protein-1 (MCP-1) post-exercise in 
both the massage and control conditions, confirming that the exercise protocol was 
effective at inducing an inflammatory response. The massage condition was associ-
ated with faster return to non-significant elevations from baseline of plasma concen-
trations for IL-8, IL-10, TNFα and MCP-1 compared with the control condition; 
while IL-6 remained elevated in the massage condition, but not the control condi-
tion. However, massage did not reduce measures of pain or soreness compared to the 
non-massage control group. 

Participants with lower limb DOMS were included in a study by Visconti et al 
(2020). The participants were randomly assigned to undergo real long-wave dia-
thermy (LWD), sham LWD or manual massage. The authors used a numeric pain 
rating scale (NPRS) score and the patient global impression of change (PGIC) scale 
score, and collected data before and immediately after the treatment. An analysis 
of variance was performed to compare the post-treatment NPRS value variability 
among the groups and to compare the pre- and post-treatment NPRS differences 
among the groups. In this study, no clinically relevant differences were observed 
regarding the NPRS value variability among the real LWD, sham LWD and manual 
massage groups; however, differences were observed in the PGIC scale scores. 

In a study by Imtiyaz et al (2014), 45 healthy female subjects were recruited 
and randomly distributed (15 subjects in each group). The researchers compared 
vibration therapy (50 Hertz (Hz) vibration for five minutes) and massage therapy 
(15 minutes), with the control group receiving no treatment, just prior to their 
eccentric exercise (elbow flexors) protocol. Changes were measured in muscle 
condition, muscle soreness (pain perception), range of motion (ROM), maxi-
mum isometric force, RM, lactate dehydrogenase (LDH) and creatine kinase 
(CK) levels. All parameters except, LDH, CK and 1 RM were measured before 
and immediately post-intervention, immediately post-exercise and at 24 hours, 
48 hours and 72 hours post-exercise. LDH, CK and 1 RM were measured before 
and 48 hours after exercise. The data indicated that vibration therapy and mas-
sage therapy were equally effective in preventing DOMS, with massage proving 
to be more effective in restoration of concentric strength (1 RM) (p =0.000); 
however, vibration therapy showed a clinically early reduction of pain and was 
effective in decreasing the level of LDH 48 hours post-exercise (p =0.000). 

Ntshangase and Peters-Futre (2017) conducted a systematic review investigat-
ing manual versus local vibratory massage in promoting recovery from EIMD. 
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The authors studied joint flexibility, muscle strength/power output, DOMS, 
markers of inflammation and blood lactate concentration. The results from 28 
reviewed trials confirmed that manual massage was no more effective in control-
ling the physiological response to EIMD than vibration therapy; however, sys-
tematic markers of inflammation were reduced in 50% of trials following manual 
massage. No reduction was found in blood lactate concentration levels or mark-
ers of fatigue. 

In contrast, Davis et al’s (2020) systematic review and meta-analysis found 
that massage statistically significantly reduced pain/DOMS by 13%; although the 
authors stated that these studies were highly heterogeneous (I2=86%) and driven 
by a single outlier, so the true magnitude of any benefit remains uncertain. Based 
on their findings the authors concluded that participants in sports which are more 
likely to induce DOMS have more to gain from inclusion of massage, especially 
when repeated performance before recovery from DOMS is required; and that 
this benefit may be more important in sports where analgesic use is restricted. 
The authors also correctly highlighted that it is important to recognise that stud-
ies on DOMS use subjective rating assessments that are susceptible to placebo 
effects. The pain-relieving effects of massage on DOMS (and active recovery) 
proved to be short lived in a study by Andersen et al (2013). The authors con-
cluded that the greatest effects were observed within the first 20 minutes after 
treatment and diminished within an hour. 

Massage guns are popular devices used by professional athletes and non-ath-
letes worldwide for percussive massage or percussive therapy (ie, neuromuscu-
lar vibration therapy). As they are relatively new, there is limited research on 
their effectiveness on athletic recovery. Martin et al’s (2021) literature review on 
ROM, muscle activation, force output and the possibility of reducing perceived 

Figure 15.2 Man massaging leg with massage percussion device 
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muscle soreness concluded that handheld percussive massage devices such as the 
Hypervolt, Theragun™ and other muscle guns are an effective method of increas-
ing ROM and reducing the effects of DOMS. However, the authors stated that 
handheld percussive massage devices are unable to increase muscle activation and 
force output. Therefore, it is recommended that individuals use handheld percus-
sive massage devices as part of a structured warm-up before exercise, as muscle 
guns can acutely increase ROM and reduce markers of fatigue without negatively 
impacting force output or muscle activation. Importantly, a case report by Chen 
et al (2021) highlighted the need for caution when using these devices follow-
ing the hospitalisation of a 25-year-old Chinese woman with rhabdomyolysis. 
The usual investigations for rhabdomyolysis include serum CK, serum potassium, 
serum creatinine and myoglobin in blood and urine. Acute kidney damage, car-
diac arrest, hepatic failure and even death are the major/dangerous consequences 
of rhabdomyolysis, and the long-term prognosis depends on the degree of kidney 
damage. Severe hyperkalaemia due to the release of potassium from destroyed 
muscle fibres into the bloodstream is one of the early complications, potentially 
leading to cardiac arrhythmia and arrest. 

Depth or pressure of massage is frequently overlooked in massage protocols; 
however, Cè et al (2013) revealed that deep and superficial massage did not alter 
lactate kinetics compared to passive recovery during maximum voluntary contrac-
tion of the knee extensor muscles (n=9), indicating that the pressure exerted dur-
ing massage administration does not play a significant role on post-exercise blood 
La− levels. Although not specifically addressing depth of massage, Robertson et 
al’s (2004) earlier study observed no measurable difference in the effect of leg 
massage and supine passive rest on recovery of blood lactate after high-intensity 
exercise, leading the authors to comment that the lack of an observed effect on 
lactate clearance with massage compared with passive rest implied that there was 
no change in muscle blood flow and/or lactate efflux during the massage inter-
vention, or that lactate removal from the circulation was unaffected by massage. 
In fact, it has been suggested (Wiltshire, 2010) that sports massage results in 
severe impairment to blood flow during the massage stroke, and that this impair-
ment has a net effect of decreasing muscle blood flow early in the recovery period 
after strenuous exercise. This effect is responsible for impairing lactic acid removal 
from exercised muscle. However, the relevance of massage for lactate clearance 
may not be too significant, as Barnett (2006) stated that blood lactate levels 
return to baseline with rest alone in a timeframe shorter than is common between 
training sessions. 

Kablan et al (2021) compared the immediate effect of petrissage massage (PM) 
and manual lymph drainage (MLD) following sub-maximal exercise on the biome-
chanical and viscoelastic properties of the rectus femoris muscle (n=18 women). 
Following a sub-maximal quadriceps strengthening exercise performed in three 
sets of eight repetitions with intensity of 75% of 1 RM, participants received a five-
minute PM on their right leg (PM group) and a five-minute MLD application 
on the contralateral leg (MLD group). The authors measured skin temperature, 
muscle tone, biomechanical and viscoelastic features at baseline, immediately 
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post-exercise, post-PM/MLD application and at ten minutes post-exercise. The 
authors results indicated that in the PM group, the tonus (p =0.002) and stiff-
ness (p<0.001) values measured after the massage and at the end of the ten-
minute resting period were statistically different from those measured right after 
the exercise (p <0.05). Relaxation time and creep values at all measurement times 
were significantly different (p <0.05). In the MLD group, the tonus (p <0.001), 
stiffness (p =0.025) and relaxation time (p <0.01) values decreased significantly 
after MLD compared with the values after exercise; however, the creep value was 
significantly different in all measurements (p <0.05). Therefore, the authors con-
cluded that PM and MLD reduce passive tissue stiffness and improve the extent 
of muscle extensibility over time against muscle tensile strength. 

Eighteen male volunteers were subjected to a graded exercise test by Bakar et 
al (2015) to assess the effects of MLD on lactate clearance and muscle damage. 
Following sub-maximal exercise, MLD correlated with a more rapid fall in lactic 
acid, LDH, CK and myoglobin, and could thus result in improvements in the 
regeneration process following exercise. Active recovery (see page 172) was more 
effective than massage and massage was more effective than passive recovery (see 
page 176) in removing blood lactate in 17 professional male swimmers (Ali et al, 
2012). Blood lactate decreased after active, massage and passive recovery (blood 
lactate mean±SD: 5.72±1.44, 7.10±1.27, 10.94±2.05 mmol/L, respectively). 
Perhaps more importantly, active and massage recovery (p=1.00) were more 
effective than passive recovery in improving swimming performance (200 metres 
separated by ten-minute intervals). 

Despite having no effect on muscle metabolites (glycogen, lactate), Crane 
et al (2012) found (by taking biopsies from 11 subjects) that massage attenu-
ated the production of the inflammatory cytokines TNFα and IL-6, and reduced 
heat shock protein 27 phosphorylation, thereby mitigating cellular stress result-
ing from myofiber injury. These physiological benefits (due to ten minutes of 
massage), which modulate protein synthesis, glucose uptake and immune cell 
recruitment, are likely to be initiated through mechanical effects on skeletal mus-
cle followed by changes to intracellular regulatory cascades. This well-conducted 
study suggests that, following muscle damage as a result of strenuous exercise, 
massage appears to be beneficial by reducing inflammation and promoting mito-
chondrial biogenesis. 

In Pinar et al’s (2012) study, although two different therapists performed the 
massage protocol (and a standardised depth was thus harder to control), the mas-
sage techniques were well described. Following exhausting exercise (anaerobic 
Wingate test), no significate differences were found between their interventions 
(including massage, passive rest and electrical muscle stimulation) in heart rate 
levels, blood lactate concentration (p =0.817, p =0.493, respectively) and rate of 
perceived exertion levels. 

Shin and Sung (2015) found that massage application after EIMD increased 
in the superficial but not in the deep layer of the gastrocnemius. The tim-
ing and method of massage used in this experiment may have affected mus-
cle fibre regeneration of the superficial layer of the gastrocnemius, and this 
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change may have led to increased muscular strength in the superficial layer 
of gastrocnemius. The authors noted that massage was effective in restoring 
muscular strength and JPS after EIMD, as the mechanical action of massage 
may promote a return to more normal muscle fibre alignment. Therefore, the 
authors’ findings demonstrated that massage for EIMD can improve proprio-
ceptive accuracy and muscle strength because of changes in the superficial layer 
of the gastrocnemius. 

A seven‐minute massage protocol was performed by Crommert et al (2015) 
on 18 healthy volunteers to evaluate the effect of massage on stiffness of the 
medial gastrocnemius muscle and to determine whether its effect (if any) persists 
over a short rest period. The authors measured muscle shear elastic modulus 
(stiffness) bilaterally (control and massaged leg). Directly following massage, par-
ticipants rated pain experienced during the massage. Medial gastrocnemius shear 
elastic modulus of the massaged leg decreased significantly at follow‐up 1 (−5.2 
±8.8%, p =0.019, d=-0.66). There was no difference between follow‐up 2 and 
baseline for the massaged leg (p =0.83), indicating that muscle stiffness returned 
to baseline values immediately after the massage has ceased. 

Paoli et al (2013) analysed the effects of passive rest and sports massage with 
and without ozonised oil on sports performance psycho-physiological indices in 
competitive amateur cyclists after three pre-fatiguing Wingate cycle and post-
recovery ramp tests. The authors found no significant differences in cyclists’ heart 
rate patterns in the three experimental conditions (p > 0.05). After sports mas-
sage with ozonised oil recovery, athletes showed a higher maximum power out-
put (p < 0.05) and a lower perceived fatigue visual analogue scale (VAS) score 
(p < 0.033) in the ramp test. Blood lactate decreased more at T2 (mid-time point 

Figure 15.3 Ice cup massage 
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of treatment) and T3 (final time point of treatment) than T1 (beginning of treat-
ment) compared to the sports massage without ozonised oil and passive rest con-
ditions; therefore, massaging using ozonised oil may provide additional benefits 

Howartson et al (2005) applied 15 minutes of ice cup massage to the elbow 
flexors in 12 physically active males following eccentric exercise to induce 
DOMS. The authors found that ice massage was ineffective in reducing the indi-
rect markers of DOMS and did not improve recovery in muscle function. In con-
trast, Anaya-Terroba et al (2010) noted that ice massage after isokinetic exercise 
produced an immediate increase in pressure pain threshold (PPT) of the vastus 
lateralis, vastus medialis and electromyography (EMG) activity, suggesting that 
ice massage has a hypoallergenic effect and improves EMG activity. However, a 
study using isometric contractions performed every two minutes for 20 minutes 
in 11 college-aged male volunteers yielded neutral results on muscle force out-
put following ten minutes of ice massage applied to the right bicep muscle belly 
(Borgmeyer et al, 2004). These mixed results demonstrate that the evidence for 
the use of ice massage still warrants further investigation. Finally, a study of 16 
recreationally trained men (DuPont et al, 2017) using a combination of circu-
lating ice cold water and compression therapy for 20 minutes immediately after 
exercise and 24 hours and 48 hours post-exercise indicated that this was an effec-
tive method to help recovery from an acute bout of intense resistance exercise. It 
is possible, as the results of this study indicate, that less muscle damage occurred 
as measured indirectly using serum CK concentrations; however, the perceptual 
feeling of recovery and soreness cannot be ignored. 

To summarise, massage reduces mechanical overload on sarcomeres during 
lengthening actions (eccentric exercise) and prevents sarcoplasmic reticulum rup-
tures which decrease intracellular calcium and trigger calcium-sensitive degra-
dative pathways, thus leading to less ultrastructural damage (Weerapong et al, 
2005) by applying mechanical forces to the active muscles and potentially increas-
ing intracellular hydrostatic pressure (Micklewright et al, 2006). The subsequent 
effect on the balance between hydrostatic and colloid osmotic pressures enhances 
the diffusion potential across the sarcolemma, thereby promoting rapid evacua-
tion of lactate from the cell into the extracellular space. Consequently, massage 
may increase the availability of lactate for gluconeogenesis and oxidative utilisa-
tion at other sites of uptake during the early stages of recovery (Micklewright et 
al, 2006); although this point has been refuted by other authors (Robertson et 
al, 2004; Wiltshire, 2010; Crane et al, 2012; Cè et al, 2013). However, it is likely 
that the pumping and squeezing action of massage assists in relieving the painful 
symptoms of DOMS as a result of EIMD (Hilbert et al, 2003; Zainuddin et al, 
2005; Mancinelli et al, 2006; Khamwong et al, 2010; Boguszewski et al, 2014; 
Shin & Sung, 2015; Guo et al, 2017; Holub & Smith, 2017; Dupuy et al, 2018) 
– albeit that any subsequent performance benefits following recovery massage are 
most likely psychological, which is not without value. White et al (2020) made 
an important point: in studies that examine the impact of massage post-exercise, 
the inflammatory processes are not commonly evaluated in tandem with physical 
performance and soreness metrics, making inferences harder to make. However, 
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it does appear that massage may have a positive effect on inflammatory markers. 
Therefore, massage – with or without using (vibration) foam rollers (see page 
158) will in most cases improve the symptoms of DOMS. 

Whole Body Vibration 

Vibration therapy may work at the level of prevention as well as pain manage-
ment. The research implies that it increases proprioceptive neuro-muscular 
function, muscle strength and potential hormonal responses, leading to pain 
reduction and mood improvement, and potentially improving lymphatic drain-
age (Veqar & Imtiyaz, S, 2014). This reduction in pain is likely due to cen-
tral sensitisation of large-fibre mechanoreceptors (Dabbs et al, 2015). During 
whole-body vibration (WBV), the mechanism of muscle stimulation seems more 
complicated than the underlying mechanism of the tonic vibration reflex seen by 
direct vibration on the muscle tendon or belly (Tankisheva et al, 2013). These 
mechanisms were explained further by Pollock et al (2012), who noted a strong 
relationship between the timing of motor unit (MU) firing and the phase of the 
WBV cycle, which has been interpreted to confirm the presence of reflex muscle 
activity during WBV. The recruitment threshold of low-threshold MUs increased 
after WBV, although this does not appear to be related to changes in presynaptic 
inhibition. The opposite effect on higher-threshold MUs may be due to the use 
of polysynaptic pathways not involved with low-threshold units. 

Annino et al (2022) tested the hypothesis that WBV positively affects the 
fatigue process from repeated bouts of maximal efforts induced by repeated 
sprint ability (RSA). The authors recruited 11 male football players who were 

Figure 15.4 Young woman doing squats on power plate 
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cross-randomised either to perform WBV both before RSA (three sets of six 
40-metre shuttle runs) and during the recovery between sets (WBV-with); or to 
do a warm-up and perform passive recovery between sets (WBV-without). The 
effects of WBV were quantified by sprint time and blood lactate concentration 
was collected up to the 15th minute after completion of the tests. The authors 
found that sprint time during RSA showed a better maintenance of performance 
in the WBV-with group compared to the WBV-without group in all three sets, 
reaching a statistical significance between groups during the second and third sets 
(p <0.05). No significant differences in sprint time over the sets were detected in 
the WBV-with group; whereas a significant decrease was observed in the WBV-
without group (p <0.001). In addition, lactate concentration recovered signifi-
cantly faster from the ninth to the 15th minute of recovery in the WBV-with 
group as compared to the WBV-without group (p<0.05). Therefore, WBV per-
formed during recovery between RSA sets can delay the onset of muscle fatigue, 
resulting in a better maintenance of sprint performance. 

Kang et al’s (2017) research investigated the recovery effect in terms of lac-
tate level, medial frequency of muscular activity and heart rate reserve (HRR) of 
WBV (10 Hz in a supine position) during rest after a gait exercise. The authors’ 
main findings were that WBV in rest after exercise significantly decreased fatigue 
by 13.47%, as evidenced by blood lactate levels, muscular fatigue and heart rate 
changes. Further positive findings were noted by Sañudo et al (2013) in a study 
of 23 healthy males who performed a bicycle exercise test to exhaustion followed 
by an active recovery period using WBV (25 Hz and peak-to-peak displacement 
of 4 millimetres (mm)) or a passive recovery period (no WBV; 0 Hz-0 mm). 
Heart rate was increased in both groups (p < 0.01) throughout the recovery. 
At minute 2, heart rate was lower (p = 0.05) after WVB compared to the WBV-
without group. At minute 3, the increase (p < 0.05) in total power after WBV 
was significantly different (p < 0.01) compared to the WBV-without group. The 
authors concluded that passive WBV reduces heart rate and increases total power 
during the early recovery of intense exercise, despite no effect on power spec-
tral components of heart rate variability (HRV). However, Timon et al (2016) 
reported mixed findings: a single session of post-exercise WBV (three sets of one-
minute WBV (12 Hz; 4 mm) with 30 seconds of passive recovery between sets) 
following eccentric training alleviated muscle damage, but did not attenuate mus-
cle strength loss. Therefore, recreational athletes should understand that their 
performance in training or competition could still be decreased 48 hours after 
intense eccentric training, regardless of being subjected to post-exercise vibration 
treatment that attenuates DOMS. Nepocatych and Balilionis (2015) found that 
lower body vibration (LBV) or LBV plus cooling recovery treatments did not 
provide greater benefits for peak or mean power after fatiguing exercise compared 
to no vibration. In addition, DOMS was no different among the recovery treat-
ments 24, 48 and 72 hours post-exercise. By contrast, Wheeler and Jacobson 
(2013) found that the use of WBV had a positive impact on the negative effects of 
DOMS. The authors summarised that WBV (20 Hz for one minute, 27.5 Hz for 
two minutes, 35 Hz for two minutes, 45 Hz for four minutes and 35 Hz for one 
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minute) was as effective as active exercise recovery (walking) and may be prefer-
able, because of the continued work perception with active recovery. In a study 
by Akehurst et al (2021), following DOMS-inducing exercise, 11 elite hockey 
players received low-frequency vibration at 30 Hz at an amplitude of 4 mm on 
a Pro5 Power Plate or completed a stretching protocol without WBV. The data 
revealed that the participants receiving WBV had significant reductions in both 
pain (p =0.04) and quadriceps tightness (p =0.02) compared with stretching only. 

