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ABSTRACT 

 

 

Karvinen, Susanna (2015). Acute and chronic effects of cold treatment on physiological varia-

bles and neuromuscular function during a short training period in men. Department of Biology 

of Physical Activity, University of Jyväskylä. Master’s Thesis in Exercise Physiology. 92 pp. 

 

Introduction. Recovery following various physical exercises is a complicated process. The ex-

ercise session can involve strong demands on both muscle structure and energy production (aer-

obic and anaerobic). Many exercise sessions also induce muscle damage (exercise induced mus-

cle damage; EIMD). Different recovery methods attempt to alleviate or prevent EIMD and its 

associated symptoms, such as muscle soreness and swelling, and reduction in muscle function. 

One of the used strategies is cold treatment (cryotherapy), which decreases tissue temperature 

and subsequently effects on e.g. blood flow, metabolism and neural conductance velocity. To 

date, there is conflicting evidence to support the use of cryotherapy following a single exercise, 

and only few studies have examined the effect of it over a longer time period. Thus, the aim of 

this study was to assess the effects of cryotherapy on recovery and on the amount of EIMD both 

after an anaerobic running exercise and over a weeklong training period. Moreover, a recently 

developed cooling technique called cold mist shower (®, Finland, 2015) was tested. 

Methods. A total of eight male subjects (age 22.9 ± 1.4 years, height 1.77 ± 0.06 m, weight 

79.1 ± 7.6 kg, and fat percentage 13.3 ± 2.9 %) participated in the study, which consisted of an 

acute phase of 48 h and a weeklong training period. All subjects completed the study protocol 

both with (COLD) and without (CONTROL) cryotherapy (2 min at 10–15°C) in a random or-

der. The acute responses were measured after an anaerobic running (10 x 20 m shuttle running 

twice, with a 3 min break). Cryotherapy was applied immediately, and 12, 24 and 36 h after the 

running exercise. The training period consisted of three hypertrophic strength training sessions 

and three anaerobic interval running sessions on alternating days, and cryotherapy was applied 

once after every training session. Muscle damage (myoglobin, creatine kinase, CK), inflamma-

tion (C-reactive protein), endocrine responses (testosterone, SHBG and cortisol) and perception 

of muscle soreness (DOMS) were measured before (Pre) and immediately (0 min), 30 min, 60 

min, 24 h and 48 h after the running exercise, and 4 d after the training period (Post). Anaerobic 

metabolism (lactate) was evaluated at Pre, 0, 30 and 60 min. Maximal voluntary isometric force 

of the knee extensors, jumping ability (a countermovement jump), and 10 x 20 m maximal 

sprint running were evaluated at Pre, 48 h and Post. 

Results. The intensive anaerobic running exercise (peak blood lactate in CONTROL 16.3  

3.6 vs. in COLD 16.2  3.4 mmol/l) induced a small increase in DOMS, myoglobin and CK 

levels in both groups, and there were no differences between the groups (P > 0.05). Following 

the training period, myoglobin concentration was significantly (P < 0.05) lower in COLD 

compared to CONTROL (COLD 24.64 ± 5.63 ng/ml vs. CONTROL 36.35 ± 14.02 ng/ml). In 

COLD, the Post-value was also significantly (P < 0.05) lower compared to the Pre-value both 

in myoglobin (Pre 29.95 ± 6.90 ng/ml vs. Post 24.64 ± 5.63 ng/ml) and in CK (Pre 251.00 ± 

143.83 U/l vs. Post 168.13 ± 91.90 U/l). In physical performance variables there were no sig-

nificant differences between the groups. 

Conclusion. The finding in myoglobin provides some evidence that the cold mist shower might 

decrease the amount of EIMD over a weeklong training period. However, no cold mist effects 

on the acute recovery after anaerobic running exercise were observed.  

 

Keywords: cold treatment, cryotherapy, anaerobic exercise, fatigue, recovery, muscle damage, 

training period 
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LIST OF ABBREVIATIONS 

 

 

ADP adenosine diphosphate 

AMP  adenosine monophosphate 

ATP  adenosine triphosphate 

CK creatine kinase 

Cr   creatine 

CRP   C-reactive protein 

CWI  cold water immersion 

E-C coupling  excitation-contraction coupling 

EIMD  exercise-induced muscle damage 

FAD  flavin adenine dinucleotide  

IMP  inosine monophosphate 

LDH  lactate dehydrogenase 

NAD
+
  nicotinamide adenine dinucleotide 

NH3  ammonia 

PCr  phosphocreatine 

Pi  inorganic phosphate 

ROS  reactive oxygen species 
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1 INTRODUCTION 

 

 

Muscle fatigue can be described as any exercise-induced decline in the ability to pro-

duce muscle force or power, and the changes in all levels of the motor pathway from 

cortex to skeletal muscles possibly contribute to it. Fatigue can be classified as either 

central or peripheral depending on its cause. Central fatigue is a state in which the al-

tered muscle function is due to a progressive reduction in voluntary activation of mus-

cle, whereas peripheral fatigue is a consequence of the failures located at or distal to the 

neuromuscular junction. Peripheral and central fatigue may appear separately or com-

bined depending on the specific situation. (Gandevia 2001.)  

 

Some of the metabolic factors contributing to fatigue have also a role in the develop-

ment of exercise-induced muscle damage (EIMD). The severity of EIMD is adjusted by 

the type, intensity, and duration of exercise being performed. (Byrne et al. 2004.) EIMD 

is an especially frequent phenomenon as a consequence of exercises including a large 

amount of eccentric muscle actions (Gibala et al. 1995) or following an unaccustomed 

performance of exercise with an increased intensity or duration (Thompson et al. 1999). 

Natural human movement rarely consists entirely of one form of muscle action, and ec-

centric muscle action is rather followed by a concentric one (stretch-shortening cycle, 

SSC). However, the mechanical effects of fatiguing SSC exercise have similar conse-

quences to pure eccentric exercise (Komi 2000), and EIMD is a common phenomenon 

during prolonged or intense SSC exercise, such as marathon running (Avela et al. 1999) 

and resistance training (Byrne & Eston 2002a). 

 

After the initial events of muscle damage, the inflammatory response mediated symp-

toms emerge as fluid and proteins leak from the capillaries into the interstitial space. 

These symptoms include e.g. muscle swelling, soreness and stiffness. (Merrick et al. 

1999.) From the athletes’ point of view, the greatest concern of EIMD is the temporary 

reduction in muscle function, which possibly accompanies muscle damage during the 

days after the exercise (Byrne et al. 2004). Thus, different recovery methods after exer-

cise have attempted to alleviate or prevent EIMD and its associated symptoms. The 
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treatment and recovery strategies used, either singly or in combination, include e.g. rest, 

sleep, nutrition, massage, active recovery, contrast temperature water immersion, com-

pression garments, stretching, and cold treatment. (Barnett 2006; Bompa & Haff 2009, 

107–115.)  

 

Cold treatment i.e. cryotherapy is a technique where different forms of topical cooling 

are used to treat acute traumatic injury and promote post-exercise recovery (Barnett 

2006). The fundamental cold therapy causes is a decrease in tissue temperature, which 

subsequently exerts its effects on blood flow, cell swelling and metabolism and neural 

conductance velocity. Cryotherapy has been suggested to cause vasoconstriction, which 

limits fluid diffusion into the interstitial space and decreases the diffusion of myopro-

teins into the extracellular space, consequently diminishing oedema and the acute in-

flammatory response. (Herrera et al. 2010; Vaile et al. 2011; Yanagisawa et al. 2003a.) 

The other consequences include e.g. lowered peripheral metabolism (Ihsan et al. 2013), 

and decreased muscle soreness (Saeki 2002).  

 

Previous research has focused on the role of cryotherapy on indices of muscle damage 

following either an eccentric exercise (Eston & Peters 1999) or a single dynamic whole-

body exercise (Ascensão et al. 2011; Bailey et al. 2007; Ingram et al. 2009). There is 

conflicting evidence to support the use of cryotherapy following a single exercise, and 

to date there are only few studies examining the effect of cold treatment over a longer 

time period (Halson et al. 2014; Yamane et al. 2006). Thus, the aim of this study was to 

investigate the effects of a cold mist shower on the recovery from both an anaerobic 

running exercise and a weeklong training period. The cold mist shower is a new cooling 

method, which is portable and an easy alternative e.g. for athletes to have cryotherapy 

always available post-exercise. It was hypothesised that using cryotherapy would result 

in enhanced recovery compared to passive recovery both following one training session 

and following one training microcycle. 
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2 METABOLIC RESPONSES TO EXERCISE AND THE ROLE 

OF METABOLITES IN IMPAIRED MUSCLE FUNCTION 

 

 

Cells store only a small quantity of adenosine triphosphate (ATP) and therefore the 

body must maintain a continuous ATP supply through different metabolic pathways. 

ATP is resynthesized at its rate of use and the building blocks of ATP synthesis are the 

by-products of its breakdown: adenosine diphosphate (ADP) and inorganic phosphate 

(Pi). Moreover, the metabolic responses occurring as part of normal muscle activity can 

be considered as contributors to fatigue as they have a significant influence on the con-

tractile function of muscle. (Lindinger 1995; Robergs et al. 2004.) This chapter will first 

outline the major energy metabolism pathways in muscles, and next describe the under-

lying mechanisms of fatigue development. 

 

 

2.1 Energy metabolism in exercise 

 

At the start of intensive exercise, the body cannot deliver oxygen to the muscles fast 

enough to commence the complex chemical reactions, which occur during aerobic me-

tabolism. Therefore, the body depends on anaerobic processes for the first couple of 

minutes. The anaerobic system can be divided into two further systems: ATP-creatine 

phosphate (PCr) and lactic acid system. Aerobic system is used for long-term, steady 

paced exercise and it can be broken down into three sections: glycolysis, citric acid cy-

cle and electron transport chain. All energy systems work concurrently, but the intensity 

and type of activity determine which system is predominant. (Robergs et al. 2004.) 

 

2.1.1 Anaerobic and aerobic metabolism 

 

Immediate energy from the ATP-PCr system. PCr provides a quick source to produce 

ATP during the onset and initial seconds of muscle contraction. In this reaction, ADP 

combines with Pi from the PCr, forming ATP and a creatine (Cr) molecule (Figure 1). 

Creatine phosphate stores, like ATP stores, are limited and it is used just for short-term 

activities. Since PCr can transfer energy only interchangeably with ATP, new ATP is 



 13 

synthesised as long as PCr remains left. This keeps the concentration of ATP at nearly 

constant high level and allows the metabolic reactions to continue. (Guyton & Hall 

2006, 882; Lindinger 1995; Robergs et al. 2004.)  

 

Figure 1. ATP-PCr reaction is reversible and can proceed in either direction, depending on the 

immediate need for ATP within the muscle cell (Robergs et al. 2004).  

 

Robergs et al. (2004) suggest that the formed Cr acts as a cellular buffer because a pro-

ton (H
+
) replaces the phosphate group of PCr, which would make the creatine kinase 

reaction alkalizing to the cell. The traditional view considers both the protons consumed 

by ATP-PCr reaction and the protons produced by the hydrolysis of the ATP supplied at 

the expense of PCr, and combines them into the net proton consumption. I.e. some of 

the processes of proton generation are canceled out by those of proton consumption, 

which Robergs et al. (2004) do not take into account and may overestimate the total 

muscle buffer capacity. The subsequent hydrolysis of the ATP supplied at the expense 

of PCr results in the production of the inorganic phosphate (Pi). (Kemp 2005; Wester-

blad et al. 2002.) However, Robergs et al. (2005) still argue that it is not valid to couple 

the ATP hydrolysis and ATP-PCr reactions together, and that coupling separate reac-

tions leads to misunderstanding of proton balance.  

 

Glycolysis. Glycolysis is a 10 step metabolic process occurring in cytosol, in which one 

molecule of glucose is split to two molecules of pyruvate. Along the way four mole-

cules of ATP are formed, and two are expended to cause the initial phosphorylation of 

glucose to get the process going. The net gain of glycolysis is two molecules of ATP. In 

addition, energy-rich electrons (H
+
) removed from glucose are passed to nicotinamide 

adenine dinucleotide (NAD
+
), generating NADH. In metabolism, NADH serves as a 

reducing agent and carries electrons from one reaction to another. Similar to NAD
+
 is 

flavin adenine dinucleotide (FAD), which can be reduced to FADH2. Glycolysis does 

not require oxygen and is therefore possible both in aerobic and anaerobic conditions. 

(Robergs et al. 2004.) 
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Anaerobic metabolism: the lactic acid system. The lactic acid system, like the ATP-PCr 

system, provides a rapid supply of ATP energy. Pyruvate, the final product of glycoly-

sis, is converted into lactate when oxygen is absent (Figure 2). This reaction is catalyzed 

by lactate dehydrogenase (LDH) and concurrently NADH is converted into NAD
+
. As 

forming lactate requires electrons from NADH, electron carriers (NAD
+
) are made 

available to further accept the electrons removed from glucose. This thereby allows con-

tinued ATP regeneration from glycolysis and delays acidosis. Furthermore, Robergs et 

al. (2004) claim that for every pyruvate molecule catalyzed to lactate and NAD
+
, there 

is a proton consumed, which would make this reaction alkalizing to the cell.  

 

Figure 2. The lactic acid system: two electrons and a proton are removed from NADH and a 

proton is consumed from solution to reduce pyruvate to lactate (Robergs et al. 2004). 