Xanthos et al (2013) compared WBV to traditional active recovery. From their 
data, the authors concluded that WBV is not a suitable recovery modality from 
DOMS. In agreement, Dabbs et al (2015) indicated that their WBV treatment 
protocol (30 Hz with an amplitude of 2 to 4 mm) applied immediately after and 
at 24, 48 and 72 hours post high-intensity DOMS-inducing exercise had no 
effects either acutely (immediately or for ten minutes after) or on the day-to-day 
progression of muscle pain, knee ROM and thigh circumference, leading the 
researchers to suggest that WBV was not an effective recovery modality for their 
30 female participants. 

The timing of vibration may also be of importance. This was demonstrated 
in a study by Lee (2018), in which a vibration treatment (three sets of vibra-
tion treatment (ten minutes per set)) was provided at 25 Hz for the two groups 
(n=20), who took a break for three minutes between sets. The results confirmed 
that applying vibration treatment immediately after inducing DOMS was more 
effective in terms of PPT and VAS score, but not CK levels, than applying the 
treatment 24 hours after inducing DOMS. In addition, the experimental group 
showed a statistically significant difference compared to the control group. 
Therefore, the authors concluded that applying vibration treatment immediately 
after inducing DOMS can be used as a DOMS treatment method. 

Wearable vibration therapy was analysed in Cochrane’s (2017) study. The 
author found that in the short term, wearable vibration therapy significantly 
reduced the level of biceps brachii pain at 24 hours (p <0.05) and 72 hours 
(p <0.01) post-exercise; enhanced pain threshold at 48 hours (p <0.01) and 
72 hours (p <0.01) post-exercise; improved ROM at 24 hours (p < 0.05), 
48 hours (p <0.01) and 72 hours (p <0.01) post-exercise; and significantly 
reduced CK at 72 hours (p < 0.05) post-exercise compared to a control group. 
Acutely, following wearable vibration therapy, muscle pain and ROM signifi-
cantly improved (p < 0.05) at 24 hours, 48 hours and 72 hours post-exercise. 
However, no significant changes in muscle strength and EMG were reported 
acutely or in the short term. 

Mixed findings were noted in Baloy and Ogston’s (2016) systematic review 
(five randomised controlled trials with 163 subjects) when vibration training was 
compared to traditional exercises such as a standard sport cool-down or treadmill 
walking. No significant difference was observed when measuring return of mus-
cle function in terms of strength and power from DOMS. However, the same 
study showed that vibration therapy had statistically significant faster recovery 
compared to the control (no intervention) group. Lu et al’s (2019) systematic 
review and meta-analysis demonstrated that vibration intervention could alleviate 
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DOMS and reduce serum CK levels, based on a meta-analysis of ten randomised 
controlled trials including 258 participants. Vibration therapy may therefore be 
beneficial and useful for alleviating DOMS. However, the quality of the existing 
evidence is relatively poor. 

Analysing the influence of vibration type, frequency, body position and 
additional load on neuromuscular activity during WBV, Ritzmann et al (2013) 
concluded that the combination of high vibration frequencies of 30 Hz and an 
additional load on a side-alternating vibration platform was associated with the 
highest EMG activity during WBV exposure and could thus be the most effec-
tive. However, this would depend on the goal of the individual athlete and how 
well they tolerated vibration. It should also be noted that, as with any ‘treatment’ 
modality, the risks of WBV should be understood prior to use. For example, 
Muir et al (2013) noted that the vibration intensities in their study far exceeded 
International Standards Organization guidelines; therefore, even if mandated for 
occupational exposure, it must be concluded that some WBV devices may present 
significant risk to users, who should be fully informed of the ultimate risk to a 
range of physiologic systems. 

Foam Rolling 

Foam rollers are frequently used by amateur and professional athletes, fitness 
instructors, personal trainers and massage and sports therapists in treatment 
rooms and gyms as part of their recovery practice. During foam rolling, it is com-
mon practice for the athlete to lie across the foam cylinder and use their body 
weight to control the pressure, then roll the cylinder along a section of muscle, 

Figure 15.5 Man foam rolling 
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beginning distally and moving proximally. Currently, there is no consensus on 
an optimal foam rolling programme; however, from a total 55 articles meeting 
Dębski et al’s (2019) review inclusion criteria, the authors suggested that partici-
pants can usually withstand a maximum tolerable pressure for 30 to 120 seconds, 
repeated one to three times, separated by 30 seconds of rest. They also suggested 
that the intensity of a single rolling movement should be moderate and the move-
ment should last about three seconds. Keeping the roller on particularly sensitive 
areas is recommended to release tension and enhance blood perfusion. 

It is believed that foam rolling – described by some authors as ‘self-myofascial 
release’ (SMR) – achieves its effect through various mechanisms such as altered 
connective tissue properties, improved neuromuscular and arterial function, auto-
nomic nervous system stimulation, increased hydration and altered fascial piezo-
electric function (Cole, 2018). Alternatively, Schleip and Muller (2013) suggest 
that its positive effects could result from increasing the fascia’s sliding proper-
ties through breaking up adhesions or loosening cross-links, and from the added 
compression of the muscle and fascial tissue stimulating contractile cell activity 
and affecting tissue hydration. However, according to a review by Behm and 
Wilke (2019), there is insufficient evidence that the primary mechanism underly-
ing rolling and other similar devices is the release of myofascial restrictions and 
thus the term SMR is misleading. It has also been stated that foam rolling does 
not influence the morphology of muscle (aponeurosis displacement) (Yoshimura 
et al, 2021). Despite this, the use of foam rollers appears to assist recovery after 
fatigue, which may be considered a beneficial practice for athletic professionals 
when trying to achieve a quicker recovery (de Benito et al, 2019). 

Foam rolling has proved to be beneficial in reducing the painful symptoms asso-
ciated with DOMS and muscle fatigue (Jay, 2014; Pearcy et al, 2015; Romero-
Moraleda et al, 2017; de Benito et al, 2019; Laffaye et al, 2019; Rey et al, 2019; 
Hendricks et al, 2020; D’Amico et al, 2020; Mustafa et al, 2021; Nakamura et 
al, 2021; Santana et al, 2021; Scudamore et al, 2021) and promoting functional 
recovery (Drinkwater et al, 2019). However, it has also been stated that there is 
moderate-quality evidence to support the use of foam rolling to reduce DOMS-
related muscle soreness or pain at 24, 48 and 72 hours post-DOMS. There is no 
evidence to support that foam rolling reduces DOMS-related muscle soreness 
immediately after physical activity, or that foam rolling before physical activity 
can prevent muscle soreness or pain (Hjert & Wright, 2020). 

Rey et al (2019) designed a study to examine the effectiveness of 20 min-
utes of foam rolling or passive rest on recovery in 18 professional football play-
ers. The authors investigated total quality recovery, perceived muscle soreness, 
jump performance, agility and flexibility. Their analysis demonstrated that 
foam rolling had the greatest effect on recovery and perceived muscle soreness 
compared to the passive recovery group 24 hours after training. In addition, 
21 studies were included in a comprehensive meta-analysis by Wiewelhove et al 
(2019). The seven studies investigating post-exercise foam rolling revealed that 
it slightly attenuated exercise-induced decreases in sprint (+3.1%, g =0.34) and 
strength performance (+3.9%, g =0.21). It also reduced muscle pain perception 
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(+6.0%, g =0.47); whereas its effect on jump performance (−0.2%, g =0.06) was 
trivial. It reduced DOMS and increased PPT, and thus may optimise recovery 
from training. Moreover, a recent systematic review and meta-analysis (32 stud-
ies) conducted by Skinner et al (2020) indicated that foam rolling increases ROM 
and seems to be useful for recovery from EIMD, without any apparent detrimen-
tal effect on other athletic performance measures. 

However, not all studies on foam rolling have been positive. For example, 
an investigation conducted by Wilkerson et al (2021) demonstrated that a total 
body foam rolling session failed to influence vagally mediated HRV or resting 
mean R-R interval in participants. The lack of association between self-reported 
pain and changes in HRV or R-R interval following foam rolling suggested that 
pain-related factors were not likely responsible for inter-individual difference in 
cardiac autonomic responses. The authors’ findings of an association between 
basal HRV and perceived pain in response to foam rolling thus suggest that 
parasympathetic activity may influence pain sensitivity. Compared to a passive 
recovery condition, embedded SMR appeared to induce greater fatigability in a 
recent study by Kerautret et al (2021). The authors also observed that embed-
ded SMR practice was associated with reduced muscle swelling and soreness 
up to 120 hours after completion of their resistance training protocol; this 
occurred at the expense of the training workload. In this particular study, the 
experimental conditions were administered during the inter-set periods allo-
cated to recovery. Participants foam rolled the quadriceps in the proximal-distal 
axis (from the anterior superior iliac spine to the top of the patella), at a pace 
of 15 beats per minute. Each zone of the quadriceps (ie, medial, lateral and 
external) was massaged for ten seconds. 

As previously mentioned, the use of foam rollers in recovery from DOMS has 
been investigated with some positive results. For example, MacDonald (2013) 
analysed the effectiveness of foam rolling as a recovery tool following EIMD, 
investigating muscle soreness, dynamic and passive ROM, and evoked and vol-
untary neuromuscular properties. Twenty male subjects were randomly divided 
into either a control group (n =10) or a foam rolling group (n =10). All subjects 
followed the same testing protocol; the only difference was that the foam rolling 
group performed a 20-minute foam rolling exercise protocol both immediately 
after the testing session and 24 and 48 hours thereafter. The results demonstrated 
that foam rolling was beneficial in attenuating muscle soreness while improv-
ing vertical jump height, muscle activation and passive and dynamic ROM in 
comparison to the control group. Foam rolling negatively impacted a number 
of evoked contractile properties of the muscle, except for the 0.5 relaxation time 
and EMD, indicating that foam rolling benefits are primarily accrued through 
neural responses and connective tissue. 

In agreement, Jay (2014) investigated the acute effect of the use of a roller 
massager on hamstring muscle soreness directly in one leg and any potential 
crossover effects to the non-massaged leg in 22 volunteers. All participants per-
formed ten sets of ten repetitions of stiff-legged deadlifts with a kettlebell, sep-
arated by 30 seconds of rest, at a speed of one to two seconds for the concentric 
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and eccentric phases of each repetition. Measurements of soreness, PPT and 
flexibility were taken before and at 0, 10, 30 and 60 minutes post-foam roll-
ing treatment. The researchers found the roller massage group displayed sig-
nificantly reduced soreness and greater PPT compared with the control group 
at 0, 10 and 30-minutes post-treatment. Positive results were also found in a 
double-blind randomised controlled study by Romero-Moraleda et al (2017) 
involving 32 participants. Both treatments (neurodynamic mobilisation and 
foam rolling) proved to be effective in reducing pain perception after DOMS; 
whereas only foam rolling showed differences in maximum voluntary isometric 
contraction in the rectus femoris and isometric leg strength (p < 0.01). This 
was also the case in a study by Pearcey et al (2015) which analysed the effects 
of 20 minutes of foam rolling immediately after and 24 and 48 hours post-
exercise on PPT, sprint speed (30-metre sprint time), power (broad-jump 
distance), change of direction speed (T-test) and dynamic strength endur-
ance. Foam rolling effectively reduced DOMS and associated decrements in 
most dynamic performance measures. Further positive findings were noted 
by Laffaye et al (2019): following high-intensity interval training (HIIT), the 
authors found that foam rolling did not impact the recovery of biomechanical 
variables, but did decrease DOMS and increased active and passive range of 
motion for the hip, leading them to conclude that practitioners could use foam 
rolling to reduce muscle soreness after HIIT. Additionally, an investigation by 
D’Amico et al (2020) indicated that foam rolling (on both the right and left 
legs for two 60-second bouts each) reduced perceptions of muscle soreness 
compared to a control group following EIMD caused by sprinting. Conversely, 
the results indicated that foam rolling did not impact recovery of agility (T-test 
time), enhance recovery of vertical jump, increase HRV or decrease pulse wave 
velocity compared to a control group. 

Also using short-duration rolling, Nakamura et al (2021) investigated 90 sec-
onds of foam-rolling intervention (three 30-second sets) on DOMS and mus-
cle function loss 48 hours after eccentric exercise in 17 volunteers. The results 
indicated that muscle soreness and muscle function loss were improved, and the 
effect was greater in those subjects with greater muscle soreness and decreased 
muscle function from the eccentric exercise. Likewise noting positive outcomes 
on perceived soreness, this time in military personnel, Scudamore et al (2021) 
indicated that foam rolling reduced the impact of DOMS on three loaded tacti-
cal performance tasks. Further positive findings were also observed by Santana 
et al (2021), who concluded that foam rolling between sets during 120-second 
rest intervals for the agonist or antagonist separately or in succession resulted in 
greater neuromuscular performance and higher fatigue indices, as well as reduc-
ing the perception of acute muscle soreness. Mustafa et al (2021) examined the 
use of foam rolling after ten sets of ten repetition of barbell back squats with 60% 
of 1RM in 20 male rugby players. The study revealed that foam rolling enhanced 
recovery from DOMS and increased physical performance after the DOMS pro-
tocol. More specifically, it resulted in reduced numerical rating scale pain score 
and increased power at various time points after exercise compared with the 
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non-intervention group. These results provide strong evidence that foam rolling 
can reduce DOMS associated with decrements in performance. 

A study by Schroeder et al (2021) suggested that alterations in the stiffness of 
treated tissues and the perfusion of local tissues may be assumed as underlying 
mechanisms of foam-rolling effects; although outcome changes did not exceed 
the respective statistical minimal detectable change thresholds. For practical 
applications, the authors stated, it was apparent that longer foam-rolling dura-
tions promoted pronounced increases of blood flow, supporting the notion of 
that there is a dose-response relationship. Apart from additional varying combina-
tions of dose-response conditions and cumulative effects of repeated sessions, the 
authors added that further research is needed to understand the probable effects 
on parasympathetic outcomes representing systemic physiological responses to 
locally applied foam-rolling stimulations. Furthermore, Alonso-Calvete et al 
(2021) analysed the acute effects of foam rolling on blood-flow parameters (max-
imal velocity and maximal volume) measured by Doppler ultrasonography in 12 
football players, who were assessed in three different situations: pre-intervention, 
immediately after intervention and 30 minutes after intervention. The femoral 
artery was measured in the dominant leg with the subjects lying in a horizontal 
position. The foam-rolling intervention consisted of two 45-second sets of foam 
rolling of the quadriceps, hamstrings and iliotibial band using a high-density 
foam roller, with 15 seconds of rest between sets. The data showed a significant 
increase in both maximal velocity (p <0.001, effect size (ES) =0.81) and maximal 
volume (p =0.001, ES=1.73) after intervention in comparison with pre-test; but 
after 30 minutes, there were no significant differences. This increase in blood 
flow could have important advantages for post-exercise recovery, suggesting 
an acute effect that may contribute to the understanding of local physiological 
mechanisms of foam rolling. Furthermore, a study by Okamoto, Masuhara and 
Ikuta (2014) found that foam rolling significantly reduced vascular stiffness and 
improved endothelial arterial function, providing supportive evidence to the the-
ory that foam rolling does improve blood flow; although more thorough research 
is needed before firm conclusions can be drawn on how this improves recovery 
from strenuous and fatiguing exercise. However, the results of post-exercise stud-
ies on the effects of foam rolling as a recovery tool for DOMS have been largely 
positive, possibly due to increased blood supply to connective tissue. It would 
also appear that there are no detrimental effects on performance following the 
use of foam rollers. 



 

  

 

16 Compression Garments 

Figure 16.1 Male runner in compression socks 

Lower limb compression has been utilised to enhance skeletal muscle adaptations 
and/or recovery from high-intensity exercise (ie, recovery adaptation) (Huan 
et al, 2017). Compression garments increase venous flow velocity, reduce venous 
wall distension and improve valvular function in order to reduce the venous 
hypertension of the limbs; improve venous haemodynamics; decrease the symp-
toms of the swollen extremity; and maintain the gradient pressure of the leg 
(Xiong and Tao, 2018). There are two main principles of compression therapy. 
The first is to create an enclosed system in order to allow an evenly distributed 
internal pressure in the leg. This principle involves the application of Pascal’s 
law, which entails muscle movement generating a pressure wave that is distrib-
uted evenly in the lower limb during active and passive exercise (Xiong and Tao, 
2018). The second is to create an external pressure gradient that can theoretically 
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reduce the space available for swelling, haemorrhage and haematoma formation, 
as well as providing mechanical support (Davies et al, 2009). Given the effects of 
compression garments on blood flow, it is anticipated that enhanced circulation 
may attenuate the increase in the concentration of cytokines in the post-exercise 
period and thus influence the inflammatory response (Pruscino et al, 2013). 

Compression garments are increasingly popular among athletes who wish 
to improve performance, reduce exercise-induced discomfort and minimise the 
risk of injury (Beliard et al, 2015). However, study results are difficult to inter-
pret, due to the varying training status of the participants; the type of exercise 
performed; and the design of the compression garments tested and the amount 
of pressure they applied. Indeed, 23 peer-reviewed studies on healthy partici-
pants were reviewed in a meta-analysis by Brown et al (2017) which examined 
the use of compression garments and recovery from exercise. The results indi-
cated that strength recovery was subject to greater benefits than other outcomes 
(p <0.001), displaying large, very likely benefits at two to eight hours (p <0.001) 
and>24 hours (p <0.001). 

Investigating the effects of compression garments on recovery from exercise-
induced muscle damage (EIMD), Marques-Jimenez et al’s (2016) systematic 
review and meta-analysis revealed that – despite controversy in pressure, time 
of treatment and type of garment – there was evidence that compression gar-
ments reduced perceived muscle soreness and swelling, and increased power and 
strength; but they had no effect in decreasing lactate or creatine kinase (CK), 
and provided little evidence of decreasing lactate dehydrogenase. Therefore, the 
authors suggested that the application of compression garments may aid in (per-
ceived) recovery from EIMD. Another study by the same authors (Marques-
Jimenez et al, 2018) revealed that wearing compression garments can be useful 
between 24 and 48 hours post-exercise to promote psychological recovery, and 
could also have a positive effect on aerobic capacity; however, the placebo effect 
could not be ruled out. 