 

Since lactate is produced in anaerobic conditions, the blood lactate concentration is a 

useful marker of exercise intensity and adaptation to training. In fact, training acceler-

ates lactate clearance, reduces lactate accumulation at a specified workload and results 

in a greater level of lactate accumulation during maximal effort. The optimal perfor-

mance for aerobic exercise occurs, as the exercise intensity of maximal lactate clearance 

is equal to maximal lactate production. Moreover, the formed lactate provides a precur-

sor to synthesize carbohydrate via the Cori cycle in liver and kidneys, which supports 

blood glucose levels and the energy requirements during exercise. Lactate may also be 

oxidazed back to pyruvate in other muscle cells than it is produced and used to fuel the 

citric acid circle. Processing lactate has a crucial role in enabling continued ATP supply 

from glycolysis. Therefore, for example active recovery is used after exercise to in-

crease blood flow through the lactate-using tissues and facilitate lactate removal. 

(Bompa & Haff 2009, 108; McArdle et al. 2010, 149, 163–164, 176, 232.) 
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Aerobic system: Citric acid cycle and electron transport chain. In aerobic conditions 

pyruvate formed in glycolysis is converted to acetyl-CoA, which enters the citric acid 

cycle in the mitochondria. In citric acid cycle acetyl-CoA is oxidized and two ATP mol-

ecules are formed for each molecule of glucose metabolized. However, most of the en-

ergy made available by citric acid cycle is transferred as electrons are passed to NAD
+ 

and FAD, generating NADH and FADH2. In the last stage of aerobic metabolism, the 

electron carriers (NADH and FADH2) produced either in glycolysis or in citric acid cy-

cle pass the electrons to electron transport chain. The potential energy of the high-

energy electrons delivered by electron carriers is finally converted into 32 ATP mole-

cules. The complete breakdown of glucose in skeletal muscle equals a net yield of 36 

ATPs and the whole process is represented in Figure 3. (Robergs et al. 2004.) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. A summary of the main reactions to regenerate ATP: glycolysis in the cytosol and 

citric acid circle and electron transport chain in the mitochondria (Robergs et al. 2004). 

 

2.1.2 ATP hydrolysis and its by-products 

 

The chemical energy stored in the high-energy bonds of ATP is released in ATP hy-

drolysis, which produces ADP, Pi and a proton (Figure 4). When the capacity to re-

phosphorylate ADP released from ATP hydrolysis is impaired, ADP is further hydro-

lyzed to adenosine monophosphate (AMP), which in turn can be de-aminated to ammo-

nia (NH3) and inosine monophosphate (IMP) (Karatzaferi et al. 2001). Since ADP, 

AMP, and IMP all have much lower affinity for Mg
2+

 than does ATP, also the free 

Mg
2+

 increases during fatigue reflecting the breakdown of ATP (Westerblad & Allen 

1992). If these mentioned by-products accumulate in muscles, they can modulate cross-
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bridge function and the excitation-contraction coupling (E-C coupling) process, and 

thus affect force production. 

 

 

Figure 4. ATP hydrolysis releases energy and produces ADP and Pi. According to Robergs et 

al. (2004), the origin of the accumulating intramuscular protons and Pi is ATP hydrolysis, not 

creatine phosphate breakdown or lactate production which both are alkalizing to the cell. (Rob-

ergs et al. 2004.)  

 

The key premise of Robergs et al. (2004) is that the main source of the proton arising 

from coupled glycolysis is ATP hydrolysis rather than lactic acid (in reality lactate) syn-

thesis like the development of acidosis during intense exercise has traditionally been 

explained. They hypothesise that as exercise intensity increases there is a greater reli-

ance on cytosolic ATP production by glycolysis and ATP-PCr system, and the rate of 

proton production exceeds the rate of proton transportation into the mitochondria. As a 

result protons accumulate causing acidosis. According to their model, the metabolic 

proton buffering by lactate production and PCr breakdown, as well as proton buffering 

by Pi, amino acids, and proteins delays the development of acidosis. They suggest that 

in cellular pH range from ~ 6.1 to 7.1, the Pi produced in the ATP hydrolysis has a po-

tential to buffer the free proton that is released in the same reaction. However, the in-

crease in intracellular Pi is not equivalent to the accumulated total of ATP hydrolysis as 

Pi is used further as substrates for glycolysis to regenerate ATP and also as a substrate 

for glycogenolysis (the breakdown of glycogen to glucose). Without other metabolic 

buffers this would leave the free protons to accumulate in the cytosol and result in de-

creased pH (Figure 5). (Robergs et al. 2004.)  

 

However, this model has been criticised because of the potential misleading conclusions 

about muscle cell buffer capacity, and because it ignores the effect of pH on the stoichi-

ometry (the calculation of relative quantities of reactants and products in chemical reac-

tions), and focuses on individual reactions rather than taking into account all the pro-

cesses of proton generation and consumption. Robergs et al. (2004) also state that lac-
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tate is unrelated to the exercise-induced metabolic acidosis. (Kemp 2005; Lindinger et 

al. 2005.)  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Energy metabolism in skeletal muscle during intense exercise leads to accumulation 

of metabolites (Robergs et al. 2004).  

 

The additional model explaining decreased pH during exercise is Steward’s approach, 

which describes the changes in H
+
 concentration via changes in net strong ion differ-

ence (SID), partial pressure of carbon dioxide (pCO2) and total weak acids (ATOT). Dur-

ing exercise, the changes in SID are the most important causes of acidosis. For example, 

the accumulation of lactate within muscles contributes to intracellular acidosis since lac-

tate is a strong anion and it alters the behavior of water i.e. leads to H
+ 

formation from 

water to maintain the electroneutrality ([SID] + [H
+
] - [HO

-
] = 0). (Lindinger et al. 

2005.) Robergs et al. (2005) admit that to evaluate the acid-base changes the stoichimet-

ric approach should be tuned by the SID method.  

 

2.2 Fatigue development 

 

Intense activation of skeletal muscles results in a declined performance, which is called 

fatigue. Fatigue may occur as a consequence of impaired -motor neuron activation 

when it is called central fatigue or it may be peripheral fatigue caused by changes in in-

tracellular environment. (Gandevia 2001.) Currently, the general agreement appears to 

be that fatigue during very high-intensity exercise is pH dependent (Maughan & 

Gleeson 2010, 91). However, recent studies have challenged the assumption of pH de-

pendent decline in force production, as at physiological temperatures and in whole-body 
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exercises acidosis has not contributed to fatigue. Therefore, the effects of other fatigue 

factors, such as inorganic phosphate (Pi) and reactive oxygen species (ROS) have been 

considered and new fatigue models have been created. (Allen et al. 2008.) From the per-

spective of these new approaches, it is then surprising that alkalosis (e.g. through sodi-

um bicarbonate consumption) can improve exercise performance in events lasting 1-10 

minutes (Hollidge-Horvat et al. 2000; McNaughton & Thompson 2001). 

 

In the first subsection, the focus is on proposed contractile processes contributing to fa-

tigue, and the role of Ca
2+

 handling is underlined. Although less attention is paid to 

metabolic and neural processes causing fatigue, they will be discussed briefly in the 

second subsection when supplements delaying fatigue are presented. Most of the re-

ferred studies are conducted with fast glycolytic fibers, which are not as fatigue resistant 

as slow oxidative muscle fibers and display more pronounced metabolic and force 

changes. 

 

2.2.1 Contractile processes contributing to fatigue 

 

Muscle contraction is initiated when an action potential (AP) originating in the central 

nervous system gets to -motor neuron and causes voltage-dependent Ca
2+

 channels to 

open. Sequentially, Ca
2+

 influx into the axon terminal triggers acetylcholine (ACh) re-

lease from the motor neuron into the synaptic cleft (Figure 6A). When ACh binds to its 

receptors on muscle fiber, the ligand-gated sodium (Na
+
) channels in the cell membrane 

open. (Delbono 2003.) The following influx of Na
+
 into and efflux of potassium (K

+
) 

from the muscle fiber results in the development of the end-plate potential, which can 

lead to a generation of a muscle fiber AP. (Rossi & Dirksen 2006.) 

 

Once the muscle fiber AP has been generated, it is then spread across the sarcolemma 

and down the T-tubules. In the T-tubules, AP activates voltage-sensitive receptors, 

which causes rapid release of Ca
2+

 from the sarcoplasmic reticulum (SR) into the cyto-

sol via ryanodine receptors (RyRs). In cytosol Ca
2+

 binds to troponin initiating cross-

bridge cycling which produces force. In order for contraction to end, Ca
2+

 ions are re-

moved from the cytosol by the action of the SR calcium transport ATPase (SERCA) 

pumps, which restore Ca
2+

 back into the SR. In this way, Ca
2+ 

declines back to resting 
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levels, force declines and relaxation occurs. These processes are known as E-C coupling 

and are described in Figure 6B. (Rossi & Dirksen 2006.)  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Excitation-contraction coupling is the sequence of events by which an action potential 

on the sarcolemma results in the sliding of the myofilaments (modified from Carter 2009). 
 

At relatively low temperatures, the presence of elevated Pi and acidosis have been stud-

ied to inhibit force production by direct action on cross-bridge function in skinned skel-

etal muscles. However, near physiological temperatures the direct effect of Pi and acido-

sis on force production is likely rather small. (Cairns 2006; Coupland et al. 2001; Millar 

& Homsher 1990.) In turn, both Pi and acidosis affect Ca
2+

 regulation, which has a cru-

cial role for muscle function as it largely determines the contraction and relaxation of 

muscles. The impairment of Ca
2+

 handling contributes to fatigue, as the amount of Ca
2+

 

is not sufficient to facilitate cross-bridge cycling (Allen et al. 2008).  

 

In fact, fatigue can be divided in three phases according to produced force and the free 

tetanic myoplasmic [Ca
2+

]i (Figure 7). At first, there is a fast decline of tetanic force by 

B A 
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~10% with accompanied increase in [Ca
2+

]i. The force decrease during early fatigue is 

likely caused as Pi released from cross-bridges inhibits the further transition of myofi-

bers to high-force cross-bridge states. The first phase is followed by a period of relative-

ly stable tetanic force. Finally, there is a rapid decline of tetanic force caused by a de-

crease in tetanic [Ca
2+

]i and reduced myofibrillar Ca
2+

 sensitivity. (Dahlstedt et al. 

2000.) In the next paragraphs, the mechanisms disturbing Ca
2+

 handling and causing 

fatigue are introduced in three sections including Ca
2+

 release and reuptake, and Ca
2+

 

sensitivity of myofibers.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Tetanic [Ca
2+

]i and force records at various phases of fatigue obtained during a low-

intensity fatiguing stimulation of fast twitch fibres (flexor brevis muscle) from a wild-type 

mouse. Phase 1 (1
st
–10

th 
tetanus): an early increase in tetanic [Ca

2+
]i accompanied by 10% de-

crease in force. Phase 3 (88
th
 tetanus): A quick decrease of tetanic [Ca

2+
]i and force. The picture 

is lacking the stable force production phase 2. (Dahlstedt et al. 2000.) 
 

SR Ca
2+

release. Elevated Pi as a consequence of exercise may act on ryanodine receptor 

(RyR1) on the SR membrane and mediate Ca
2+

 release in skeletal muscles. This may 

cause the early increase in free tetanic myoplasmic calcium [Ca
2+

]i during fatigue. (Ba-

log et al. 2000.) During the late fatigue, a phosphate permeable channel provides a route 

for Pi to enter the SR (Laver et al. 2001). Within the SR the entered Pi possibly precipi-

tates with the sarcoplasmic Ca
2+

, consequently decreasing the amount of free Ca
2+

 

available in the SR for release. This possibly causes a failure of Ca
2+

 release and togeth-

er with a decreased myofibrillar Ca
2+

 sensitivity it results in the final rapid decrease of 

tetanic force as cross-bridge activation is declined. (Dutka et al. 2005.)  

 

Within the SR calsequestrin isoform 1 (CSQ1) may reduce the calcium phosphate pre-

cipitation by acting as a Ca
2+

 buffer and keeping the free [Ca
2+

] sufficiently low, which 

enables Ca
2+

 release to continue for a longer time. The increased leak of Ca
2+

 from the 
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SR during exercise highlights the role of these Ca
2+

 buffers. Murpy et al. (2009) found 

in their study that the high concentration of CSQ1 keeps the free sarcoplamic reticulum 

[Ca
2+

] sufficiently low in fast twitch fibers, which decreases the Ca
2+

 leakage through 

the SR Ca
2+

 transport ATPase (SERCA1) pumps. (Murphy et al. 2009.) 

 

The effect of Pi on force production has been studied to be smaller early in fatigue but is 

enhanced as fatigue progresses and Pi reaches high levels, and [Ca
2+

] is decreased (Fig-

ure 8) (Millar & Homsher 1990). In end-stage fatigue, the combined effects of declined 

[ATP] and sudden rise in [Mg
2+

] possibly make the inhibitory action of Pi on SR Ca
2+

 

release more pronounced (Blazev & Lamb 1999; Duke & Steele 2001). The accompa-

nying build-up of AMP and IMP as a consequence of ATP break down possibly ampli-

fies the effect by competing with the ATP for the stimulatory binding site on the Ca
2+

 

release channel (Blazev & Lamb 1999). 

 

 

 

 

 

  

 

 

 

 

Figure 8. The effect of Pi on isometric tension at different Ca
2+

 concentrations. The Ca
2+

 is de-

creased during fatigue and Pi increases. (Millar & Homsher 1990.) 