Another positive study (Broatch et al, 2018) investigating cycling perfor-
mance (n = 20) revealed that compression garments improved muscle blood 
flow (vastus lateralis) and exercise performance during repeated-sprint cycling. 
Furthermore, Beliard et al (2015) reviewed the literature (24 articles) to deter-
mine the beneficial effects of compression and evaluate whether there is any 
relationship between the pressure applied and the reported effects. From their 
review, the researchers concluded that wearing compression garments during 
recovery from exercise seems to be beneficial for performance recovery and 
delayed-onset muscle soreness (DOMS); but the factors affecting this efficacy 
remain to be elucidated, with the value and spatial pattern of the pressure applied 
having no influence on the results. 

Other findings have not been so positive (Duffield et al, 2008; Govus et al, 
2018; Hotfiel et al, 2021; Riexinger et al, 2021; Stedge and Armstrong, 2021) 
– including a review by Engel et al (2016) of 55 studies involving 788 partici-
pants. The authors concluded that compression garments had no significant 
impact on performance parameters during running, ice speed skating, triathlon, 
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cross-country skiing and kayaking; however, they might improve cycling per-
formance, reduce post-exercise muscle pain following running and cycling, 
and facilitate lactate elimination during recovery. In addition, Riexinger et al’s 
(2021) data indicated that wearing compression garments (21 to 22 millimetres 
of mercury (mm Hg)) did not alter microvascular muscle perfusion at rest or have 
any significant effect during regeneration of DOMS. Interestingly, however, by 
using magnetic resonance perfusion imaging, the authors showed normalisation 
of blood supply independently of compression after six hours, which may have 
implications for diagnostic and therapeutic strategies and for the understand-
ing of pathophysiological pathways in DOMS. Furthermore, Govus et al (2018) 
found that neither compression garments nor neuromuscular electrical stimula-
tion promoted physiological or perceptual recovery following sprint competition 
in cross-country skiers, compared with a control group. Compression similarly 
conferred no statistically significant impact upon recovery markers in 11 elite 
judoka throughout training (Brown et al, 2022); although it was perceived as 
significantly more effective than a placebo for recovery (p =0.046). A study of 45 
rugby union players by the same author (Brown et al, 2022) revealed that when 
the use of custom-fitted compression was garments was compared to standard size 
(and sham ultrasound as a control), strength recovery was significantly different 
between groups (F=2.7, p =0.02), with only the custom-fitted group recover-
ing to baseline values within 48 hours (p =0.973). Time x condition effects were 
also apparent for CK activity (χ2=3 0.4, p <0.001) and mid-thigh girth (F =3.7, 
p =0.005), with faster recovery apparent in the custom-fitted group compared 
to both the control group and the standard size group (p <0.05). These results 
highlight the fact, as the authors correctly observed, athletes and coaches would 
be advised to use appropriately fitted compression garments to enhance strength 
recovery following muscle-damaging exercise. 

The findings of Davies et al (2009) provided no evidence that wearing com-
pression tights during 48 hours of recovery after plyometric exercise significantly 
reduced bloodborne markers of muscle damage or improved sprint, agility or 
jumping performance. Significantly, however, the subjects reported more com-
fort and less pain while wearing the compression tights. Furthermore, Stedge and 
Armstrong (2021) concluded that the literature does not yet support a single 
treatment of intermittent pneumatic compression (IPC) (NormaTec Recovery 
System and Recovery PumpTM) as an effective intervention for providing extended 
relief of subjective pain or functional recovery from EIMD in endurance runners 
and triathletes, as the current evidence supports that IPC devices may provide 
only immediate pain relief from prolonged exercise-induced DOMS. Using the 
same pressure as Riexinger et al (2021), Hotfiel et al’s (2021) well-described 
study revealed that the continuous application of below-knee compression (21 
to 22 mm Hg) on a calf muscle during combined plyometric and eccentric exer-
cises and throughout a post-exercise period of six hours showed no influence 
on muscle oedema, soreness or jump height for all time points of measurement 
(at six hours and 48 hours post-exercise) in the 18 participants. Duffield et al 
(2008) also reported that the use of compression garments did not improve or 
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hamper simulated team sport activity on consecutive days in 14 male rugby play-
ers, despite benefits of reduced self-reported muscle soreness when wearing the 
garments during and following exercise each day. No improvements in perfor-
mance or recovery were apparent. 

On a more positive note, O’ Riordan et al’s (2021) recent study of 22 elite 
junior basketball players indicated that lower-limb compression garments fitted 
to target pressures (socks and shorts) and worn according to the manufactur-
ers’ guidelines (tights) increased resting markers of venous return and muscle 
blood flow. The increase in muscle blood flow with socks and tights was cou-
pled with an increase in muscle oxygenation. When comparing garments, tights 
elicited the greatest enhancement in resting blood flow measures of the lower 
limbs. Taken together, these results support the notion that compression gar-
ments are effective in improving markers of venous return and muscle blood 
flow, and are most pronounced in garments covering the whole leg (ie, compres-
sion tights). Also in relation to basketball players, Atkins et al (2020) discovered 
that wearing lower-body compression garments overnight improved perceived 
fatigue (d =-1.27, large) and muscle soreness (d =-1.61, large), but had negligi-
ble effects on subsequent physical performance. 

In a study by Martínez-Navarro et al (2021), following a 107-kilometre ultra-
trail race, 32 athletes were randomized into one of two recovery groups: one 
full-body compression garment group and a control group. The results dem-
onstrated that the compression garment did not influence the evolution of any 
blood markers up to 48hours after the race (p >0.05); however, the compression 
garment group did present a lower increase in posterior leg DOMS (11.0±46.2% 
versus 112.3±170.4%, p =0.03, d =0.8). The researchers suggested that although 
a full-body compression garment is not useful for reducing muscle damage and 
inflammatory response after an ultra-trail race, it may still be recommended as a 
recovery method to reduce muscle soreness. Further positive findings were high-
lighted by Hill et al (2014), who conducted a systematic review and meta-anal-
ysis on the efficacy of compression garments in recovery from muscle-damaging 
exercise. From their data, the authors provided new information that the use 
of compression garments promotes a more rapid recovery of muscle function, 
muscle soreness and systemic CK activity when compared with a control group. 
In Pruscino et al’s (2013) study, based on perceptual data, subjects always felt 
better recovered when compression garments were worn; however, the restora-
tion of muscle function post-exercise and the biomarkers investigated showed no 
evidence of enhanced physiological recovery. Additional information in the initial 
hour and between one and 24 hours post-exercise may provide further insight 
into the true cytokine response to the intermittent exercise and the impact, if any, 
of the garments worn. 

From the 183 studies analysed in Weakley et al’s (2021) systematic review, the 
authors found that – despite the lack of consistent and clear evidence supporting 
compression garment use on cardiovascular, cardiorespiratory and muscle damage 
and swelling measures – compression garments can increase skin temperature at 
the point of coverage; improve heat maintenance during and following exercise; 
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and improve perceptions of muscle soreness and pain in the days following exer-
cise. To briefly summarise, Hill et al (2014) made an important point indicating 
that further research is needed to investigate the relationship between garment, 
fit, the pressure exerted by the garment, the training status of the athlete and the 
effects on markers of recovery. This may address some of the inconsistent findings 
within the current literature. Although the physiological mechanisms remain to 
be fully understood, Hill et al’s (2014) review highlights that the use of a com-
pression garment appears to facilitate enhanced recovery of muscle function and 
reduce muscle soreness. 

To date, the positive effects of wearing compression garments are mixed and 
likely to be mostly perceptual, as indicated by Pruscino et al (2013), Marques-
Jimenez et al (2018) and Atkins et al (2020). However, it is highly likely that 
wearing correctly fitted compression garments will increase blood flow and 
venous return; although how this translates into improved recovery is still debated 
(Roberts et al, 2019). 



  

 
 

 
 
 
 
 

  

 

17 Stretching, Active and 
Passive Recovery 

Stretching (Post-exercise) 

Figure 17.1 Therapist stretching athlete on treatment couch 

According to Thacker et al (2004), the evidence clearly demonstrates that 
stretching of most, if not all, muscle groups that are important to athletic perfor-
mance will increase muscle and joint flexibility, usually measured as short-term 
static flexibility. Therefore, it is unsurprising that athletes stretch both pre-and 
post-exercise – especially as it is suggested that stretching might induce altera-
tions in both mechanical and neural properties, leading to faster recovery of 
damaged muscles (Torres et al, 2013). For greater detail on the different types 
of stretching mentioned in this section – including pre-event, proprioceptive 
neuromuscular facilitation (PNF), contract relax and assisted stretching – readers 
are directed to the relevant sections in Sports Performance Massage by Bedford 
(2021). 
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To ascertain stretching practices, Judge et al (2013) surveyed men’s National 
Collegiate Athletic Association Division I, Division II and Division III cross-
country and track and field coaches. The coaches indicated that their athletes 
either always or almost always completed a stretching regime (61.3%) or jogging 
cool-down (86%) after an athletic event. Coaches typically used static stretching 
activities (52.3%) after the athletic event. To a much lesser extent, coaches used 
dynamic stretching (4.7%), a combination of static and dynamic stretching activi-
ties (36.3%) and PNF stretching (4.7%). Ballistic stretching was not reported as 
a post-activity stretching practice. The coaches perceived that post-activity group 
stretching was beneficial in terms of injury prevention (88.9%) and improved 
performance (87.7%). 

In very similar research, Popp et al (2017) found that 48.2% of athletic train-
ers reported that athletes completed a post-activity stretching protocol less 
than half of the time. The majority (89.5%, n =402) of athletic trainers rec-
ommended that athletes perform a stretching protocol post-activity, with most 
(60.6%, n =241) indicating that static stretching be performed and the routine 
last between six and ten minutes (59.3%, n =236). Remarkably, only 57.8% 
(n =257) of athletic trainers reported that the athletes under their care performed 
a post-activity stretching protocol; the stretching consisted of static stretching in 
the majority of cases (69.4%, n =177). However, many athletes participating in 
contact sports and sports with repeated eccentric contractions no longer stretch 
following training or matches, due to the fear of causing further muscle damage. 
The theory behind this has been termed the ‘popping sarcomere hypothesis’ and 
is explained in great detail by Morgan (1990) and Morgan and Proske (2004). 
The term ‘popping’ is used to describe the uncontrolled, virtually instantaneous 
lengthening of a sarcomere from a length commensurate with its passive length 
to a length where passive structures primarily support the tension. If the strength 
variations are randomly distributed along most of the fibre, active lengthening 
will involve extreme lengthening of a few randomly distributed sarcomeres, with 
minimal length changes in most of the sarcomeres. It is proposed that this is 
an inescapable consequence of a descending limb of the length tension relation 
and a tension that does not continue to increase with increasing stretch velocity 
(Morgan, 1990). 

In fact, a number of studies have questioned the use of post-performance 
stretching due to the lack of positive evidence on its ability to reduce muscle 
soreness, improve recovery and prevent injury. Jayaramann et al (2004) recruited 
32 untrained male subjects who performed intense eccentric knee extension 
exercise, followed by two weeks of treatment (heat, stretch, heat plus stretch) 
or no treatment (control, n =8/group). The results indicated that heat and/or 
static stretching does not consistently reduce soreness, swelling or muscle dam-
age. Furthermore, although stretching applied repeatedly after exercise (24, 48 
and 72 hours post-exercise) in 56 males (Torres et al, 2013) had a positive effect 
on the relief of muscle stiffness, the absence of positive effects on muscle sore-
ness, maximal concentric peak torque and plasma creatine kinase (CK) activity 
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suggests that stretching intervention is ineffective in relieving the harmful effects 
that can result from eccentric exercise. In addition, 12 studies were included in 
a Cochrane review by Herbert et al (2011) that incorporated two new studies, 
of which one was a large field‐based trial involving 2,377 participants, 1,220 of 
whom were allocated stretching. Post‐exercise stretching reduced soreness at one 
day after exercise by, on average, one point on a 100‐point scale (mean difference 
‐1.04, 95% confidence interval (CI) ‐6.88 to 4.79; four studies). Similar effects 
were evident between half a day and three days after exercise. One large study 
reviewed by the authors showed that stretching before and after exercise reduced 
peak soreness over a one-week period by, on average, four points on a 100‐point 
scale (mean difference ‐3.80; 95% CI ‐5.17 to ‐2.43). This effect, though statisti-
cally significant, is very small and all studies were exposed to either a moderate 
or high risk of bias, a low to moderate quality of evidence, however there was a 
high degree of consistency of results across studies. In another study, ten young 
participants followed one of two recovery interventions (static stretching or pas-
sive recovery) immediately following the completion of competitive football 
matches (Pooley et al, 2017). The authors analysed muscle oedema, CK, coun-
termovement jump with arms (CMJA), performance and perceived muscle sore-
ness before, immediately after and 48 hours post-match. The results confirmed 
that competitive football matches significantly induced muscle damage, with time 
intervals of perceived soreness and CK showing significant increases (p <0.05), 
and CMJA showing significant decreases between pre-match, post-match and 
48 hours post-match for both static stretching and passive recovery (p <0.05). 
Comparisons of the absolute effects of static stretching with passive recovery 
revealed only significant decreases for CK 48 hours post-match (p <0.05) as a 
result of the static stretching intervention. Therefore, it can be argued that static 
stretching is not a beneficial recovery option for elite youth football players. Also 
investigating recovery interventions in youth football players, Calleja-González 
et al (2021) concluded that exercise-induced muscle damage (EIMD) biomarker 
responses are possibly attenuated when water immersion and active recovery 
strategies are applied for recovery purposes, but that static stretching seems to be 
ineffective. Again, using young football players (n=24), Sermaxhaj et al (2017) 
noted that static stretching exercises applied as a cool-down at the end of the 
training session three times a week for 16 weeks had no important impact on the 
testing of isokinetic force (peak torque flexion and extension). 

Other forms of stretching post-exercise have also been considered as a recov-
ery intervention. Indeed, Apostolopoulos et al (2018) compared high-intensity 
passive static stretching and no stretching, low-intensity passive static stretch-
ing (high-intensity (70-80% maximum perceived stretch), low-intensity (30-40% 
maximum perceived stretch), and a control. Both stretching groups performed 
three sets of passive static stretching exercises of 60 seconds each for hamstrings, 
hip flexors and quadriceps over three consecutive days. The results highlighted 
small to moderate beneficial effects on perceived muscle soreness and recovery of 
muscle function post-unaccustomed eccentric exercise. By contrast, no positive 
effects were found by Xie et al (2018), who concluded that dynamic stretching 
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and static stretching had no impact on delayed-onset muscle soreness (DOMS). 
A sample of 57 young adult participants (29 males and 28 females) volunteered 
for a study by McGrath et al (2014), in which post hoc testing revealed that 
DOMS significantly decreased (p <0.05) from 24 to 48 hours post-exercise for 
the PNF and control groups, but not for the static stretching group. Further 
analysis revealed a significant correlation (r =0.61, p <0.01) between the pre-and 
post-exercise stretch scores and the 48-hour post-exercise pain score for the PNF 
group. This led the authors to make a valid point: it is possible that the pre-
stretch muscle contractions of the post-exercise PNF protocol may have placed a 
load on an already damaged muscle, causing more DOMS for some participants. 
PNF techniques often involve static stretching used in combined procedures, 
either preceded by a maximal isometric contraction of the muscle (contract-relax) 
or accompanied by a maximal isometric contraction of the antagonistic muscle 
(antagonist-contract) (Guissard & Duchateau, 2006). 

Furthermore, Merrigan et al (2017) investigated a post-exercise static stretch 
protocol to a whole-body vibration (WBV) plus static stretching protocol (con-
sisting of nine whole-body stretches). The results revealed that WBV plus static 
stretching was sufficient to reduce self-ratings of fatigue in collegiate swimmers 
compared to static stretching without WBV. The condition of WBV plus static 
stretching resulted in decreased feelings of tension and fatigue when assessed as 
part of mood state. This is of interest because mood state is a well-established 
indicator of how an athlete is recovering from training. Therefore, incorporat-
ing a 15-minute post-workout programme of whole-body static stretching per-
formed concurrently with WBV as part of athletes’ training may enhance the 
ability to recover from exercise. 

Comparisons in stretching interventions were also made by Ozmen et al 
(2016). The researchers compared PNF stretching, static stretching and Kinesio 
taping on participants performing the Nordic hamstring exercise (five sets of eight 
repetitions), and found no significant differences for the intervention groups 
compared with the control group in all measurements (p >0.05). Kinesio taping 
application and pre-exercise stretching made no positive contribution to flexibil-
ity at 24 hours and 48 hours after exercise, but may have attenuated muscle sore-
ness. In a systematic review and meta-analysis of randomised controlled trials (11 
included for qualitative analyses and ten for meta-analysis (n =229 participants), 
Afonso et al (2021) examined the effects of static stretching, passive stretching 
and PNF stretching on recovering strength and range of motion (ROM) and 
diminishing DOMS after physical exertion. The results reinforced previous con-
clusions that post-exercise stretching does not confer protection from DOMS, 
while also showing that it does not accelerate (or impair) recovery and strength 
levels. In a study of 31 professional football players by Rey et al (2012), following 
a specific training session consisting of standard football training (a 45-minute 
programme, including a 15-minute maximal intensity intermittent exercise (20 
x 30 metres, with a 30-second rest period between each sprint) and a 30-minute 
group-specific aerobic endurance drill (four four-minute rounds of five-a-side in 
an area of 40 x 50 metres, with three minutes of active rest at 65% of maximal 
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aerobic velocity between sets)), the acute effects of static stretching (hamstring, 
quadriceps, adductor and gastrocnemius muscles) were measured goniometri-
cally on the dominant leg. The authors concluded that, as part of a recovery 
procedure, static stretching might not be sufficient to reduce muscle tightness 
and increase ROM 24 hours after training. 

Muscle provides both passive and active tension. Passive muscle tension is 
dependent on the structural properties of the muscle and the surrounding fas-
cia, while dynamic muscle contraction provides active tension (Page, 2012). 
Structurally, muscle has viscoelastic properties that provide passive tension. 
Active tension results from the neuro-reflexive properties of muscle – specifi-
cally peripheral motor neuron innervation (alpha motor neuron) and reflexive 
activation (gamma motor neuron) (Page, 2012). Hence, Esposito et al (2009) 
concluded that acute passive stretching, when applied to a previously fatigued 
muscle, further depresses the maximum force-generating capacity. Although 
stretching does not alter the electrical parameters of the fatigued muscle, it does 
affect the mechanical behaviour of the muscle-tendon unit. Therefore, from 
the available evidence, it appears that stretching following sporting activity is 
unlikely to have any significant positive effect on DOMS or muscular fatigue, and 
may place a load on an already damaged muscle, causing more DOMS (PNF) 
(Guissard & Duchateau, 2006). However, in sports where flexibility and ROM 
are important – for example, martial arts – static stretching of one muscle group 
can induce moderate global increases in ROM. In addition, passive stretching has 
been shown to be an effective means to improve vascular function and arterial 
stiffness (Bisconti et al, 2020). 