 

Ca
2+

 sensitivity of myofibers. In later stages of fatigue the reduced myofibrillar Ca
2+ 

sensitivity may have a significant impact on the force production. The affinity of tro-

ponin C (TnC) for Ca
2+

 may be reduced due to acidosis, which may inhibit the cross-

bridge function. The increased H
+
 concentration possibly causes changes in TnC struc-

ture and H
+
 competes with Ca

2+
 for binding to TnC, and this way the number of force-

generating cross-bridges is decreased. Similarly, the fatigue-induced increase in Pi can 

reduce myofibrillar Ca
2+

 sensitivity by lowering the Ca
2+

 affinity of TnC. (Millar & 

Homsher 1990; Palmer & Kentish 1994.)  Additionally, Palmer and Kentish (1994) 

stated that an increase in Ca
2+

 promotes transition of cross-bridges from weak to strong 
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(force production) attachment states, whereas increase in Pi could result in opposite 

transition and decrease the Ca
2+

 sensitivity of myofibers.  

 

The current knowledge indicates that the contractile proteins together with Na
+
-K

+
 

pump are the most susceptive components to ROS under physiological conditions. For 

example, Moopanar and Allen (2005) showed that ROS decrease the myofibrillar Ca
2+

 

sensitivity and thus possibly decrease force production. On the other hand, ROS scav-

engers have been studied to diminish the reduction in Na
+
-K

+
 pump activity and the rise 

in plasma K
+
, which both occur as a consequence of exercise. Attenuating ROS produc-

tion by N-Acetyl-cysteine delayed fatigue and improved exercise performance in hu-

mans. (McKenna et al. 2006.) On the contrary, experiments with skinned muscle fibers 

have shown that lactate even at concentration up to 30 mM has only a small inhibitory 

effect on force production and Ca
2+

 sensitivity of myofibers. (Dutka & Lamb 2000; Pos-

terino et al. 2001.) 

SR Ca
2+

reuptake. The reuptake of cytosolic Ca
2+

 into the SR by the SERCA pumps and 

sarcolemmal Ca
2+

 transporters determines largely the rate of muscle relaxation. It has 

been shown that depletion of PCr, which occurs rapidly after the onset of fatiguing 

stimulation, reduces SR Ca
2+

 uptake (Duke & Steele 1999). Additionally, Duke and 

Steele (2000) showed that during fatigue when the presence of PCr is low and Pi in-

creases, the Ca
2+

 efflux pathway is activated by reversal of the SR Ca
2+

 pump. Thus, 

activation of a Ca
2+

 efflux pathway by Pi may contribute to the reduced net Ca
2+

 uptake 

and results in increased resting [Ca
2+

]i and prolonged relaxation time. Also acidosis in-

hibits the Ca
2+

 uptake by the SR and increases the cytoplasmic free Ca
2+

. Thus, the total 

amount of Ca
2+

 binding to TnC may not decrease as a consequence of acidosis, although 

the affinity of TnC for Ca
2+

 may be reduced like mentioned earlier. (Wolosker et al. 

1997.) The increase in resting [Ca
2+

]i has a role in exercise-induced muscle damage, 

which will be discussed in the next chapter. 

 

Nakamura et al. (2002) studied that ATP binding in the SERCA pumps concurrently 

improves the Ca
2+

 transportation across the SR membrane, and as ATP decreases during 

exercise, it results in reduced reuptake of Ca
2+

 into the SR (Figure 9). This likely ex-

plains the reduced relaxation of tetani as a consequence of ATP depletion. However, at 

pH 6.23 Ca
2+

 binding of the SR pump is already decreased by acidosis and reducing 
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ATP has little if any further effect. (Nakamura et al. 2002.) Also the elevation of ADP 

reduces the ability of the SR to store Ca
2+

. Increased ADP causes passive leak of Ca
2+

 

from the SR and decreases the rate of the SERCA pump. In this way ADP plays an im-

portant role in determining Ca
2+

 movements and modulating SR function during exer-

cise. (MacDonald & Stephenson 2001.)  

 

Figure 9. The calcium dependence of the total Ca
2+

 pump (Ca-ATPase) activity of the two 

forms of ATP binding sites at 5 mM ATP (A) and at 0.25 mM ATP (B), pH 7.40. ATP increas-

es the calcium affinity of the Ca-ATPase molecule. (Modified from Nakamura et al. 2002.) 

 

2.2.2 Other processes contributing to fatigue and techniques used to delay 

fatigue development 

 

During intense exercise, the buffer capacity of the body is exceeded and H
+
 begin to ac-

cumulate in the muscles. In the previous chapter the mechanisms (including acidosis) 

causing impairments in the contractile processes were described, but modifying pH can 

cause fatigue via other processes as well. These include metabolism, blood oxygen satu-

ration and unloading, cardiac and local vasculature function, and central nervous system 

drive (Cairns 2006; Allen et al. 2008), which are discussed next. Additionally, the sup-

plements used to improve muscle function are briefly considered. 

 

Study of Jubrias et al. (2003) demonstrated that acidic pH inhibits oxidative ATP supply 

during exercise as even a mild acidosis (pH 6.8–6.9) prevents mitochondrial function. 

They also showed that this occurs despite a substantial rise in [ADP]. When phos-

phofructokinase (a key enzyme in glycolysis) is isolated, acidosis can inhibit its func-

tion. However, in whole-body exercise various other enzyme activators may oppose the 
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effect, why glycolysis is not inhibited by the decreased pH. Other metabolic processes 

potentially contributing to fatigue include decreased ATPase and glycogen phosphory-

lase activity as pH falls. (Cairns 2006.) Moreover, under acidic conditions haemoglobin 

binds more H
+
 and liberates oxygen, which impairs the oxygen delivery and may affect 

performance (Dersjant-Li et al. 2002). Sodium citrate mediated alkalosis, in turn, has 

been studied to aid membrane excitability and delay the onset of fatigue via the H
+
 sen-

sitive K
+
 channels. Therefore, alkalosis may prevent the increase in extracellular [K

+
], 

which would occur during intense exercise and which is involved in the development of 

fatigue. (Sostaric et al. 2006.) 

 

Creatine (Cr) supplementation is widely used among athletes to provide extra Cr in 

muscles. On the muscle cell level, Cr supplementation results in an increased PCr con-

centration, which provides better ATP supply during the onset of intense activity. It also 

retards the increases in ADP that might slow cross-bridge cycling and SR Ca
2+

 pump-

ing. Thus, a high power output of approximately 10 s can possibly be sustained for a 

slightly longer time. Moreover, in these short exercise bouts the inhibitory effect of en-

ergy metabolites, such as Pi, is limited. (Allen et al. 2008.) Increased body weight is 

commonly associated with Cr supplementation, since PCr/Cr is osmotically active and 

causes water accumulation in muscle cells (Terjung et al. 2000). Although increased 

body weight may be harmful in some sports, the increased water amount in muscles 

might improve myofibrillar Ca
2+

 sensitivity and maximum Ca
2+

 activated force produc-

tion via decreased ionic strength (Murphy et al. 2004). 