Active Recovery and Passive Recovery 

The best-known and most widely used post-exercise recovery intervention is 
arguably the active cool-down, which is also known as ‘active recovery’ or ‘warm-
down’ (Van Hooran & Peake, 2018). However, due to differences in the length 
and intensity of the exercise performed and the length and intensity of the subse-
quent active recovery, inferences are hard to determine. It could also be argued 
that passive forms of recovery are equally effective and are commonly used among 
athletes (see page 176). 

It has been suggested that active recovery could enhance lactate metabolism 
within previously exercised muscles by oxidation and/or increase the efflux of 
lactate from these muscles and its transport to other tissues for oxidation or syn-
thesis to glucose (Bangsbo et al, 1994). This may be important as increases in 
lactate, reflecting hydrogen ion (H+) concentration, have been shown to inhibit 
contractile performance and cause premature fatigue (Connelly et al, 2003); 
although it has been stated that lactate removal may not be a valid criterion 
for assessing recovery, especially in relation to between-training recovery in elite 
athletes (Barnett, 2006). Despite this, active recovery may allow reoxygenation 
of blood through increased alveolar gas exchange as a consequence of elevated 
metabolism compared to passive recovery strategies (Crowther et al, 2017). Mota 
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et al (2017) stated that although increased lactate has little or no effect on muscu-
lar contraction, the increase of hydrogen ions induces a decrease of pH, metabolic 
acidosis and insufficiency in the glycolytic metabolism due to the suppression 
of glycogen phosphorylase and phosphofructokinase enzymes. Furthermore, 
according to Soares et al (2017), active recovery does not affect the autonomic 
and haemodynamic responses after moderate‐intensity aerobic exercise in healthy 
young male individuals. When comparing self-paced active recovery with passive 
recovery, Mota et al (2017) discovered that self-paced active recovery presented 
a higher lactate removal velocity than passive recovery. The authors surmised that 
this was possibly the result of higher removal velocity due to the increase in blood 
flow, promoting the buffering of H+ and pH restoration. These factors may have 
significantly contributed to the performance in a subsequent trial. Nevertheless, 
despite having been relevant to the decrease of lactate, ten minutes of self-paced 
active recovery was not enough to re-establish the resting lactate. Menzies et al’s 
(2010) results further demonstrated that active recovery after strenuous aerobic 
exercise (running) led to faster clearance of accumulated blood lactate than pas-
sive recovery; and that the rate of blood lactate clearance depended on the inten-
sity of the active recovery, with peak lactate clearance rates occurring at intensities 
close to lactate threshold. Thus, after a strenuous high-intensity aerobic exercise 
bout at an intensity close to maximal oxygen uptake (VO2 max), the fastest lactate 
clearance was achieved by active recovery at an exercise intensity close to or just 
below the individual lactate threshold. 

Interestingly, a study by Mika et al (2016) examining 13 mountain canoeists 
and 12 football players suggested that 20 minutes of active recovery working 
the same muscles that were active during the fatiguing exercise was more effec-
tive in fatigue reduction than active exercise using those muscles not involved 
in the fatiguing effort. In a study by Leicht and Perret (2008), eight paraplegic 
participants did not seem to be disadvantaged compared with nine able-bodied 
participants concerning blood lactate elimination, even though lactate concentra-
tions after cessation of heavy exercise rose faster in the paraplegic participants. 
For both paraplegic and able-bodied test participants, the individual fitness level 
and genetic predisposition might be of greater importance for lactate elimination 
than their group status. Thus, the time of recovery after maximal bouts of physi-
cal arm activity did not have to be prolonged in trained paralysed individuals to 
reach lactate recovery levels comparable with those of able-bodied individuals. 
In this study, immediately after the exercise test, the participants performed arm 
cranking for another 30 minutes at a workload of one-third of the maximally 
achieved power output. 

Active hydro recovery-based interventions are also used by athletes. For exam-
ple, deep-water running is promoted in physical training programmes, particu-
larly during rehabilitation from injury and as light recovery sessions immediately 
after or the day following competitive games. The exercise is conducted in the 
deep end of a swimming pool, with the body kept afloat by a buoyancy belt 
(Reilly & Ekblom, 2005). Summarising the potential benefits of aquatic cycling 
as a recovery intervention, Wahl et al (2013) indicated that the counterbalance to 
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Figure 17.2 Young woman on a bicycle simulator underwater in the pool 

gravity (in water) might be used to reduce further impacts or eccentric contrac-
tions during active recovery, as the movement in the water is only concentric. 
Thus, aquatic exercise might enhance circulation, while causing minimal addi-
tional damage. Furthermore, the compression might be used to limit oedema, 
increase the diffusion of waste products or increase blood flow. However, the 
authors’ intervention of 300 countermovement jumps (CMJs) directly after a 
recovery session and up to 72 hours thereafter did not affect the recovery of mus-
cular performance, the increase in markers of muscle damage, muscle soreness or 
perceived physical state compared with passive rest. 

Kumstát et al (2019) found that after high-intensity cycling performance, 30 
minutes of passive rest with and without compression calf sleeves had no significant 
effect on recovery when compared with the active recovery condition. Active recov-
ery cycling at 1 watt per kilogram (kg) significantly increased blood lactate removal 
by comparison to the passive and passive with compression calf sleeves recovery 
strategies. One negative impact of the passive recovery strategies observed was the 
difficulty in sustaining peak power and tolerating fatigue during repeated high-
intensity exercise. In terms of immediate recovery and sustaining high-intensity 
performance, coaches and athletes are highly encouraged to prioritise an active 
form of recovery instead of using compression garments. Van Hooran and Peake’s 
(2018) narrative review found that an active cool-down is generally not effective 
for reducing DOMS following exercise, but may have beneficial effects on other 
markers of muscle damage. In addition, an active cool-down may partially prevent 



  

 

  

 

  

 
  

 
   

        
       

        

 
 

Stretching, active and passive recovery 175 

the depression of circulating immune cell counts immediately after exercise, but 
this effect is probably negligible (two hours after exercise). 

It is estimated that, following exhaustive exercise, adenosine triphosphate 
stores are 90-95% repleted in three minutes (Connelly et al, 2003). However, in 
a number of sports, such as rock climbing, athletes may only get seconds of brief 
recovery prior to their next strenuous effort. This led Valenzuela et al (2015) 
to suggest that an important role in enhancing lactate removal and preventing 
fatigue from performing active recovery is that of synchronously light exercise of 
great muscle mass, such as that of the lower limbs, in increasing blood flow, thus 
facilitating lactate clearance by enhancing lactate metabolism through adjacent 
oxidative fibres. From a practical point of view, it would be advisable for climbers 
to perform a sport-specific exercise during active recovery instead of remaining 
static or walking. Easy climbing or walking while exercising the forearm muscles 
are two more effective strategies that can be easily performed by climbers in any 
place. In another study of rock climbers, Green and Stannard (2010) noted that 
active recovery strategies of shaking out and low-frequency vibration aimed at 
increasing forearm blood flow had little effect on intermittent isometric handgrip 
exercise performance. Again, using short periods of recovery (three minutes), a 
study by Connelly et al (2003) (n =7) suggested that there appeared to be no 
significant effects in terms of lactate clearance using active versus passive recov-
ery between bouts of high-intensity, short-duration exercise. In a study with a 
longer recovery (4.5 hours), Cortis et al (2010) noted that passive and active 
recovery interventions did not induce significant differences in aerobic, anaerobic 
and stress-recovery status parameters in relation to two daily experimental ses-
sions (ie, sub-maximal exercise and pre- and post-exercise measurement stages). 
To determine which active recovery protocol would more quickly reduce high 
blood H+ and lactate concentrations produced by repeated bouts of high-inten-
sity exercise, Coso et al (2010) analysed respiratory gases and arterialised blood 
samples which were obtained during exercise. At the end of the exercise, on 
three occasions, 11 moderately trained males performed four bouts (1.5 minutes) 
at 163% of their respiratory compensation threshold (RCT) interspersed with 
active-recovery. This included, 4.5 minutes of pedalling at 24% RCT (‘short’); 
six minutes at 18% RCT (‘medium’) and nine minutes at 12% RCT (‘long’). 
The authors found that at the end of the exercise protocol, the long group in 
comparison to the short and medium groups increased plasma pH (7.32 ± 0.02 
vs.~7.22 ± 0.03; p < 0.05) and reduced lactate concentration (8.5 ± 0.9 ver-
sus~10.9 ± 0.8 mM; P < 0.05 long group than in the short and medium groups 
(31.4 ± 0.5 versus~29.6 ± 0.5; p < 0.05). Thus it appears from this study that 
low-intensity prolonged recovery between repeated bouts of high-intensity inter-
val exercise maximizes hydrogen ion and lactate removal by enhancing carbon 
dioxide unloading. 

A study by Mika et al (2007) was designed to assess the influence of dif-
ferent recovery modes – stretching, active recovery and passive recovery – on 
muscle relaxation after dynamic exercise of the quadriceps femoris. The authors 
suggested that the most appropriate and effective recovery mode after dynamic 
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muscle fatigue involves light, active exercises, such as cycling with minimal resist-
ance. In another example, Crowther et al (2017) identified differences between 
recovery strategies for short-term perceptual and performance recovery in non-
elite athletes. For short-term recovery, the authors found that contrast water 
therapy (CWT) elicited better perceptions of recovery; while non-water-based 
active recovery and control strategies elicited better jump performance outcomes 
than cold water immersion and combination at one hour post-exercise for non-
elite athletes. In some sports where athletes have days to recover (eg, Futsal), 
it appears that active (land and water), passive and electrostimulation recovery 
interventions (see page 191) demonstrated no improvement in the recovery of 
anaerobic performance, hormones, muscle pain and REST-Q sport inventories 
(Tessitore et al, 2008). 

Following training or matches, the length and type of cool-down will have 
not only a physiological effect on the body, but also a psychological one. This 
was demonstrated in a study by Rodríguez-Marroyo et al (2021), whose find-
ings suggested that session rating of perceived exertion (RPE) may be sensitive 
to the selected cool-down modality (static stretches versus running exercises) 
and duration (15, ten or five minutes), especially following the most demanding 
training sessions, with the lowest (p < 0.01) session RPE observed during the 
longest cool-down (15 minutes). In addition, on when active recovery takes place 
is a contentious issue and varies across different sports and exercises. For exam-
ple, Wiewelhove et al (2021) investigated whether the use of active recovery the 
day after high-intensity interval training (HIIT) benefits recovery and whether 
individual responses to active recovery are repeatable. The authors analysed a 
number of physiological markers before and after HIIT and after 24 and 48 
hours of recovery, including maximal voluntary isometric strength, CMJ height, 
tensiomyographic markers of muscle fatigue, serum concentration of CK, muscle 
soreness and perceived stress state. The authors noted that the repeated failure of 
active recovery to limit the severity of fatigue was found both at the group level 
and with most individuals. However, a small percentage of athletes may be more 
likely to benefit repeatedly from either active or passive recovery. Therefore, the 
authors concluded that the use of active recovery should be individualised. 

Buchheit et al (2009) found that active compared with passive recovery con-
ditions were associated with higher oxygen uptake, blood lactate accumulation 
and muscle deoxygenation, as well as reduced repeated sprint running ability; 
although the authors also mentioned the precise influence of system stress metab-
olite accumulation and muscle. In addition, deoxygenation could not be differen-
tiated. The researchers’ results confirmed the negative impact of active recovery 
on muscle (re)oxygenation when very short team-sport specific running efforts 
were repeated, which implies that ‘lowering’ recovery intensity (ie, walking or 
standing if possible, rather than jogging) during team sport events might be an 
effective strategy for improving repeated sprint running performance. In addi-
tion, Hinzpeter et al (2014) discovered that 21 swimmers who were subjected 
to active recuperation exercises might have better athletic performance and lower 
blood lactate values than those subject to passive recuperation, as blood lactate 
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levels rose by up to 78% when the intensity of the training sessions was progres-
sively increased. Regeneration exercises increased the rate in which blood lactate 
dissipated in comparison with passive recuperation. The rate of lactate dissipation 
for regeneration exercises was 68%. 

Van Hooren and Peake (2018) found that, compared with a passive cool-
down, an active cool-down generally leads to faster removal of blood lactate 
when the intensity of the exercise is low to moderate, and further leads to faster 
recovery of pH to resting levels. Furthermore, a cool-down generally does not 
affect injury rates; although more research is required to investigate the effects of 
the type of cool-down, its duration and the type of sport. 

Where short-term recovery is required, a number of authors have investigated 
the outcomes of either active or passive recovery (Dupont et al, 2003; McAinch 
et al, 2004; Spierer et al, 2004; Spencer et al, 2006; Ohya et al, 2013; Perrier-
Melo et al, 2021). Spencer et al (2006) suggested that active recovery does not 
improve performance and, in fact, may potentially have sub-optimal effects on 
phosphocreatine (PCr), muscle lactate concentration and performance dur-
ing exercise that mimics the sprint and recovery durations of an isolated bout 
of repeated-sprint activity typical of team sports. Also discussing recovery from 
repeated running, Dupont et al (2003) found that passive recovery induced a 
longer time to exhaustion than active recovery, as short-term active recovery 
resulted in less oxygen being available to reload myoglobin and haemoglo-
bin, remove lactate concentrations and resynthesise PCr. In agreement, Wahl 
et al (2013) concluded that passive recovery induced greater improvements in 
endurance performance than active recovery. The authors speculated that pas-
sive recovery might elicit greater disturbances of homoeostasis and therefore a 
higher (local) stimulus in skeletal muscles, leading to increased local adaptations 
and greater improvements. Further positive outcomes of passive recovery over 
active recovery were noted by Perrier-Melo et al (2021). The authors’ systematic 
review of 26 studies (17 for power output, nine for repeated-sprint ability and 
two for distance covered) revealed that four studies found higher mechanical 
performance for passive recovery compared with active recovery; six out of nine 
studies reported faster sprinting performance with passive recovery compared to 
active recovery; and two studies demonstrated that passive recovery resulted in 
a greater distance covered during intermittent sprint exercise. The authors sug-
gested that high-intensity interval exercise with passive recovery results in greater 
performance when compared with active recovery. Additionally, Ohya et al 
(2013) compared the effects of recovery condition and durations on performance 
and muscle oxygenation during short-duration intermittent sprint exercise. Eight 
subjects performed a graded test and ten five-second maximal sprints with 25, 
50 and 100 seconds of passive recovery or active recovery on a cycle ergometer. 
The results indicated that oxyhaemoglobin variations were significantly higher for 
passive recovery than active recovery for the 25-second and 50-second durations. 
Active recovery was associated with reduced sprint performance and lower mus-
cular reoxygenation. Performance was not affected over longer recovery dura-
tions, regardless of recovery condition. In contrast, a study of nine highly trained 
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hockey players by Spierer et al (2004) found that active recovery, as compared to 
passive recovery, between high-intensity bouts of exercise may benefit untrained 
and moderately trained populations. 

By contrast, Losnegard et al (2015) investigated the effects of an active 
recovery protocol (two minutes standing/walking, 16 minutes jogging (58 ± 5% 
of peak oxygen uptake (VO ) and three minutes standing/walking) and a2peak 

passive recovery protocol (15 minutes sitting, three minutes walking/jog-
ging (30% of VO ) and three minutes standing/walking) on physiological2peak 

responses and performance between two heats in sprint cross-country skiing. 
Participants undertook two experimental test sessions, each of which con-
sisted of two heats with 25 minutes between the start of the first and second 
heats. The authors concluded that neither passive recovery nor running at 58% 
VO between two heats in a simulated sprint gave statistically significant dif-2peak 

ferences in performance. 
Furthermore, McAinch et al (2004) found that neither muscle glycogen nor 

lactate concentration differed when comparing active recovery with passive recov-
ery at any point. However, plasma lactate concentration was higher (p <0.05) in 
passive recovery versus active recovery during the recovery period, such that sub-
jects commenced the second bout of intense exercise with a lower plasma lactate 
concentration (p <0.05) in active recovery (4.4±0.7 versus 7.7±1.4 mmol · L–1 

following active recovery and passive recovery, respectively). More recently, com-
paring passive and active recoveries at 50%, 35% and 20% of maximum aerobic 
speed (MAS) in basketball players, Brini et al (2020) noted that the total time 
and best time for repeated sprints were both significantly higher during passive 
recovery than active recovery. The performance recorded during active recovery 
at 20% of MAS was significantly higher than that obtained at 35% and 50% of 
MAS. The researchers found no significant difference in lactate concentrations 
and testosterone/cortisol ratio between passive and active recovery. However, 
significant correlations (r2 > 50%) were recorded between total time and MAS 
for both types of recovery. This led the authors to conclude that passive recovery 
provides the best performance in repeated sprints and, when comparing active 
recoveries, those of intensity below 35% of MAS led to better performance in 
basketball players. 

Anderson et al (2008) examined the time course of recovery of different neu-
romuscular and biochemical parameters from two friendly international women’s 
football matches, separated by 72 hours. The data revealed that sprint perfor-
mance was the first physical capacity to return to baseline after the match (five 
hours after), followed by peak torque knee extension (27 hours after) and flexion 
(51 hours after); whereas CMJ did not recover throughout the remaining time 
points of their study. The authors concluded that active recovery (20 minutes 
sub-maximal cycling (plus 60 grams of carbohydrate drink)) had no effect on 
the recovery pattern of the neuromuscular and biochemical parameters. While 
the participants in this study also consumed carbohydrates during their active 
recovery, Barnett (2006) made an important point: undertaking active recovery 
immediately post-training may affect the athlete’s consumption of carbohydrate 



  

  

  
       
 

   
   

    
  

  

  
  

  

  

Stretching, active and passive recovery 179 

during that period, and active recovery may thus be detrimental to rapid glycogen 
resynthesis. 

Hydrotherapy 

As with active recovery, athletes often use passive hydrotherapy interventions – 
described as the external or internal use of water in any form (water, ice, steam) 
for health promotion or treatment of various diseases, at various temperatures, 
pressures, durations and sites (Mooventhan & Nivethitha, 2014). Hydrotherapy 
is also used for relaxation, rehabilitation from injury and recovery from strenuous 
exercise. One such intervention – flotation restricted environmental stimulation 
technique (REST) – involves reducing environmental stimuli so that the senses 
of sight, sound and touch are compromised as the individual floats supine in an 
enclosed or open vinyl-lined tank with no light and water heated to roughly skin 
temperature (34-35°C) by a waterbed heating system (Morgan et al (2013). The 
tanks are not airtight and are filled with roughly 757.08 litres of water mixed 
with 362.87 kilograms of Epsom salt (magnesium sulphate) to a concentration 
at which the individual is capable of floating (1.81 kg:3.79 l). Positive findings 
were recorded by Broderick et al (2019), who found that one hour of flota-
tion REST significantly enhanced CMJ (p = 0.05), ten-metre sprint performance 
(p = 0.01) and 15-metre sprint performance (p = 0.05), with small to moder-
ate effects for all performance measures except CMJ (unclear) compared to the 
control group. The results also demonstrated significantly higher pressure-to-
pain thresholds across all muscle sites (all p =< 0.01) and lower muscle soreness 
and physical fatigue 12 hours following flotation (p < 0.05). All sleep measures 
resulted in small to large effects, with a significantly greater perceived sleep qual-
ity (p = 0.001) for the flotation trial compared to the control condition; however, 
there were no significant differences and a trivial effect size between trials for 
changes in cortisol concentration. In addition, a study by Morgan et al (2013) 
indicated that flotation REST seems to have a significant effect on blood lactate. 
The authors found a decrease in blood lactate after a one-hour flotation REST 
session compared with a one-hour seated condition, which potentially allows for 
enhanced muscle recovery. The researchers also noted lowered torque produc-
tion of the knee extensor muscles after flotation, which may be explained by the 
lack of sensory stimuli and perhaps a concomitant decline in proprioception and 
decreased motor control. Furthermore, it was suggested that individuals suffer-
ing from lingering muscle pain may also benefit from flotation REST; however, 
DOMS was not alleviated at a quicker rate after flotation. 

In a study to verify the effect of deep-sea water thalassotherapy on recov-
ery from fatigue and muscle damage enzymes (n =30), Kim et al (2020) found 
that fatigue had a primary effect (p <0.001) and exhibited strongly significant 
interaction (p <0.001) with lactate, ammonia and lactate dehydrogenase levels; 
whereas the glucose level remained unchanged. The results showed a significant 
decrease in these parameters among the deep-sea water exercise group compared 
to the control group and the water exercise group (p <0.01) (the water exercise 
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group actively participated in a water treatment programme involving a tap-water 
(compared to deep-sea water) bath (standard 3×3×1.5 metres, horizontal×ver-
tical×height) maintained at 34±1◦C). In addition, muscle damage enzymes 
showed a main effect (p <0.001) and significant interaction (p <0.001) with CK 
and aspartate aminotransferase (p <0.001). Therefore, the deep-sea water thalas-
sotherapy programme showed significant effects on muscle fatigue and muscle 
damage recovery, as it maintained stable low temperature and had little organic 
matter such as bacteria and pathogens. 

Music 

Many studies have related the use of music in exercise to improved performance, 
finding specifically that listening to music prior to or during exercise improves 
performance (Desai et al, 2015); however, music during both active and pas-
sive recovery has also been used with some success. For example, in a study by 
Hutchinson and O’Neil (2020), 45 anaerobically trained males completed two 
30-second Wingate anaerobic tests separated by ten minutes of self-paced active 
recovery. The recovery consisted of stimulative music, sedative music or a no-
music control. Blood lactate was measured at baseline, immediately after the first 
test and at the end of the recovery period. Felt arousal, heart rate and pedal 
cadence were measured immediately after the first test and at minute 5 and min-
ute 10 of active recovery. Participants in the stimulated music group showed a 
significant increase in peak power from test 1 to test 2; whereas participants in the 
sedative music and control groups showed decreased peak power from test 1 to 
test 2. The participants in the stimulative music group had a higher mean heart 
rate during the recovery period as well as higher levels of felt arousal, and a sig-
nificant pre-post recovery drop in blood lactate that was not evident in the other 
groups (all p <0.05). Therefore, it appears that stimulative music exerts a positive 
influence on self-paced exercise recovery, which can facilitate blood lactate clear-
ance and improve subsequent exercise performance. 

In addition, a study by Desai et al (2015) concluded that music accelerates 
post-exercise recovery, and that slow music has a greater relaxation effect than 
fast or no music. In the slow music group, recovery time of pulse rate (5.2±2.1) 
and systolic blood pressure (3.9±1.1) and diastolic blood pressure (3.2±1.7) was 
significantly faster as compared to both the no music and fast music groups, when 
30 participants were subjected to moderate exercise in the form of the Harvard 
step test for three minutes on three consecutive days. Also using a three-minute 
Queen’s College step test, Rane and Gadkari (2017) concluded that slow music 
is a good tool for relaxation following a bout of physical exercise. Slow music has-
tened the recovery of physical parameters such as pulse rate, blood pressure and 
respiratory rate. It also had an affective component, in that it caused a subjective 
feeling of faster recovery from exertion when compared to the effect of no music 
or fast music. Furthermore, Jing and Xudong (2008) reported that heart rates, 
urinary protein and rate of perceived exertion (RPE) decreased significantly after 
the application of relaxing music (p =0.01) compared to no music. Therefore, the 
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authors concluded that relaxing music has a better effect on the rehabilitation of 
cardiovascular, central and musculoskeletal and psychological fatigue, and the 
promotion of the regulatory capability of the kidneys. 

Eliakim et al (2012) likewise found that listening to motivational music dur-
ing non-structured recovery from intense exercise was associated with increased 
spontaneous activity, faster reduction in lactate levels and a greater decrease in 
RPE (although there was no difference in mean recovery heart rate) in 20 young 
men who completed a six-minute run at peak oxygen consumption. A possi-
ble mechanism for enhanced active recovery is an increase in blood flow to the 
exhausted muscle and, as a result, enhanced metabolite washout. Therefore, the 
authors assumed that motivational music may help athletes to overcome physi-
ologic and psychological barriers and to perform a more active recovery. 



  

 

18 Sleep, Electrical Neuromuscular 
Stimulation 

Figure 18.1 Sleep cycle stages 
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Sleep 

The relationship between sleep and post-exercise recovery and performance 
in elite athletes has become a topic of great interest because of the growing 
body of scientific evidence confirming a link between critical sleep factors, 
cognitive processes and metabolic function (Samuels, 2008). Indeed, the cur-
rent scientific literature consistently reports that elite athletes generally show 
a high overall prevalence of insomnia symptoms characterised by longer sleep 
latencies, greater sleep fragmentation, non-restorative sleep and excessive 
daytime fatigue. These symptoms show marked between-sport differences, 
with individual sports showing the highest levels of sleep disturbance (Gupta 
et al, 2017). 

Lack of sleep can cause a decrease in work capacity and increased feelings of 
fatigue (Venter, 2012), and has been associated with increased risk of football 
injuries (Yabroudi et al, 2021). Sleep also fulfils a number of important psy-
chological and physiological functions that may be fundamental to the recov-
ery process (Nedelec et al, 2015). These findings agree with those of Rae et al 
(2017), who observed that much of sleep’s value may lie in its role in recovery 
from both training and competition – an important factor in determining per-
formance. Therefore, sleep is an essential component for athlete recovery, due to 
its restorative physiological and psychological effects (Lastella et al, 2015). This 
was echoed by Otocka-Kmiecik and Król (2020), who concurred that sleep is 
an integral part of recovery and an adaptive process between bouts of exercise, 
and observed that increased duration and quality of sleep improve physical per-
formance. Sleep is divided into non-rapid eye movement sleep (NREM) sleep 
and REM sleep (see below), which are repeated about every 90minutes; these 
sleep stages play an important role in the recovery of brain function from fatigue 
(Yamashita M, 2020). 

What fundamentally happens during sleep was discussed in detail by Otocka-
Kmiecik and Król (2020). In transitioning from a waking state to drowsiness 
and into sleep, sympathetic tone decreases, the respiratory rate slows down 
and regular breathing – helping to promote gas exchange – is induced. At the 
same time, vagal tone increases. Characteristic of NREM sleep is a state of 
parasympathetic dominance, resulting in a reduction in heart rate and cardiac 
output. Peripheral vascular resistance and blood pressure are also reduced. 
Metabolic heat production and body temperature are lowered, to minimise 
energy expenditure. During the REM stage, skeletal muscles – except for the 
eyes and the diaphragmatic breathing muscle – are atonic and immobile, to 
inhibit body movement. Parasympathetic tone dominates during tonic REM; 
while throughout phasic REM, sympathetic tone increases as sympathovagal 
balance reverses. 
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Figure 18.2 Melatonin pathway 

Halson (2014) described in detail how the hormone melatonin (also known as 
5-methoxy-N-acetyltryptamine), nutrition and amino acids affect sleep. Melatonin 
can influence the sleep-wake cycle by a sleep-promoting effect, and therefore a 
number of nutritional interventions aim to increase melatonin by the manipula-
tion of l-tryptophan (TRP). Its production may be increased by either increasing 
TRP intake or reducing the relative plasma concentration of large neutral amino 
acids (LNAAs). This can be achieved through several means, including a high-pro-
tein diet that contains more tryptophan than LNAA; ingestion of carbohydrate, 
which may increase the ratio of free TRP to branched-chain amino acids (BCAAs) 
and facilitate the release of insulin, which promotes the uptake of BCAAs into the 
muscle; ingestion of a high-fat meal, which may increase free fatty acids and result 
in increased free TRP; and exercise, which can influence both free fatty acids and 
insulin. In addition, changes in glucose metabolism and neuroendocrine function 
as a result of chronic partial sleep deprivation may result in alterations in car-
bohydrate metabolism, appetite, food intake and protein synthesis. Furthermore, 
Otocka-Kmiecik and Król (2020) noted that by increasing the consumption of the 
antioxidant vitamin C, one can potentially help to increase sleep duration, reduce 
sleep disturbances, relieve movement disorders and decrease the dangerous effects 
of sleep apnoea. As mentioned by Halson (2014), of the 21 amino acids quantified 
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in the targeted analysis by Davies et al (2014), only TRP was found to vary signifi-
cantly with sleep status, with increased levels during acute sleep deprivation. TRP 
is vital for the formation of serotonin and melatonin via the indoleamine pathway. 
The increased levels of TRP measured during sleep deprivation may contribute to 
the anti-depressive effect of sleep deprivation, directly or indirectly via serotonin 
synthesis. The authors identified plasma metabolites that were significantly altered 
during acute sleep deprivation (mainly lipids and acylcarnitines, serotonin, TRP 
and taurine), all increasing during sleep deprivation. The 24-hour variation in 
several metabolite classes (amino acids, biogenic amines, acylcarnitines, glycer-
ophospholipids and sphingolipids) has also been characterised in the presence and 
absence of a night’s sleep. 

Two of the main detrimental effects of sleep loss – cognitive impairment 
and mood disturbance – can impact performance in team and individual sports 
(Lastella et al, 2015). In professional sport, it is not uncommon for matches or 
competitions to be held in the evening or late at night to optimise the (television) 
audience attendance (eg, evening football games, late-night tennis matches), and 
to wait for the air temperature to decrease. From this perspective, it seems rea-
sonable to assume that sleep for athletes depends on many factors, including the 
type of sport, training load, travel (jet lag), habit, noise pollution and high ambi-
ent temperatures (Lastella et al, 2018). In Watson’s (2017) article on sleep and 
athletic performance, the author underlined the importance of sleep by conclud-
ing that improvements in sleep duration and quality appear to improve reaction 
time, accuracy and endurance performance; although the effects on anaerobic 
power, strength and sprint performance are less clear. In addition, poor sleep may 
increase the risk of injury and illness, reducing training availability and under-
mining overall health. Furthermore, in a review on understanding sleep for elite 
athletes, O’Donnell et al (2018) found that studies focused on sleep loss and cog-
nitive performance have shown cognitive functions to decrease, which could have 
a detrimental effect on sports that require high levels of cognitive functioning. 

As previously suggested, typical sleep-affecting factors include the schedul-
ing of training sessions and competitions, as well as impaired sleep onset as 
a result of increased arousal prior to competition or due to the use of elec-
tronic devices before bedtime (Kölling et al, 2019). Promotion of sleep may be 
approached via behavioural strategies such as improving sleep hygiene, extend-
ing night-time sleep or daytime napping (Kölling et al, 2019). However, in 
the athletic setting, there is a paucity of data on the utilisation of napping and 
the interaction of different hormonal markers with sleep quality and quantity 
(O’Donnell et al, 2018). A number of hormonal responses take place in the 
lead-up to and during sleep. One important hormone relating to athletic recov-
ery is growth hormone. Muscle growth, repair and bone building are vital for 
athletic recovery following strenuous training and competition (O’Donnell et 
al, 2018). In Walsh et al’s (2021) review and expert consensus recommenda-
tions on sleep and the athlete, the authors summarised some valuable informa-
tion for practitioners, including sleep education for athletes, as this has been 
shown to improve sleep; screening athletes for sleep problems (starting with 
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a questionnaire-based tool); napping (between 1:00 pm and 4:00 pm); and 
banking sleep (even one week of banking sleep has been shown to improve per-
formance). O’Donnell and Driller (2017) also suggested that sleep education 
and a one-hour sleep hygiene session may be useful in improving both sleep 
quantity and quality of elite athletes in an acute setting. Halson (2014) likewise 
recommended that in the first instance, athletes should focus on utilising good 
sleep hygiene to maximise sleep quality and quantity. 

While the research is minimal and somewhat inconclusive, the authors made 
several practical recommendations: 

● High glycaemic-index foods such as white rice, pasta, bread and potatoes 
may promote sleep; however, they should be consumed more than one hour 
before bedtime. 

● Diets high in carbohydrate may result in shorter sleep latencies. 
● Diets high in protein may result in improved sleep quality. 
● Diets high in fat may negatively influence total sleep time. 
● When total caloric intake is decreased, sleep quality may be disturbed. 
● Small doses of TRP (1 gram (g)) may improve both sleep latency and sleep 

quality. This can be achieved by consuming approximately 300 g of turkey 
or approximately 200 g of pumpkin seeds. 

● The hormone melatonin and foods that have a high melatonin concentration 
may decrease sleep onset time. 

Subjective sleep quality may be improved with the ingestion of the herb valerian; 
however, as with all supplements, athletes should be aware of potential contami-
nants, as well as the inadvertent risk of a positive drug test. While Bent et al’s 
(2006) systematic review suggested that valerian may improve sleep quality, meth-
odological problems of the studies included limit the ability to draw firm conclu-
sions. In addition, a further systematic review the following year (Taibi et al, 2007) 
indicated that, while supporting that valerian is a safe herb associated with only rare 
adverse events, the evidence does not support the clinical efficacy of valerian as a 
sleep aid for insomnia. However, in a more recent systematic review, Shinjyo et al 
(2020) demonstrated that valerian could be a safe and useful herb both alone and 
in combination in treating sleep problems, anxiety and associated comorbidities. 

In a one-year follow-up study of 107 professional ice hockey players, 
Tuomilehto et al (2017) noted that one in four players was found to have a sig-
nificant problem in sleeping; however, all players considered sleep essential for 
their health and three in four thought that counselling would improve their per-
formance. Incidentally, counselling and individual treatment were found to sig-
nificantly improve the quality of sleep with the mean alteration of 0.6 (p = 0.004) 
on a scale from 0 to 10. Furthermore, in a study of professional football players, 
Fullagar et al (2016) monitored sleeping patterns to assess when reductions in 
sleep indices occurred in addition to the perceptual recovery status. The main 
finding was a later bedtime and significant reduction in sleep duration following 
night matches compared to both training days and day matches; following night 
matches, there was also a significant reduction in perceived recovery compared to 
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both day matches and training days. Players subjectively reported several reasons 
for poor sleep, such as children, nervousness, pain and adrenaline following a 
match. Therefore, coaches and therapists should consider rescheduling training 
sessions to allow for adequate sleep recovery. Without this, as Halson and Juliff 
(2017) summarised, paradoxically – as the current data suggests – many elite 
athletes will not experience optimal sleep quality or quantity. From a cognitive 
perspective, this may have implications for reaction time, memory, learning and 
mood. ‘Non-restorative sleep’ describes the situation where, although people get 
enough sleep (ie, achieve their total sleep need) on a nightly basis, the quality of 
their sleep is inadequate (Samuels, 2008). Brief arousal and full awakening during 
the sleep period are associated with a sympathoadrenal response that negatively 
impacts sleep quality. Athletes who suffer from non-restorative sleep may be tired 
both from training and from not achieving the full restorative benefit of their 
sleep (Samuels, 2008). 

Some therapeutic recovery modalities may have an additional positive effect on 
sleep. For example, significant improvements were found for sleep (and muscle 
tightness) when nine para-athletes received one-hour massage sessions once per 
week for four weeks and then every other week (Kennedy et al, 2018) (massage is 
discussed in greater detail in Chapter 15). Incidentally, in Australian team sports, 
athletes utilise massage the most and consider sleep and massage to be the most 
effective recovery strategies (Crowther et al, 2017). 

Internal clocks that control biological rhythms with periods of about the length 
of a day (24-hour intervals) are called ‘circadian rhythms’ (Venter, 2012). The 
circadian timing of sleep directly affects sleep length and quality. Each athlete has a 
preferred sleep schedule that suits their circadian phase; however, training, school 
and work commitments can have a substantial impact on the athlete’s ability to 
match the circadian phase to the sleep schedule. If the circadian preference and 
sleep schedule are not matched and are out of phase, this will affect the amount 
and quality of the sleep. For example, night owls who prefer to go to bed later 
(1:00 am-9:00am) and sleep in, but who then have to wake up at 5:00 am to train 
at 6:00 am, will curtail their sleep by two to four hours per night, missing critical 
periods of REM sleep and slow wave sleep (Samuels, 2008). If the 24-hour day 
is divided into four six-hour zones, the probability of sleep onset and wakefulness 
can be projected relative to the phase of the circadian temperature cycle. In a study 
by Venter (2012), a high probability of nocturnal sleep was between 12:00 pm 
and 7:00 am. Morning wakefulness occurred between 7:00 am and 1:00 pm. A 
high probability of a short sleep or siesta was found between 1:00 pm and 6:00 
pm. Evening wakefulness occurred from 7:00 pm. The natural cycle of the brain 
is slightly longer than 24 hours, but is ‘resynchronised’ each day by the advent 
of blue light. Thus, normal circadian rhythmicity assures that humans are awake 
in the daylight (mostly morning) and ready for sleep in the night. Homeostatic 
regulation is reflected by a rise in sleep propensity during waking and its dissipation 
during sleep. Assefa et al (2015) concluded that the interaction between circadian-
driven sleepiness-alertness cycles and homeostatic (sleep deprivation or excess of 
wakefulness) is what determines the state of alertness-sleepiness. Nedelec et al’s 
(2015) critical review of the literature on stress, sleep and recovery in elite football 
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players found that playing at night can be compared to night shift work, requir-
ing players to perform at their peak at a time that is incongruent to their circadian 
rhythm. Although the influence of high-intensity exercise performed at night on 
subsequent sleep is still debated, environmental conditions (eg, bright light in the 
stadium, light emanating from screens) and behaviours before and after an even-
ing football match (eg, napping, caffeine consumption, alcohol consumption), as 
well as engagement and arousal induced by the match, may potentially affect sub-
sequent sleep. The authors added that travel fatigue and inter-player variability in 
sleep preference are other potential causes of sleep disturbance among professional 
football players. As the role of sleep in psychological and physiological restitution 
is thought to be particularly important, the effects of sleep disturbance on post-
match fatigue mechanisms and their recovery time course should be elucidated. 