 

Other supplement used to improve muscle performance and delay the fatigue develop-

ment is β-alanine, which has been studied to increase muscle carnosine concentration 

(Harris et al. 2006; Hill et al. 2007; Suzuki et al. 2002). Carnosine has multiple benefi-

cial physiological actions, including proton buffering, anti-oxidization, membrane stabi-

lizing, increasing Ca
2+

 sensitivity of myofibers and potentiating Ca
2+

 release. Thus, car-

nosine can aid in maintaining a better force production during the later stages of fatigue 

when Ca
2+

 release declines and H
+

 builds-up. (Dutka & Lamb 2004.) Using sodium bi-

carbonate may increase extracellular bicarbonate concentration, aid in proton buffering 

and increase the efflux of H
+
 from the muscles. This may reduce the fall in muscle cell 

pH, delay fatigue development and improve performance via enhanced anaerobic gly-

colysis. (Hollidge-Horvat et al. 2000; McNaughton & Thompson 2001.) 
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3 DEVELOPMENT OF EXERCISE-INDUCED MUSCLE 

DAMAGE (EIMD) AND ITS EFFECTS ON PHYSICAL PER-

FORMANCE 

 

 

The impaired recovery and muscle function seen after intense exercise is likely due to 

complex structural damage to the muscle cells. These factors include such as disrupted 

sarcomeres (Brockett et al. 2004; Brughelli et al. 2010), and damage to the components 

of the excitation-contraction coupling system (Ingalls et al. 1998; Takekura et al. 2001; 

Yeung et al. 2002a), cytoskeleton (Zhang et al. 2008; Verburg et al. 2005) and sarco-

lemma (Duncan & Jackson 1987; Mason et al. 1997). This chapter describes the factors 

causing exercise-induced muscle damage (EIMD), and how EIMD affects athletic per-

formance. 

 

 

3.1 Mechanical and metabolic muscle damage 

 

The exercise-induced mechanical and metabolic stress in muscles increases sarcolem-

mal permeability, alters contraction kinetics when damaging the E-C coupling system, 

activates inflammation process, promotes oedema formation and causes soreness and 

stiffness (Duncan & Jackson 1987; Mason et al. 1997; Morgan 1990). The ultrastructur-

al changes and the immediate consequence of cellular necrosis are referred to as prima-

ry injury, whereas secondary injury refers to damage, which is caused by the physiolog-

ic responses to primary injury (Merrick et al. 1999). 

 

3.1.1 Disrupted sarcomeres and T-tubules 

 

Muscles consist of myofibrils, in which individual sarcomeres are in series. In an early 

study of Fríden (1981) overstretched sarcomeres and wavy Z-lines were found through-

out the affected fibers following eccentric contractions. These changes were thought to 

explain the immediate muscular weakness and the subsequent muscle damage. (as cited 

in Allen 2004.) Later on, stretch-induced muscle damage is suggested to be a conse-

quence of a non-uniform lengthening of sarcomeres when the active muscle is stretched 
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beyond its optimum length. Stretching a sarcomere makes it weaker, until the rising 

support of the passive structures compensates for falling active tension i.e. usually the 

length beyond filament overlap. When the muscle relaxes some of the overstretched 

sarcomeres may not re-interdigitate properly and become disrupted. During repeated 

contractions the region of disruption increases, which may cause membrane damage and 

ultimately some of the fibers may even die. (Morgan 1990.)  

 

Damage to sarcomeres and failure to produce active tension may necessarily not influ-

ence on the maximal force production. Alternatively, damaged sarcomeres possibly in-

crease the compliance, resulting in a shift to the right of the optimal angle for force gen-

eration (length-tension relationship) to achieve the same myofilament overlap (Figure 

10). (Morgan 1990.) The presence of disrupted sarcomeres has been proved both in hu-

man (Brockett et al. 2004; Brughelli et al. 2010) and animal (Yeung et al. 2002a) exper-

iments by a shift in the muscle's length-tension curve in the direction of longer muscle 

lengths.  

 

 

 

 

 

 

 

 

 

 

Figure 10. A computer-simulated curve of changes in sarcomere length-tension relationship 

following a series of eccentric contractions (Proske et al. 2004). 

 

Brockett et al. (2004) examined if previously injured muscles are more prone to eccen-

tric damage than un-injured muscles, as one may assume from the high re-injury rates 

observed among athletes. They used the optimum angle for torque as an indicator of 

susceptibility for the damage from eccentric exercise. It was found that mean optimum 

angle in the previously injured muscles was at a significantly shorter length, which sug-

gests that the injured muscles were more vulnerable to eccentric damage and thus more 
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prone to strain injuries than un-injured muscles. However, a regular program of eccen-

tric exercise may lead to adaptive changes, which have a potential to protect against fur-

ther injury and therefore should be used to eliminate injuries.  

 

Takekura et al. (2001) showed morphological damage to T-tubular system following 

eccentric exercise. The formation of abnormal membrane systems included e.g. increase 

in the number of longitudinally oriented T-tubule segments and forming of pentad and 

heptad contacts between T-tubule and SR terminal cisternae instead of normal triads. 

These disruptions of membrane systems possibly account for the functional failure of 

the E-C coupling, but also interference with Ca
2+

 dynamics described later. The study of 

Yeung et al. (2002a) suggested the T-tubule rupture to be related to the non-uniform 

lengthening of sarcomeres. The shearing stress is greatest between the sarcomeres of 

different lengths, which possibly cause the T-tubules at the overlap of thick and thin fil-

aments to rupture (Figure 11).  

 

 

 

 

 

 

Figure 11. Sarcomere inhomogenities in an eccentrically damaged fibre and a disruption of a T-

tubule within the red circle (Modified from Yeung et al. 2002a).  

 

The T-tubule damage raises intracellular sodium [Na
+
]i, which is accompanied by os-

motically equivalent water and contributes to oedema. The elevated Na
+
 activates Na

+
-

K
+
-pump and as the extra Na

+
 has to be pumped from the cell. When the volume load of 

Na
+
 and water exceeds the capacity of T-tubules it causes vacuole formation, which can 

be seen in T-tubules following stretched contractions. Other consequences of T-tubule 

rupture include increase in resting [Ca
2+

]i and disruption of action potential due to dis-

turbed ionic distribution across the membrane (Yeung et al. 2002b), which may contrib-

ute to the failure of the E-C coupling process. 