A study by Rae et al (2017) compared cyclists’ recovery from a single bout 
of high-intensity interval training (HIIT), after which they were given either a 
normal night of sleep or half their usual time in bed. The main finding was that 
peak power output was reduced to a larger extent 24 hours after the HIIT ses-
sion when cyclists were partially sleep deprived compared to having had a normal 
night of sleep. In addition, the cyclists reported higher levels of sleepiness and 
less motivation to train; and the HIIT-induced reduction in resting systolic blood 
pressure the following day was blunted in the partial sleep deprivation condition. 
Collectively, this data suggests that recovery from a HIIT session is compromised 
when followed by a single night of partial sleep deprivation, and that a night of 
normal sleep facilitates near-full recovery in maximal performance capacity. A total 
of 124 (104 male, 20 female) elite athletes from five individual sports and four 
team sports participated in a study by Lastella et al (2015). Participants’ sleep/ 
wake behaviour was assessed using self-report sleep diaries and wrist activity moni-
tors for a minimum of seven nights (range seven to 28 nights) during a typical 
training phase. Overall, the sample of athletes went to bed at 22:59±1.3, woke up 
at 07:15±1.2 and obtained 6.8±1.1 hours of sleep per night. Athletes from indi-
vidual sports went to bed earlier, woke up earlier and obtained less sleep (individ-
ual versus team; 6.5 versus 7 hours) than athletes from team sports. This indicates 
that athletes obtain well below the recommended eight hours of sleep per night, 
with shorter sleep durations observed among athletes from individual sports. 

A study by Hausswirth et al (2014) indicated that functional overreaching 
(F-OR) athletes showed objective signs of moderate sleep disturbances and higher 
prevalence of infections. However, these results were in contrast with control 
counterparts, who demonstrated no symptoms of training intolerance. Whether 
poor sleep was a consequence of increased training causing the development of 
overreaching (OR) or whether sleep disturbances were simply symptoms of OR 
was unclear. Nine of the 18 overload training group subjects were diagnosed as 
functionally overreached (F-OR) after the overload period, as based on declines 
in performance and maximal oxygen uptake (VO2 max) with concomitant high 
perceived fatigue (p<0.05); while the nine other overload subjects showed no 
decline in performance (p>0.05). There was a significant time×group interaction 
for sleep duration, sleep efficiency and immobile time. Higher prevalence of upper 
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respiratory tract infections was also reported in F-OR (67%, 22%, 11% incidence 
rate, for F-OR group, acutely fatigued group and control group, respectively). 

Energy expenditure is hypothesised to be lower during sleep versus wakefulness 
to reduce total daily energy needs (Jung et al, 2011). Interestingly, however, the 
authors found that energy expenditure was higher during sleep deprivation com-
pared to sleep and was lower during an eight-hour recovery sleep episode when com-
pared to a habitual eight-hour sleep episode. The authors that found sleep stage had 
little effect on energy expenditure, with the exception of a small but significant dif-
ference in energy expenditure between stage 1 and stage 2 sleep during the recovery 
sleep episode. In fact, missing one night of sleep had a metabolic cost of∼562±8.6 
kilojoules (∼134±2.1 kilocalories) over 24 hours, which equates to a∼7% higher 
24-hour energy expenditure compared to a habitual day with an eight-hour sched-
uled sleep episode. This would indicate that athletes who miss sleep, for whatever rea-
son, may need to increase their calorie intake to compensate for the sleep deprivation. 

Irwin et al (2016) conducted a comprehensive review and quantitative estimates 
of the associations between sleep disturbance, as well as extremes of sleep dura-
tion, and inflammation. Their work adds to a growing body of evidence that sleep 
disturbance is associated with inflammatory disease risk and all-cause mortality – 
possibly due to the effects of sleep disturbance on inflammatory mechanisms – and 
confirms the presence of an association between sleep disturbance and two markers 
of systemic inflammation, C-reactive protein (CRP) and interleukin 6 (IL-6). When 
the extremes of sleep duration were evaluated, long sleep duration, but not short 
sleep duration, was associated with increases in both CRP and IL-6. Shortening of 
sleep duration by experimental sleep deprivation was also not associated with CRP 
or IL-6; and this was the case for studies that deprived participants of sleep either 
for one night, for part of a single night or for several consecutive nights. In agree-
ment, controlled experimental studies on the effects of acute sleep loss in humans 
have shown that mediators of inflammation are altered by sleep loss (Mullington 
et al, 2010). Elevations in these mediators have been found to occur in healthy, 
rigorously screened individuals in response to various durations of sleep restricted 
to between 25-50% of a normal eight-hour sleep. Although the mechanism of 
this altered inflammatory status in humans undergoing experimental sleep loss is 
unknown, it is likely that autonomic activation and metabolic changes play key roles. 

Wong et al (2013) investigated the role of exercise on the sleep need of sed-
entary adults (n =12) after controlling for exercise mode, timing and duration. 
The volunteers were randomised to no exercise or to a bout of treadmill exercise 
at 45%, 55%, 65% or 75% VO2 max. The data indicated that participants spent 
a greater proportion of sleep in light sleep (stage 1 + stage 2) after exercise at 
both 65% and 75% VO2 max (p < 0.05) than the no-exercise condition. There 
was a trend of a reduced proportion of REM sleep with increased exercise inten-
sity (p = 0.067). Two findings emerged: vigorous exercise did not increase sleep 
need; but this level of exercise did increase light sleep. 

Hurdiel et al’s (2015) study investigated the effects of combined sleep depriva-
tion and strenuous exercise on cognitive and neurobehavioral performance among 
long-distance runners (n=17) completing one of the most difficult ultramarathons 
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in the world. During race completion times of 27 to 44 hours, combined acute 
lack of sleep (12 ± 17 minutes of rest during the race) and strenuous exercise 
(168.0 kilometres) had marked adverse effects on cognitive performance, ranging 
from mere lengthening of response time to serious symptoms such as visual hal-
lucinations. This study suggests that, regardless of rest duration and time in race, 
the cognitive performance of ultramarathoners is adversely affected. 

Perceived training load, actigraphy and one-channel electroencephalogram 
recordings were collected among 98 elite athletes during seven consecutive days of 
regular training, in research by Knufinke et al (2018). The actigraphy data revealed 
total sleep durations of 7:50±1:08 hours, sleep onset latencies of 13±15 min-
utes, wake after sleep onset of 33±17 minutes and sleep efficiencies of 88±5%. 
Distribution of sleep stages indicated 51±9% light sleep, 21±8% deep sleep and 
27±7% REM sleep. On average, perceived training load showed large daily variabil-
ity. Mixed-effects models revealed no alteration in sleep quantity or sleep stage distri-
butions as a function of day-to-day variation in preceding training load (all p>.05). 
From this, the authors concluded that large proportions of deep sleep potentially 
reflect an elevated recovery need. With sleep quantity and sleep stage distributions 
remaining irresponsive to variations in perceived training load, it is questionable 
whether athletes’ current sleep provides sufficient recovery after strenuous exercise. 

As discussed, the quality and quantity of sleep are critically important for an 
athlete’s physiological and psychological wellbeing, and should thus be carefully 
monitored. Claudino et al’s (2019) systematic review and meta-analysis reported 
30 measuring instruments used for sleep quality monitoring. The results indicated 
that sleep efficiency should be measured to monitor sleep quality by actigraphy in 
team sport athletes. The Pittsburgh Sleep Quality Index (sleep efficiency), a Likert 
scale, the Liverpool Jet Lag Questionnaire and the RESTQ-Sport Questionnaire 
(sleep quality) may also be used in this regard. Other tools used to this end include 
the Epworth Sleepiness Scale, the Athlete Sleep Screening Questionnaire and the 
Athlete Sleep Behaviour Questionnaire (Driller et al, 2018). 

To briefly summarise, F-OR athletes show objective signs of moderate sleep dis-
turbances and higher prevalence of infections (Hausswirth, et al, 2014). In addi-
tion, lack of sleep causes cognitive impairment and mood disturbance (Hurdiel et al, 
2015; Lastella et al, 2015; O’Donnell et al, 2018); increases inflammatory markers 
(Mullington et al, 2010; Irwin et al, 2016); reduces perceived recovery (Fullagar et al, 
2016); and could promote immune system dysfunction (Venter, 2012; Fullagar et al, 
2015). Furthermore, athletes should learn to self-monitor their sleep behaviour using 
the measuring instruments discussed in the research of Samuels et al (2016), Driller 
et al (2018) and Claudino et al (2019). Sleep provides an opportunity to restore the 
endogenous antioxidant mechanisms. One of its roles is to increase the organism’s 
resistance to oxidative stress; while sleep loss/deprivation induces oxidative stress and 
reduces antioxidant responses (Otocka-Kmiecik & Król, 2020). The main findings 
are that acute total sleep deprivation: (i) does not affect muscle strength recovery in 
the first 60 hours; (ii) increases blood IL-6 levels; and (iii) modifies the blood hor-
mone balance by increasing insulin-like growth factor 1, cortisol and the cortisol/ 
total testosterone ratio (Dattiloet al, 2020). 
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Neuromuscular Electrical Stimulation 

Neuromuscular electrical stimulation (NEMS) involves the transmission of electri-
cal impulses via surface electrodes to peripherally stimulate motor neurons, elicit-
ing muscular contractions (Barnett, 2006). Babault et al’s (2011) review indicated 
that when used as a recovery modality, NMES demonstrated some positive effects 
on lactate removal and creatine kinase (CK) activity; but evidence regarding per-
formance indicator restoration, such as muscle strength, is still lacking. Malone et 
al’s (2014) systematic review (13 studies with 189 subjects) analysed the effective-
ness of motor-threshold NMES compared to alternative methods as a recovery 
intervention tool for enhancing recovery from exercise. The authors concluded 
that while there appears to be good evidence to show that NMES can have a 
positive blood lactate lowering effect compared to passive recovery, as well as 
positive effects on subjective ratings of pain and overall wellbeing, there is no evi-
dence to support its use for enhancing subsequent exercise performance compared 
to traditional recovery methods. An earlier study (Butterfield et al, 1997) aimed 
to determine whether three 30-minute treatments of a twin-pulse high-voltage 
pulsed current set at 125 pulses per second would significantly reduce the soreness 
and loss of range of motion (ROM) and strength associated with delayed-onset 
muscle soreness (DOMS). The treatments proved not to be effective in reducing 
soreness, loss of ROM and loss of strength associated with DOMS; however, they 
did produce a reduction in pain perception throughout. In a study by Bieuzen et 
al (2012), 26 male professional football players performed an intermittent fatigu-
ing exercise followed by a one-hour recovery period (either passive (seated) or 
using an electric blood-flow stimulator). The authors results indicated that the 
electric-stimulation group had better 30-second all-out performances at one hour 
post-exercise (p =0.03) in comparison with the passive recovery group. However, 
no differences were observed in muscle damage markers, maximal vertical coun-
termovement jump or maximal voluntary contraction between groups (p >0.05). 

Positive results were noted by Taylor et al (2015) (under NMES, CK was 
lower at 24 hours (p <0.001) and perceived soreness was significantly lower at 
24 hours compared to the control group (p =0.02)). There was no effect of con-
dition on blood lactate or saliva testosterone and cortisol responses (p >0.05) 
demonstrating that the application of NMES following intense exercise is effec-
tive at improving both physiological and psychological indices of recovery, lead-
ing to significant improvements in physical performance at 24 hours post-exercise 
in academy rugby and football players 

For athletes who currently use or are considering using NMES to enhance 
recovery from exercise, there are two important factors to bear in mind. First, 
there is considerable heterogeneity of existing research protocols that have inves-
tigated NMES as a recovery modality, in terms of the NMES parameters used, 
mode of exercise and duration of recovery periods. Second, when using NMES, 
considerable individual variability can exist in the stimulation intensity required. 
This can be due to factors such as adipose tissue variability, which can affect cur-
rent to the stimulated region; as well as variability in an individual’s perception of 
pain or discomfort when using NMES (Malone et al, 2014). 
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19 Part 1: The Effects of Strenuous 
Exercise – Summary 

In Part 1, the detrimental effects of strenuous exercise on the human body were 
explored. From the evidence, as Meeusen et al (2013) noted, overtraining and 
its related states result from a combination of excessive overload in training stress 
and inadequate recovery, leading to acute feelings of fatigue and decreases in per-
formance. Other authors have reported similar descriptions (Bandyopadhyay et al, 
2012; Kreher, 2016). There is little doubt that overtraining implicates reactive 
oxygen species (ROS) and reactive nitrogen species and inflammatory pathways 
as the most likely mechanisms contributing to overtraining syndrome (OTS) in 
skeletal muscle (Cheng et al, 2020). Hormonal effects, including corticotropin-
releasing hormone and adrenocorticotrophic hormone, have proved to be the 
most sensitive markers to discriminate between non-functional overreaching and 
OTS (Brooks & Carter, 2013; Buyse et al, 2019). However, Poffé et al (2019) 
provided preliminary evidence that growth/differentiation factor 15 may also be 
a valid hormonal marker of OTS. 

As stated by Cadegiani and Kater (2019), it is likely that OTS is triggered by 
multiple factors, not restricted to excessive training, resulting from chronic energy 
deprivation. Another potential cause is the relationship between tryptophan 
(TRP) and branched-chain amino acids (BCAAs). TRP – an essential amino acid 
and precursor to serotonin – competes directly with BCAAs (leucine, isoleucine 
and valine) across the blood-brain barrier (Heijnen et al, 2016). Physical exercise 
decreases BCAA amounts due to oxidation, allowing the influx of TRP into the 
brain and increasing serotonin concentration (Savioli et al, 2018). Therefore, the 
ratio of free TRP to BCAAs is a stronger marker of fatigue than individual amino 
acid concentration alone (Paris et al, 2019). This extreme increase in serotonin 
induces a state of fatigue, mood swings and sleep disorders (Savioli et al, 2018). 
BCAAs are further summarised in Part 2. 

When focusing on the different states of post-exercise fatigue, Enoka and 
Duchateau (2016) proposed that this is a single entity that need not be modified 
by an accompanying adjective, such as ‘central fatigue’, ‘mental fatigue’, ‘muscle 
fatigue’, ‘peripheral fatigue’ or ‘physical fatigue’. However, it is apparent that 
fatigue is multi-dimensional. The main reasons for fatigue include insufficient 
storage of nutrients, difficulty in neurotransmission and accumulation of metabo-
lites secondary to energy metabolism. For example, glycogen depletion reduces 
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the rate of adenosine triphosphate (ATP) regeneration, where plasma glucose 
concentrations are reduced and plasma free fatty acid levels are elevated (‘meta-
bolic endpoint’) (Meeusen et al, 2006). 

Coaches, therapists and athletes should familiarise themselves with the types 
of fatigue mentioned within the scientific community. Central fatigue represents 
a decline in the ability of the nervous system to drive the muscle maximally as 
fatigue develops (Sharples et al, 2016; Kavanagh et al, 2019). As previously men-
tioned, evidence has indicated that TRP could play a role in triggering central 
fatigue as a result of overtraining (Savioli et al, 2018; Yamashita, 2020); although 
this hypothesis has been questioned (Paris et al, 2019). Fatigue from a peripheral 
perspective occurs in the muscle itself, as a result of the build-up of end products 
of metabolism; alterations in excitation-contraction coupling; reduced efficiency 
of neuromuscular transmission (Froyd et al, 2013); and several biochemical fac-
tors, including depletion of phosphocreatine, depletion of muscle glycogen and 
accumulation of protons (Hormoznejad et al, 2019). The combined accumu-
lation of muscle metabolite sub-products such as extracellular potassium ions, 
hydrogen ions, ADP, monophosphate ions, magnesium ions and lactate; the for-
mation of ROS; the decrease in the resting potential of the membrane; the pro-
duction of ATP and phosphocreatine; and changes in the calcium pump of the 
sarcoplasmic reticulum all lead to peripheral fatigue (Filho et al, 2019). Cognitive 
fatigue affects subsequent physical performance by inducing energy depletion in 
the brain, depletion of brain catecholamine neurotransmitters and changes in 
motivation (McMorris et al, 2018). It is also likely to demonstrate a decline in 
endurance performance with higher perceived exertion (Van Cutsem et al, 2017). 

The effects of strenuous exercise on the immune system have been widely 
investigated, with different conclusions drawn. Peake et al (2017) stated that 
exercise increases circulating neutrophil and monocyte counts, and reduces 
circulating lymphocyte count during recovery, with both innate and acquired 
immunity often reported to decrease transiently in the hours after heavy exer-
tion (typically 15-70%). Prolonged heavy training sessions in particular have been 
shown to decrease immune function (Walsh, 2018). In addition, cortisol – a glu-
cocorticoid hormone – has gained prominence over the decades as a biomarker 
of stress from physical or psychological stimuli (Powell et al, 2015). A study 
by Anderson et al (2016) revealed that, following an exhaustive exercise bout, 
48 hours of recovery may be required for cortisol to return to baseline values. In 
addition, the ‘open window’ theory on immunosuppression following strenuous 
exercise has been well documented (Pedersen & Bruunsgaard, 1995; Peake et al, 
2017; Walsh, 2018; Batatinha et al, 2019; Ferreira-Júnior et al, 2020; Scudiero 
et al, 2021), and dismissed by some (Pedersen & Bruunsgaard 1995; Campbell 
& Turner, 2018). As Simpson et al (2020) summarised, the issue that remains to 
be resolved is whether exercise per se is a causative factor of increased infection 
risk in athletes or whether it would be more pertinent to take into consideration 
not only arduous exercise (ie, exercise that far exceeds the recommended physical 
activity guidelines), but also the multi-factorial aspects that share pathways for the 
immune response to challenges including life events, exposure, personal hygiene, 
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sleep, travel, anxiety, mental fatigue, rumination and nutrition. Therefore, ath-
letes should also avoid overly polluted areas and take all possible preventative 
precautions in public places to avoid infection during excessive training loads or 
competition. 

The discomfort and impairment in the quality of performance caused by 
exercise-induced muscle damage (EIMD) induce athletes to search for strate-
gies to prevent or alleviate those symptoms (Bazzucchi et al, 2019). Practically, 
decreased performance occurs in response to muscle microtrauma, which ini-
tiates a cascade of inflammatory and oxidative stress-related events (Herrlinger 
et al, 2015), rupture of myofibril filaments or failure in the excitation-contraction 
coupling system (Clarkson & Hubal, 2002; Bazzucchi et al, 2019), leading to 
DOMS. Primary EIMD results from excess mechanical forces experienced at the 
sarcomere level (Myburgh, 2014). These forces induce structural damage to the 
contractile and cytoskeletal proteins, and their dysfunction causes the loss of force 
associated with EIMD (Myburgh, 2014; Baumert et al, 2016). It has been sug-
gested that the pain experienced during DOMS is a result of lactic acid, muscle 
spasm, connective tissue damage, muscle damage, inflammation and the enzyme 
efflux theory (Cheung et al, 2003), with associated swelling of damaged muscle 
fibres (Clarkson & Hubal, 2002; Howatson & Van Someren, 2008; Heiss et al, 
2019), and the subsequent release of biomarkers such as lactate, ammonia and 
oxypurines (Shin & Sung, 2015). Symptom-relieving modalities to ease the pain-
ful effects of DOMS are addressed in Parts 2 and 3. 

‘Heart rate recovery’ is frequently defined as the difference between heart 
rate at peak exercise and at one minute into the recovery period (Lacasse et al, 
2005; Tang et al, 2009; Johnson & Goldberger, 2012; Mann et al, 2014). Coote 
(2010) noted that the rapid heart decrease that occurs promptly when exercise 
ceases is entirely due to the increase in cardiac vagal activity and the subsequent 
slow exponential decay in heart rate resulting from the algebraic summation of an 
increasing vagal inhibitory effect and a gradually subsiding excitatory sympatho-
adrenal action; or, as stated by van de Vegte et al (2018), the reactivation of the 
parasympathetic nervous system, withdrawal of the sympathetic nervous system 
and possibly circulating catecholamines. Following strenuous exercise, a number 
of cardiac biomarkers are commonly used to ascertain the amount of cardiac 
fatigue, myocardial strain or damage that has occurred. Indeed, elevations of car-
diac injury markers are extremely common following the completion of endurance 
events and correlate to the increased endurance time (Jassal et al, 2009). In the 
case of one particular marker, cardiac troponin T (Hs-TNT) (measured against 
the 99th percentile upper reference limit (URL) for the diagnosis of myocardial 
infarction) (Sandoval et al, 2020)), values above the URL were noted in 95% of 
the participants in a study by Martínez-Navarro et al (2020). At 24 hours post-
race, 39% of the runners still exceeded the URL. Additionally, Whyte et al (2000) 
found that during an Ironman and half-Ironman competition, the presence of a 
significant increase in troponin-T (TnT) and its subsequent reduction to normal 
values following 48 hours of recovery indicated that myocardial damage may have 
occurred following both race distances. Fortunately, however, Park et al (2014) 
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found that all cardiac damage markers had returned to normal range within one 
week of a triathlon race. As Mattsson (2011) concluded, troponin release is not 
an appropriate indicator for evaluating exercise-induced cardiac fatigue. In fact, 
numerous studies have documented elevations in biomarkers consistent with car-
diac damage (ie, cardiac troponins) in apparently healthy individuals following 
marathon and ultramarathon races (Martínez-Navarro et al, 2019). The com-
bination of early markers of myocardial injury such as myoglobin together with 
more specific markers such as creatine kinase-myoglobin (CK-MB) and TnT may 
improve the sensitivity in identifying cardiac myocyte damage following endur-
ance exercise (Whyte et al, 2000). Given that in post-endurance exercise (ranging 
from three to 11 hours’ duration), skeletal muscle injury far exceeds that of car-
diac dysfunction, it is more likely that the increase in serum cytokine expression 
predominantly reflects skeletal muscle injury (La Gerche et al, 2015). From the 
available evidence in Part 1, this may be true of other commonly seen markers fol-
lowing endurance events, including creatine kinase; C-reactive protein; CK-MB; 
lactate dehydrogenase; interleukin 6, 8 and 10; sodium; haemoglobin; cytokines 
– particularly the pro-inflammatory cytokines IL-1 alpha, IL-12 p70 and tumour 
necrosis factor alpha; cortisol; and serum electrolyte concentrations. However, 
the majority of markers – although not all – will have returned to normal (for the 
individual athlete) within one week. 



 
 
 
 
 
 
 
 

  
 
 

 

20 Part 2: Prevention and 
Recovery Options – Summary 
and Recommendations 

Prior to any recovery recommendations being made, it is important to note that 
athletes should consult with their physician and/or state-registered dietician 
before taking any supplements or if they feel overly or unusually fatigued, tired or 
generally exhausted. In addition, athletes – whether recreational or professional – 
who suffer from high stress levels, insomnia, sleep apnoea or other sleep disorders 
should seek medical advice as soon as possible. 

Supplements 

Various authors with the scientific community have identified what they believe 
are the most useful supplements for post-exercise recovery. For example, Rawson 
et al (2018) found that creatine monohydrate, vitamin D, omega 3-fatty acids, 
probiotics, gelatin/collagen and certain anti-inflammatory supplements can influ-
ence cellular and tissue health, resilience and repair in ways that may help athletes 
to maintain health, adapt to exercise and increase the quality and quantity of their 
training. Bongiovanni et al (2020) observed that supplementation with tart cher-
ries, beetroot, pomegranate, creatine monohydrate and vitamin D appear to pro-
vide a prophylactic effect in reducing exercise-induced muscle damage (EIMD); 
and added that beta-hydroxy-beta-methylbutyrate (HMB) and the ingestion of 
protein, branched-chain amino acids (BCAAs) and milk could represent promis-
ing strategies to manage EIMD. 

It appears that creatine monohydrate demonstrates beneficial effects on recov-
ery markers (Heaton et al, 2017; Rawson et al, 2018; Antonio et al, 2021) and 
can thus also be recommended. BCAAs are another potential nutritional strategy 
used to avoid, or at least alleviate, EIMD or its consequences (Fouré & Bendahan, 
2017; Kerksick et al, 2018); reduce the perception of fatigue (Negro et al, 2008; 
Chen et al, 2016; Hsueh et al, 2018); and reduce muscle soreness and function 
(Estoche et al, 2019; Khemtong et al, 2021). Therefore, they also have their place 
as a recovery supplement. This was highlighted in a study by AbuMoh’d et al 
(2020), who suggested that the ingestion of 20 grams (g) of BCAAs dissolved in 
400 millilitres (ml) of water with 200 ml of strawberry juice one hour prior to an 
incremental exercise session increased time to exhaustion – probably due to the 
reduction in plasma serotonin concentration (as mentioned in Part 1). According 
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to Arroyo-Cerezo et al (2021), the optimal regimen for post-exercise muscle 
recovery and/or muscle function after high-intensity resistance exercise was 2-10 g 
BCAAs a day (leucine, isoleucine and valine at a ratio of 2:1:1), consumed as a 
supplement alone or combined with arginine and carbohydrates, for the three days 
previous to exercise, and immediately before and after exercise, regardless of train-
ing level. In addition, Kerksick et al (2018) found that the ingestion of BCAAs 
(eg, 6-10 g per hour) with sports drinks during prolonged exercise improved 
psychological perception of fatigue. The use of HMB may also be warranted: as 
documented by Wilson et al (2013), according to International Society of Sports 
Nutrition Position Stand Beta-hydroxy-beta-methylbutyrate, HMB appears to speed 
up recovery from high-intensity exercise. It was further suggested that the supple-
ment should be taken at 1-2 g 30 to 60 minutes prior to exercise if consuming 
HMB free acid, and 60 to 120 minutes prior to exercise if consuming monohy-
drated calcium salt (HMB-Ca). Further positive findings were noted in Rahimi 
et al’s (2018) systematic review and meta-analysis; in Arazi et al’s (2018) review; 
and in a systematic review by Kaczka et al (2019), who observed that two weeks 
of HMB-Ca supplementation appears to be the minimum period for effectively 
reducing muscle damage, with the most frequently used supplementation protocol 
including the administration of 1 g of HMB-Ca three times a day with meals. 

Reactive oxygen species (ROS) and exercise-induced inflammatory responses 
are essential for muscle repair, regeneration and adaptation of redox signalling 
pathways; however, if left uncontrolled, they can result in cell infiltration into the 
damaged tissues, accelerating secondary muscle damage (Tanabe et al, 2022). 
It has been suggested that antioxidants play important roles in regulating ROS 
levels through direct free radical scavenging mechanisms, regulation of ROS/ 
reactive nitrogen species producing enzymes and/or adaptive electrophilic-like 
mechanisms (Trewin et al, 2018). Braakhuis and Hopkins (2015) noted that 
many athletes supplement with antioxidants in the belief that this will reduce 
muscle damage, immune dysfunction and fatigue, and thus improve performance. 
However, a number of authors have questioned the use of antioxidant use for 
assisting in recovery from strenuous exercise (Mason et al, 2020), including the 
effects on muscle soreness (Ranchordas et al, 2020). Therefore, as Petermelj et al 
(2011) and Yavari et al (2015) reported, the best recommendation regarding 
antioxidants and exercise is to have a balanced diet rich in natural antioxidants 
and phytochemicals and optimise nutrition, rather than using supplements. For 
balance, Pastor and Tur (2019) have claimed that acute administration of anti-
oxidants immediately before or during an exercise session can have beneficial 
effects, such as delayed onset of fatigue and a reduction in the recovery period. 
In addition, Candia-Lujan and De Paz Fernandez (2014) concluded that poly-
phenols and other antioxidant supplements show moderate to good effectiveness 
in combating delayed-onset muscle soreness (DOMS); therefore, athletes who 
are unable to maintain a diet rich in fruit and vegetables – particularly during 
highly stressful or demanding events – may wish to consider supplementation. In 
a recent review article, Tanabe et al (2022) noted that positive effects mediated 
by curcumin, tart cherry juice, beetroot juice and quercetin have been reported 
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for EIMD and DOMS; although some of these results are not consistent among 
previous studies. These supplements may not only attenuate the aggravation of 
secondary muscle damage, but also improve performance by modulating car-
diorespiratory and neuromuscular efficiency, possibly in an interactive manner. 
Indeed, numerous positive articles have been published recently by the scientific 
community on the benefits of turmeric (curcumin) in reducing EIMD (Nicol 
et al, 2015; Nakhostin-Roohi et al, 2016; Fernández-Lázaro et al, 2020; Fang 
& Nasir, 2021; Hillman et al, 2021; Suhett et al, 2021; Tanabe et al, 2022). 
Therefore, this supplement may be recommended to reduce inflammation and 
the painful symptoms associated with EIMD. 

Carbohydrate and Protein 

Post-exercise, it would appear that the most effective nutritional strategy to rapidly 
replenish depleted glycogen reserves is likely to involve ingesting a high glycae-
mic index carbohydrate source at a rate of at least 1g per kilogram (kg) per hour, 
beginning immediately after exercise and then at frequent (ie, 15 to 30-minute) 
intervals thereafter (Betts & Williams, 2010). Strategies such as aggressive car-
bohydrate feedings (1.2 g per kg per hour) that favour high-glycaemic (>70) 
carbohydrates; the addition of caffeine (3-8 milligrams per kg); and combining a 
moderate carbohydrate dose (0.8 g per kg per hour) with protein (0.2-0.4 g per 
kg per hour) have been shown to promote rapid restoration of glycogen stores 
when athletes have to compete again in a shorter timeframe (<8 hours) (Kerksick 
et al, 2018). However, Craven et al (2021) suggested that for nutritional recov-
ery between consecutive bouts of exercise (eg, ≤ 8 hours), athletes should priori-
tise carbohydrate ingestion to enhance the rate of muscle glycogen resynthesis. 
Co-ingesting protein with carbohydrate does not appear to enhance the rate. 
When aiming to maximise the recovery of both muscle and liver glycogen stores, 
current evidence recommends that athletes should aim to ingest at least 1.2 g of 
carbohydrate per kg of body mass per hour for the first four hours of recovery; 
using a mixture of fructose and glucose-based carbohydrates will further acceler-
ate the recovery of liver glycogen stores (Gonzalez & Wallis, 2021). 

Where fluid volume is deemed a priority, the aim of rehydration should be to 
consume a volume of fluid that not only avoids dehydration greater than 2-4% of 
body mass, but also avoids overhydration (Armstrong et al, 2021). According to 
Bonilla et al (2021), athletes should guarantee the post-exercise consumption of 
at least 150% of the weight lost during the event (~1.5 L·kg−1) accompanied by 
sodium (if a faster replacement is required). Sports drinks can be classified into 
three types: hypotonic, isotonic and hypertonic. The main determinants influenc-
ing the osmotic pressure of carbohydrate-based beverages are the concentration 
and the molecular weight of carbohydrate; in fact, it is the carbohydrate molec-
ular weight that influences gastric emptying and the rate of muscle glycogen 
replenishment (Orrù et al, 2018). 

A number of studies have investigated the use of (chocolate) milk-based drinks 
to deliver a palatable form of fluid, carbohydrate, protein and sodium (Karp et al, 
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2006; Cockburn et al, 2010; Saunders, 2011; Spaccarotella & Andzel, 2011; 
Pritchett & Pritchett, 2012; Desbrow et al, 2014; Seery & Jakeman, 2016; Amiri 
et al, 2019; Alcantara et al, 2019). Desbrow et al (2014) demonstrated that the 
consumption of a milk-based liquid meal supplement following exercise results in 
improved fluid retention when compared with cow’s milk, soy milk and a carbo-
hydrate-electrolyte drink. Similarly, Seery and Jakeman (2016) noted a significant 
advantage in the restoration of body net fluid balance over a five-hour period fol-
lowing exercise and thermal dehydration to -2% body mass by a metered replace-
ment of milk compared with a carbohydrate-electrolyte drink or water. Pritchett 
and Pritchett (2012) suggested that consuming chocolate milk (1.0-1.5 g per kg 
per hour) immediately after exercise and again at two hours post-exercise appears 
to be optimal for exercise recovery, and may attenuate indices of muscle damage. 
From the reviewed evidence in Part 2, it would thus appear that the most prom-
ising single recovery drink is chocolate milk, because cow’s milk is considered a 
high-quality protein which provides all essential amino acids together with carbo-
hydrate. Chocolate milk exceeds that of white milk, fat-free chocolate milk holds 
particular intrigue as a recovery beverage for endurance athletes (Lunn et al, 
2012), and comprises both whey and casein protein along with carbohydrate, 
lipids, vitamins and minerals, and has become a popular post-exercise recovery 
drink (Rankin et al, 2018). 

It has been assumed that depletion of the extracellular volume (dehydration) 
is the main cause of muscle cramp; however, 69% of cramp occurs in subjects 
who are well hydrated and sufficiently supplemented with electrolytes (Jung 
et al, 2005). Therefore, it is more likely cramp occurs as a result of neuromus-
cular overload and fatigue (Schwellnus, 2009; Panza et al, 2010). For immedi-
ate recovery from cramp, stretching appears to be the most effective solution 
(Schwellnus, 2009; Jahic & Begin, 2018; Bordoni et al, 2021; Miller et al, 2022), 
with corrective exercises, dietary supplements and massage therapy other forms of 
prevention (Jahic & Begin, 2018). 

Medications for Recovery 

The evidence suggests that, unless directed by their physician, athletes should 
not take non-steroidal anti-inflammatory drugs (NSAIDs) to combat DOMS, as 
they may have detrimental effects on muscle regeneration and supercompensa-
tion (Schoenfeld, 2012). They also interfere with adaptive processes in response 
to exercise and with tissue healing, due to their anti-inflammatory characteristic; 
and have demonstrated a decrease in protein synthesis and proliferation of satel-
lite cells in muscular tissue, and decreased hyperaemia in peritendinous tissue 
(Tscholl et al, 2017). Nahon et al’s (2020) systematic review and meta-analy-
sis similarly provided evidence that the use of NSAIDs in the management of 
DOMS does not appear to be superior to other control conditions and/or pla-
cebo. Negative outcomes from the use of NSAIDs were also noted by Mikkelsen 
et al (2009), who indicated that they block some of the pathways that are neces-
sary for satellite cell proliferation; with Vella et al (2016) suggesting that they 



  

  

Part 2 – summary and recommendations 223 

had no effect on the histological appearance of inflammatory white blood cells 
following an acute bout of traditional resistance exercise. Paulsen et al (2010), 
Warden (2010), Vella et al (2016) and Fraga et al (2020) likewise found no clear 
indication that ibuprofen use has a positive effect on post-exercise muscle func-
tion, inflammation and muscle soreness. 

Recovery in Hot and Cold Conditions 

Recovery from strenuous exercise in hot and humid conditions presents its own 
unique challenges. It imposes considerable stress on the cardiovascular system 
and the body’s heat loss mechanisms (Teunissen, 2012). This increased physi-
ological strain may lead to dehydration during prolonged exercise (Racinais et al, 
2015). Somboonwong et al (2015) noticed that in female football players, after 
10 minutes of recovery, rectal temperature remained>38°C during the early fol-
licular and midluteal phases in an environment with an ambient temperature of 
32.5°C and a relative humidity of 53.6%. Cooling interventions are strongly rec-
ommended, as they could increase heat storage capacity (pre-cooling), attenuate 
the exercise-induced increase in core body temperature (pre-cooling) and accel-
erate recovery following intense exercise (post-cooling) (Bongers et al, 2017); 
and could effectively mitigate thermal strain and lower thermal perception/dis-
comfort during and following exercise in compensable hot-humid environments 
(using a fan cooling jacket) (Otani et al, 2021). The use of cooling vests, cold-
water immersion (Hausswirth et al, 2012) and ice slurry (Jay & Morris et al, 
2018; Naito et al, 2018) has also been suggested. 

Conversely, athletes competing in extreme cold temperatures may need to 
‘recover’ body temperature following events or competition. The following rec-
ommendations can be made. Assisting athletes in their recovery from hypother-
mia involves moving them to a warm and dry environment as quickly and gently 
as possible. Wet clothes should be replaced with dry clothing or blankets to allow 
passive external rewarming; shivering should be allowed to continue; and spon-
taneous thawing of skin tissue should be allowed if rapid rewarming cannot be 
done (Fudge, 2016). In addition to the groin and neck, the head is an option 
for the application of external heat because of its high vascularity and blood flow, 
which could favour heat transfer to the core (Kulkarni et al, 2019). Furthermore, 
heat donation to the head can be a beneficial alternative in severely hypothermic 
subjects in whom the application of heat to the torso is contraindicated (Muller 
et al, 2012). Although rescue collapse is possible, no reports exist of collapse of 
mild hypothermic patients in the absence of comorbidities such as asphyxia or 
medical conditions that predispose to cardiac instability. Therefore, in a terrestrial 
rescue environment, after the patient has been assessed (by medical personnel) 
as having mild hypothermia, and has been given calories and improved insula-
tion, a good strategy is often to walk the patient to safety (Brown et al, 2015). 
Lasater (2008) suggested that patients with profound hypothermia can be safely 
rewarmed as long as rewarming proceeds at a slow rate – generally no faster than 
1-2oC per hour – with warming of the core before the periphery. 



 

 
 
 
 
 
 
 

 

21 Part 3: Commonly Used 
Recovery Modalities – Summary 
and Recommendations 

This chapter highlights the science behind the recovery modalities most com-
monly used by amateur and professional athletes, and puts their use into con-
text. A number of authors in the scientific community have made their own 
recommendations, including Dupuy et al (2018). The researchers’ evidence-
based systematic review and meta-analysis for choosing post-exercise recovery 
techniques identified several that can be used after a single exercise session to 
induce a reduction in delayed-onset muscle soreness (DOMS) and/or perceived 
fatigue. They concluded that massage seemed to be the most effective treatment 
for both DOMS and perceived fatigue. Water immersion and the use of com-
pression garments also had a significant positive impact on these variables, but 
with a less pronounced effect. Perceived fatigue can thus be effectively managed 
using compression techniques such as compression garments, massage or water 
immersion. The most powerful techniques that promote recovery from inflam-
mation are massage and cold exposure, such as water immersion and cryotherapy. 
However, other researchers have analysed different methods of recovery and have 
their own opinions. 

Other modalities used, such as hyperbaric oxygen treatment (HBO), may 
be effective in alleviating exercise-induced inflammatory responses and mus-
cle damage (Kim et al, 2019; Woo et al, 2020), and can be considered as a 
method of promoting recovery from fatigue (Ishii et al, 2005). However, 
Babul et al (2003), Germain et al (2003) and Moreira and Moreira (2020) 
found no beneficial outcomes on recovery markers including peak torque and 
muscle pain and soreness. Therefore, for recovery for symptoms of muscle 
soreness, HBO is not conclusive. However, HBO’s effect on fatigue may be 
more promising (Ishii et al, 2005; Shimoda et al, 2015; Park et al, 2018; Sen 
& Sen, 2021). 