 

Ingalls et al. (1998) established the presumably site for the E-C coupling failure after 

eccentric exercise to be located at the interface of the T-tubule and the SR Ca
2+

 release 

channel. Immediately after the exercise, the E-C coupling impairment seemed to be re-
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sponsible for over 50 % of the reduction in maximal isometric tetanic force leaving only 

a small part of the primary damage occurring at the level of the sarcomeres. Since the 

resting [Ca
2+

]i  has been studied to rise immediately following eccentric damage, the 

role of Ca
2+

 in E-C uncoupling and in the reduced force production has been of interest 

and will be discussed next. (Ingalls et al. 1998.) 

 

3.1.2 Metabolic damage triggered by calcium 

 

The elevated [Ca
2+

]i can possibly hinder E-C coupling in many ways (Figure 12). The 

elevated resting [Ca
2+

]i is a result of increased influx of Ca
2+

 and impaired intracellular 

Ca
2+

 regulation by SR, mitochondria and cytosolic proteins. Thus, it could be of im-

portance to target for lowering Ca
2+

 entry and/or preventing the Ca
2+

-activated path-

ways causing ultrastructural and membrane damage. Normally, situations which lead to 

an elevation of resting [Ca
2+

]i produce a prolonged reduction in tetanic [Ca
2+

]i which 

reduces force (Yeung et al. 2005). Similarly, the force recovery has been studied to be 

faster at low [Ca
2+

]i (0.65 mM) than at high [Ca
2+

]i (2.54 mM) (Ramer Mikkelsen et al. 

2004).  

 

Activated by eccentric contractions, the influx of Ca
2+

 is thought to occur mainly 

through stretch-activated channels (SAC) (Yeung et al. 2005; Zhang et al. 2012). Be-

cause it is likely that SAC are composed of TRPC1 protein (Maroto et al. 2005, Zhang 

et al. 2012), they could also be called TRP (transient receptor potential) channels, which 

mediate Ca
2+

 entry in response to depletion of intracellular Ca
2+

 stores (Kurebayashi & 

Ogawa 2001). Also a shearing damage to T-tubules (Yeung et al. 2002a) and sarcolem-

mal damage by Ca
2+

-dependent degradative pathways (Duncan & Jackson 1987; Mason 

et al. 1997) may lead to passive influx of Ca
2+

 from the extracellular fluid. Ramer Mik-

kelsen et al. (2004) showed that during 60 min stimulation the last 15 min Ca
2+

 influx 

was rather through the leaks in the membrane than through different channels and de-

pendent on excitation. In the next paragraphs Ca
2+

-mediated muscle damage will be dis-

cussed in two sections: mitochondrial Ca
2+

 uptake produces reactive oxygen species 

(ROS), and Ca
2+

 activates phospholipases and proteases.  

 



 29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. The role of calcium in triggering damage and the effect on force production. Also 

the possible sites for cold treatment to affect muscle damage are marked in the picture (modified 

from Carlsen & Villarin 2002; Proske & Morgan 2001; Yeung et al. 2002a).  

 

ROS production. Once entering mitochondria, Ca
2+

 can be both beneficial and harmful 

for its function. Elevated mitochondrial matrix Ca
2+

 [Ca
2+

]m up-regulates oxidative 

phosphorylation, and Ca
2+

 is needed to stimulate mitochondria to work faster during 

exercise. However, as the metabolism increases also more ROS are produced as by-

products. ROS may serve as a pathological stimulus for Ca
2+

 turning it from a physio-

logical effector to a detrimental one. (Brookes et al. 2004.) 

 

Increased [Ca
2+

]m may activate programmed cell death (apoptosis) both directly and via 

increased ROS production. The direct detrimental effect of increased [Ca
2+

]m is possible 

via prolonged opening of a mitochondrial Ca
2+

 efflux pathway, permeability transition 

(PT) pore. This releases cytochrome c (cyt c), which is an intermediate in apoptosis. 

Additional cyt c release is possible via positive feedback process as the cyt c released 

from PT pores may cause endoplasmic reticulum Ca
2+

 release, which further increases 

the [Ca
2+

]m. Besides, more ROS are produced as a result of opening the PT pore. ROS 
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can promote cyt c release via oxidation of the inner mitochondrial membrane lipid 

called cardiolipin, but they can also induce PT pore opening and act as a pathological 

stimulus for Ca
2+

. (Brookes et al. 2004.)  

 

ROS have been studied to decrease the myofibrillar Ca
2+

 sensitivity and thus possibly 

decrease the force production of muscles (Moopanar & Allen 2005). Additionally, Ma-

son et al. (1997) showed that generation of ROS might lead to changes in membrane 

structure. ROS may cause peroxidation of membrane lipids and thus membrane defects 

are developed increasing the permeability. (Mason et al. 1997.)  

 

Phospholipase and protease activation. The increased [Ca
2+

]i may activate phospho-

lipase, which cause membrane damage and increase the membrane permeability. More 

precisely, the activation of phospholipase A2 leads to release of arachidonic acid from 

the phospholipid membrane and causes sarcolemmal damage. This allows the loss of 

large intracellular proteins, such as creatine kinase into the blood stream, but also fur-

ther enables influx of extracellular Ca
2+

. (Duncan & Jackson 1987.) These intracellular 

proteins can be used as indirect markers of muscle damage. 

 

The activation of proteases by elevated [Ca
2+

]i may result in cytoskeletal and protein 

degradation. The cytoskeletal proteins (desmin, dystrophin and titin) maintain the struc-

ture of the myofiber and are involved in the transmission of the generated force from the 

sarcomere to the fiber surface. A study of Verburg et al. (2005) showed that elevated 

[Ca
2+

]i activates proteases (likely calpain-3) resulting in proteolysis of titin. As a calpain 

inhibitor, leupeptin, inhibited the E-C uncoupling and titin damage the researchers as-

sumed calpain activation contribute to muscle damage. A later study of Zhang et al. 

(2008) showed that Ca
2+

-activated calpain proteolysis is predominantly responsible for 

the cytoskeletal damage after eccentric exercise which can be seen in the altered im-

munostaining of desmin, dystrophin and titin. However, the prevention of cytoskeletal 

damage by removing extracellular Ca
2+

 or by application of leupeptin had only moder-

ate effects on the muscle force production. Other Ca
2+

-dependent structural changes re-

sulting in uncoupling phenomenon include e.g. distorted triads, Z-line alterations and 

SR vesiculation, some of which may be caused by proteolysis (Lamb et al. 1995).  
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3.2 Consequences of exercise-induced muscle damage 

 

The previous chapter described the underlying mechanisms causing EIMD, whereas this 

chapter describes the consequences of muscle damage. The first part of the chapter will 

briefly describe the role of inflammation following exercise, and the most common 

symptoms of EIMD, whereas the second part goes through the effects of EIMD on ath-

letic performance. 