Heat has been mentioned for its prophylactic effect on muscle damage by 
increasing heat shock protein, and has the advantages of inducing muscle relaxa-
tion, decreasing muscle viscosity and increasing connective tissue extensibility 
(Khamwong et al, 2015; McGorm et al, 2018). When applied immediately after 
exercise, it can increase muscle blood flow and significantly reduce the inten-
sity and duration of DOMS (Petrofsky et al, 2021). Petrofsky et al (2021) also 
observed that continuous low-level heat products had better penetration into 
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muscle and increased blood flow compared to hydrocollator heat packs and Icy 
HotTM patches. They further found that moist heat not only had similar benefits 
to dry heat on DOMS, but in some cases had enhanced benefits, and in just 25% 
of the time of application of the dry heat. 

Other studies have shown that infra-red radiation reduces pain and muscle 
soreness (Aiyegbusi et al, 2016), with positive effects on recovery (testosterone/ 
cortisol) (Noponen et al, 2015) and on endothelial function and oxidative stress 
(Lin et al, 2007). Some positive results have also been observed on the effects 
of sauna use (both infra-red and traditional Swedish) on athletic recovery (Mero 
et al, 2015; Khamwong et al, 2015; Cerynch et al, 2019). However, Skorski 
et al (2019) found that swimmers performed significantly worse after a sauna in 
repeated 50-metre swim trials. Meanwhile, according to McGorm et al (2018), 
the benefits of hot water immersion are limited or non-existent when using water 
temperatures of approximately 38°C. Therefore, moist heat appears to be a good 
‘local’ recovery choice for athletes and can be recommended. Infra-red radiation 
and sauna use may also be warranted; however, further research is required to 
confirm their effectiveness. 

Wang et al (2021) compared heat and cold therapies on DOMS and found 
that both showed effect in reducing pain; however, there was no significant 
difference between the cold and heat groups. The benefits of cold therapy 
for recovery after exercise are predominantly attributed to its deep state of 
vasoconstriction, which reduces inflammation reaction through a decrease in 
the cell metabolism effect (Khoshnevis et al, 2015); activation of the sympa-
thetic nervous system; increases blood levels of beta-endorphin and noradren-
aline; and increases synaptic release of noradrenaline in brain (Mooventhan & 
Nivethitha, 2014). In certain studies, cold water immersion (CWI) proved to 
be no more effective than active recovery in reducing inflammation or cellular 
stress (Peake et al (2017); had limited effects on muscle damage, inflamma-
tion markers and reactive oxygen species mediators (de Freitas et al, 2019); 
and did not improve restoration of selected performance parameters (sleep, 
DOMS, countermovement jump (CMJ)) (Grainger et al, 2020). By contrast, 
Hohenauer et al (2018) found that CWI had a greater impact on physiologi-
cal response (thigh muscle oxygen saturation, mean arterial pressure, local 
skin temperature, cutaneous vascular conductance) than partial body cryo-
therapy; and proved to be more effective than whole body cryotherapy (WBC) 
in accelerating recovery kinetics for CMJ performance at 72 hours post-exer-
cise. It also resulted in lower soreness and higher perceived recovery levels 
across from 24 to 48 hours post-exercise (Abaïdia et al, 2017). Furthermore, 
CWI and ice massage have both shown positive results in utilising lactate 
and preventing DOMS, thereby supporting post-exercise recovery (Demirhan 
et al, 2015; Adamczyk et al, 2016). The reported beneficial physiological 
effects of CWI are thus mixed. 

However, perhaps athletes should be more concerned with water depth than 
temperature. This was highlighted by Wilcock et al (2006), who reported that 
for every metre of immersion, the pressure gradient rises by 74 millimetres of 
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mercury (mm Hg) – almost equal to typical diastolic blood pressure (80 mm Hg). 
Furthermore, Leeder et al (2015) compared seated and standing CWI and discov-
ered that seated CWI was associated with lower DOMS than standing CWI, which 
further strengthens this argument. Perceptual recovery – which largely seems to 
be positive – cannot be underestimated for those athletes who have either the 
availability or a preference for using CWI as their recovery modality. Significant 
results were found in Hohenauer et al’s (2015) review (favouring cooling com-
pared to passive recovery) in 10°C (range: 5°-13°C), with the cooling time for 
alleviating subjective symptoms 13 minutes (range: 10-24 minutes). Machado 
et al (2016) further suggested that CWI with a water temperature of between 
11-15°C and an immersion time of 11-15 minutes can provide the best results. 

It has been suggested that WBC could have a positive influence on inflam-
matory mediators, antioxidant capacity and autonomic function during 
sporting recovery; however, these findings are preliminary (Bleakley et al, 
2014). Indeed, a Cochrane review by Costello et al (2016) (four studies 
were reviewed) found that WBC did not effectively reduce muscle soreness or 
improve subjective recovery after exercise. Furthermore, Wilson et al (2018) 
suggested that WBC was not more effective than CWI and in fact had a nega-
tive impact on muscle function and perceptions of soreness and a number 
of blood parameters; however, neither was more effective than a placebo in 
accelerating recovery or perceptions of training stress following a marathon. 
However, Rose et al’s (2017) study recorded positive findings. The authors 
stated that WBC may be successful in enhancing maximum voluntary con-
traction and returning athletes to pre-exercise strength at a faster rate than 
control conditions, with WBC treatment conditions recording pain scores 
on average 31% lower than control; the evidence thus tends to favour WBC 
as an analgesic treatment for exercise-induced muscle damage (EIMD). The 
authors’ data on inflammatory markers, as well as creatine kinase (CK) and 
cortisol concentrations, indicated with reasonable consistency that WBC may 
dampen the inflammatory cytokine response, which may suggest less second-
ary tissue damage in the regeneration process, thus accelerating recovery. Qu 
et al (2020) also found that the evidence tends to favour WBC as an analge-
sic treatment for EIMD, indicated by a potential dampening of the inflam-
matory cytokine response by positively affecting muscle soreness and muscle 
recovery; the authors further found that WBC affected the visual analogue 
scale score, CK, C-reactive protein activity and vertical jump height associated 
with EIMD. For those athletes who have access to WBC, multiple exposures 
of three or more three-minute sessions conducted immediately after exercise 
and in the two to three days thereafter presented the most consistent results, 
with little to no difference seen in temperatures colder than the average of 
-140°C (Rose et al, 2017). Therefore, thus far, the use of WBC has demon-
strated positive results; however, as Rose et al (2017) acknowledged in their 
review, the lack of standardised treatment protocols with regard to tempera-
ture ranges, timing and frequency of exposure to WBC is likely to elicit differ-
ent responses of recovery to the therapy. 
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Bieuzen et al’s (2013) systematic review and meta-analysis (18 studies) on 
the effects of contrast water therapy (CWT) on EIMD concluded that, despite 
the high risk of bias, data from 13 studies showed that CWT resulted in sig-
nificantly greater improvements in muscle soreness in comparison to passive 
recovery. Positive results were also noted by Vaile et al (2007, 2008), Versey 
et al (2011) and Sayers et al (2011). Therefore, CWT for 15 minutes (immer-
sion for 60 seconds in cold water (8-10°C) followed immediately by immersion 
for 120 seconds in hot water (40-42°C) may be recommended. However, as 
Hing et al (2008) observed, the lack in both the quantity and quality of research 
regarding the efficacy of CWT for sports recovery makes it difficult to draw 
conclusions. 

Massage is widely available and is a popular choice among recreational and 
professional athletes. Post-exercise, it has demonstrated positive outcomes on 
attenuating the effects of DOMS (Hilbert et al, 2003; Zainuddin et al, 2005; 
Mancinelli et al, 2006; Khamwong et al, 2010; Boguszewski et al, 2014; Shin 
& Sung, 2015; Guo et al, 2017; Holub & Smith, 2017; Dupuy et al, 2018); 
reducing psychological and physiological perceptions of fatigue (Tanaka et al, 
2002; Mori et al, 2004; Ogai et al, 2008; Dupuy et al, 2018; Wiewelhove 
et al, 2018); and promoting faster recovery (Duñabeitia et al, 2019). Davis 
et al’s (2020) systematic review and meta-analysis also found that massage sta-
tistically significantly reduced pain/DOMS by 13%. However, these studies 
were highly heterogeneous and driven by a single outlier, so the true magni-
tude of any benefit remains uncertain. The authors also cautioned that studies 
on DOMS use subjective rating assessments that are susceptible to placebo 
effects. It should further be noted that the pain-relieving effects of massage on 
DOMS (and active recovery) proved to be short lived in a study by Andersen 
et al (2013): the greatest effects were observed within the first 20 minutes 
after treatment and diminished within an hour. Other studies have reported 
that massage following EIMD appears to be beneficial by reducing inflam-
mation and promoting mitochondrial biogenesis (Crane et al, 2012). That 
said, in some studies, massage demonstrated no beneficial effect on DOMS 
(Hart et al, 2005); recovery (Pinar et al, 2012); strength, swelling and sore-
ness (Dawson et al, 2004); and lactate clearance (Robertson et al, 2004). 
However, as massage is widely available and well tolerated, and has demon-
strated numerous positive findings, it is recommended. 

Whole body vibration (WBV) has indicated positive effects on recovery 
(Sañudo et al, 2013; Baloy & Ogston, 2016; Kang et al, 2017; Annino et al, 
2022) and on the symptoms of DOMS (Wheeler & Jacobson, 2013; Timon 
et al, 2016; Cochrane, 2017; Lee, 2018; Lu et al, 2019). However, Nepocatych 
and Balilionis (2015) found no benefits from lower BV on fatigue recovery and 
DOMS; with Xanthos et al (2013) also concluding that WBV is not a suitable 
recovery modality from DOMS. Therefore, based on the available evidence and 
despite some equivocal findings, WBV can generally be recommended for recov-
ery. In a study by Ritzmann et al (2013) frequencies of 30 hertz and an additional 
load on a side-alternating vibration platform were associated with the highest 
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electromyography activity during WBV exposure and could thus be the most 
effective. With this in mind, considering that the vibration intensities in this study 
far exceeded the International Standards Organization guidelines, it must be con-
cluded that some WBV devices – even if mandated for occupational exposure – 
may present significant risk to users, and that users should be fully informed of 
the ultimate risk (Muir et al, 2013). 

Behm and Wilke (2019) observed that the use of the term ‘self-myofascial 
release’ to describe the effects of foam rolling is somewhat misleading; however, 
the use of such devices in reducing the painful symptoms associated with DOMS 
cannot be overlooked (MacDonald, 2013; Pearcey et al, 2015; Wiewelhove et al, 
2019; Romero-Moraleda et al, 2017; Laffaye et al, 2019; Mustafa et al, 2021; 
Nakamura et al, 2021; Scudamore et al, 2021). Further reports have confirmed 
that foam rolling can assist with recovery after fatigue (de Benito et al, 2019); 
recovery and perceived muscle soreness (Rey et al, 2019; D’Amico et al, 2020); 
and recovery from EIMD (Skinner et al, 2020). Therefore, as an easy-to-use and 
affordable recovery modality, foam rolling can be recommended as a recovery 
tool. Protocols in line with Dębski et al’s (2019) review suggested that partici-
pants can usually withstand a maximum tolerable pressure for 30 to 120 seconds, 
repeated one to three times and separated by 30 seconds of rest. The intensity 
of a single rolling movement should be moderate and the movement should last 
about three seconds. 

The results on the use of compression garments to reduce DOMS and other 
recovery markers have not been so positive (Duffield et al, 2008; Govus et al, 
2018; Hotfiel et al, 2021; Riexinger et al, 2021; Stedge and Armstrong, 2021). 
However, as Brown et al (2022) noted, they were perceived as significantly 
more effective than a placebo for recovery. Similarly, in a study by Davies et al 
(2009), subjects reported more comfort and less pain while wearing compres-
sion tights. Furthermore, Marques-Jimenez et al (2018) concluded that wear-
ing compression garments between 24 and 48 hours post-exercise can be useful 
in promoting psychological recovery. Similarly, in a study by Pruscino et al 
(2013), perceptual data revealed that subjects always felt better recovered when 
compression garments were worn. However, studies by Beliard et al (2015), 
Brown et al (2017), Atkins et al (2020) and O’ Riordan et al (2021) also 
demonstrated physiological recovery marker improvements. It is highly likely 
that wearing correctly fitted compression garments will increase blood flow 
and venous return; although how this translates into improved recovery is still 
debated (Roberts et al, 2019). Therefore, due to the equivocal findings, the use 
of compression garments is not recommended, unless they are of psychological 
benefit to the athlete. 

A number of studies have questioned the use of post-performance stretch-
ing due to the lack of positive evidence on its ability to reduce muscle soreness, 
improve recovery and prevent injury (Jayaramann et al, 2004; Rey et al, 2012; 
Torres et al, 2013; Xie et al, 2018; Afonso et al, 2021; Calleja-González et al, 
2021). In agreement with Guissard and Duchateau (2006), it thus appears that 
from the available evidence, stretching after sporting activity is unlikely to have 
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any significant positive effect on DOMS or muscular fatigue, and may place a load 
on an already damaged muscle, causing more DOMS. However, for training and 
sports where the eccentric load is low, stretching may be added following exercise 
to maintain, restore or increase flexibility. 

The most widely used post-exercise recovery intervention is (arguably) 
the active cool-down, also known as ‘active recovery’ or ‘warm-down’ (Van 
Hooran & Peake, 2018). This is used to enhance lactate metabolism within 
the exercised muscles through oxidation and/or through increasing the efflux 
of lactate from these muscles and its transport to other tissues for oxidation 
or synthesis to glucose (Bangsbo et al, 1994). An active cool-down may also 
facilitate reoxygenation of blood thorough increased alveolar gas exchange as 
a consequence of elevated metabolism compared to passive recovery strate-
gies (Crowther et al, 2017). A number of authors, including Menzies at al 
(2010), have suggested that active recovery after strenuous aerobic exercise 
(running) leads to a faster clearance of accumulated blood lactate than pas-
sive recovery. This has also been noted in swimmers (Hinzpeter et al, 2014). 
However, an active cool-down is generally not effective in reducing DOMS 
following exercise, although it may have beneficial effects on other markers of 
muscle damage (Van Hooran & Peake, 2018). Some authors have suggested 
that passive recovery is more effective than active recovery (Ohya et al, 2013; 
Wahl et al, 2013; Perrier-Melo et al, 2021). In addition, Losnegard et al 
(2015) found that neither passive recovery nor running in sprint-cross coun-
try skiing changed significantly between performance; while McAinch et al 
(2004) found that neither muscle glycogen nor lactate differed when compar-
ing active recovery with passive recovery at any point. Furthermore, Cortis 
et al (2010) indicated that passive and active recovery interventions did not 
induce significant differences in aerobic, anaerobic or stress-recovery status 
parameters. In light of this, active recovery may lead to faster lactate clearance 
than passive recovery; however, passive recovery methods should not be over-
looked. In addition, where recovery is minimal (< 4 hours), active recovery 
should not interfere with rehydration or glycogen reloading strategies. 

In a study by Kim et al (2020), a deep-sea water thalassotherapy programme 
showed significant effects on muscle fatigue and muscle damage recovery. Wahl 
et al (2013) observed that other aquatic exercise (cycling) may also enhance circu-
lation while causing minimal additional damage; and that the compression might 
also be used to limit oedema, increase the diffusion of waste products and increase 
blood flow. However, it did not affect the recovery of muscular performance, the 
increase in markers of muscle damage, muscle soreness or the subject’s perceived 
physical state compared with passive rest. By contrast, flotation-based recovery 
protocols seem to have a significant effect on blood lactate (Morgan et al, 2013); 
and have demonstrated lower muscle soreness and physical fatigue, and signifi-
cantly greater perceived sleep quality (Broderick et al, 2019). Therefore, active 
recovery in water should be considered where available. However, further studies 
on flotation-based recovery are warranted before firm conclusions can be drawn 
on its effectiveness. 
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It appears that stimulative music exerts a positive influence on self-paced exer-
cise recovery, which can facilitate blood lactate clearance and improve subsequent 
exercise performance. Studies by Hutchinson and O’Neil (2020) and Desai et al 
(2015) revealed that music accelerates post-exercise recovery, with slow music 
having a greater relaxation effect than fast or no music. Rane and Gadkari (2017) 
similarly concluded that slow music hastened the recovery of physical parameters 
such as pulse rate, blood pressure and respiratory rate. It also had an affective 
component, in that it caused a subjective feeling of faster recovery from exertion 
when compared to the effect of no music or fast music. Furthermore, Jing and 
Xudong (2008) reported that relaxing music had a better effect on the reha-
bilitation of cardiovascular, central, musculoskeletal and psychological fatigue. 
Eliakim et al (2012) likewise found that listening to motivational music dur-
ing non-structured recovery from intense exercise was associated with increased 
spontaneous activity, faster reduction in lactate levels and a greater decrease in 
rate of perceived exertion. Therefore, slow music – especially motivational music 
– can promote physiological and psychological recovery. The use of music during 
either active or passive recovery can thus be recommended, even if only to make 
the recovery process more tolerable when the athlete is exhausted. 

Other recovery modalities discussed in Part 3 have produced equivocal find-
ings. For example, neuromuscular electrical stimulation has generally not proved 
to be beneficial for recovery (Butterfield et al, 1997; Malone et al, 2014); while 
it has demonstrated some positive effects on lactate removal and CK activity, 
evidence on the restoration of performance indicators, such as muscle strength, is 
still lacking (Babault et al, 2011) 

Lack of sleep causes cognitive impairment and mood disturbance (Hurdiel 
et al, 2015; Lastella et al, 2015; O’Donnell et al, 2018); increases inflamma-
tory markers (Mullington et al, 2010; Irwin et al, 2016); reduces motivation 
to train (Rae et al, 2017); reduces perceived recovery (Fullagar et al, 2016); 
increases energy expenditure (Jung et al, 2011); and could promote immune sys-
tem dysfunction (Venter, 2012; Fullagar et al, 2015). However, vigorous exer-
cise did not increase sleep need in Wong et al’s (2013) study. Nonetheless, the 
overwhelming evidence recommends that athletes practice good sleep hygiene 
(Halson, 2014; O’Donnell & Driller, 2017; Kölling, et al, 2019); get enough 
sleep so that they feel properly rested; take naps (between 1:00 pm and 4:00 pm); 
and bank sleep (Walsh et al, 2021). It is also recommended that athletes openly 
discuss sleep disturbances with coaches and their medical care provider, and put 
restorative measures in place where possible. Late-night training and matches, 
jet lag, stress levels, diet and room temperature all need consideration to ensure 
that athletes get good-quality sleep and feel well rested on awakening. As high-
lighted by Vitale et al (2019), sleep serves an absolutely vital physiological func-
tion and is arguably the single most important factor in exercise recovery. If the 
athlete is unable to sleep, short-acting agents (zolpidem, zopiclone) are favoured 
along with an eight-hour period of sleep prior to competition to avoid ‘hangover’ 
effects and negative effects on performance (Baird & Asif, 2018), which could be 
prescribed by the athlete’s physician following consultation. 
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