 

3.2.1 Symptoms of EIMD 

 

The findings of large changes in circulating leucocytes (e.g. neutrophils), inflammation-

related substances (e.g. C-reactive protein, creatine kinase, cytokines) and myofibrillar-

bound proteins (e.g. myosin heavy chain, MHC) in blood and muscle post-exercise sup-

port the fact that exercise activates inflammatory response (MacIntyre et al. 2001). The 

immune system plays a role in the de-generation and re-generation process of muscle 

and surrounding connective tissue after EIMD, and is thus essential in adaptation. In-

flammation is caused by multiple tissue products, such as histamine, bradykinin, seroto-

nin and prostaglandins, and is characterized by (Guyton & Hall 2006, 434.): 

 

(1) Vasodilation of the local blood vessels, with consequent increase in blood flow. 

(2) Increased permeability of the capillaries, which allows leaking of fluid into the interstitial 

spaces. 

(3) Clotting of the fluid in the interstitial spaces due to excessive amounts of proteins leaking 

from the capillaries and increasing the osmotic pressure of the interstitial fluid.  

(4) The loss of fluid increases the concentration of red blood cells in small vessels and in-

creases viscosity of the blood. 

(5) Migration of granulocytes, principally neutrophils, and monocytes into the tissue. 

(6) Swelling of the tissue cells.  

 

Rapidly after exercise, neutrophils are mobilized into the circulation and migrate to-

wards chemoattractants released from the site of the injury. For example, the Ca
2+

-

activated calpain is possibly associated with neutrophil chemotaxis, thus localizing neu-

trophils to the injured site post-exercise. This hypothesis is supported by the study Cuz-

zocrea et al. (2000) who showed that the degree of inflammation is diminished in cal-

pain inhibitor I-treated rats. Furthermore, arachidonic acid released from sarcolemma by 
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Ca
2+

-activated phospholipase A2, can also be converted to potent inflammatory media-

tors, the eicosanoids (Smith et al. 2000).  

 

Within a day after damaging exercise, neutrophils are replaced in damaged muscle tis-

sue by macrophages. Both neutrophils and macrophages are phagocytes and contribute 

to the degradation of damaged muscle tissue, which is important in repair and re-

generation of muscles. (Peake et al. 2004.) However, there are studies suggesting that 

neutrophils and macrophages also produce ROS and thus inflammation to have a role in 

secondary muscle damage (Nguyen & Tidball 2003a; Nguyen & Tidball 2003b). Addi-

tionally, the activation of proteases (Lamb et al. 1995; Verburg et al. 2005; Zhang et al. 

2008) and phospholipases (Duncan & Jackson 1987) may lead to damage to the cell 

structures and contribute to secondary damage.  

 

Oedema. Exercise-induced muscle oedema is biphasic, such that an initial increase in 

intracellular volume occurs acutely (0–2 h) post-exercise and a sub-acute increase oc-

curs 24–96 h post-exercise. The sub-acute oedema is possibly a result of inflammatory 

response mediated membrane leakage, whereas the acute oedema is caused by increased 

osmolality of the cell due to accumulation of metabolites and an elevation in muscle 

enzymes and/or degraded protein components (Robergs et al. 2004; Yanagisawa et al. 

2003a). Additionally, exercise builds up the local blood flow (Guyton & Hall 2006, 

195) and causes initial damage to sarcolemma (Morgan 1990), which may contribute to 

acute oedema as well.  

 

The breakdown products of dead and dying cells cause further damage (the secondary 

enzymatic injury) and a local inflammatory response associated with the sub-acute oe-

dema and soreness. By degrading the cell membranes secondary injury may lead to loss 

of resting membrane potential and hydropic swelling of the cell. Furthermore, swelling 

of cells can occlude the vasculature, providing a source for ischemia and cause further 

cell death. The hypoxic period prevents the ATP production via oxidative phosphoryla-

tion and if not enough ATP is produced, membrane ion pumps may fail causing again 

hydropic swelling and cellular necrosis. The secondary ischemic muscle damage may 

be caused by multiple haemodynamic changes as well, including bleeding from dam-

aged vessels, reduced blood flow from the inflammation induced increase in blood vis-

cosity, and increased extravascular pressure from an expanding hematoma (collection 
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and pooling of blood outside the blood vessels) and muscle spasm. (Merrick et al. 

1999.) 

 

DOMS. Together with oedema and stiffness, DOMS is one of the well-documented 

symptoms of muscle damage. The increase in muscle soreness measured following ex-

ercise is known to occur in two phases, like the oedema formation described above. The 

immediate soreness is due to accumulation of metabolic by-products, where as DOMS 

is associated with the inflammatory response and muscle damage. Actually, DOMS is 

caused by the events described earlier in this chapter. In the first phase of DOMS devel-

opment, the high tensile forces, often associated with eccentric exercise, disrupt muscle 

tissue and connective tissue. Damage to sarcolemma leads to a disturbance in calcium 

homeostasis, and increase intracellular calcium inhibits cellular metabolism and e.g. ac-

tivates proteases, which further cause damage to cell structures. This is followed by an 

acute inflammatory response including oedema formation and inflammatory cell infil-

tration. (Cheung et al. 2003.)  

 

It is thought that the tissue breakdown products of damaged and dying cells sensitise 

nociceptors so the muscle is tender to local palpation, stretch and contraction (Proske & 

Morgan 2001). Additionally, Weerakkody et al. (2001) proposed that large-fibre mech-

anoreceptors contribute to DOMS. A more recent study of Murase et al. (2010) found 

that bradykinin released from exercising muscle may trigger development of muscular 

mechanical hyperalgesia (an increased sensitivity to pain) and nerve growth factor 

(NGF) produced in the muscle after eccentric contraction has a central role in pain 

maintenance by sensitizing nociceptors to mechanical stimulation. The study of Svens-

son et al. (2003) supports the importance of NGF in DOMS as they showed intramuscu-

lar injection of NGF to induce prolonged muscle tenderness in humans. In addition, 

TRP ion channels and a pathway from cyclooxygenase-2 to glial cell line-derived neu-

rotrophic factor (GDNF) may serve as potential mechanisms for generating DOMS after 

eccentric exercise (Fujii et al. 2008; Murase et al. 2013). 
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3.2.2 Effects of EIMD on athletic performance 

 

EIMD results in immediate and prolonged functional impairments, e.g. reductions in 

strength and power. From the athlete’s point of view, especially the ability to generate 

power output after EIMD is important, as athletic events are associated with movements 

with high angular velocities. These complex sport-specific movements are less studied, 

whereas force-generating capacity has been studied through isometric and dynamic iso-

kinetic testing modalities. (Byrne et al. 2004.) The inability of eccentrically exercised 

muscle to generate an initial high force and power could be explained by the selective 

damage of fast-twitch fibres, which has been proved in many studies (Cairns et al. 2009; 

Piitulainen et al. 2012; Takekura et al. 2001; Vijayan et al. 2001). In such case, there is 

a lack of the marked rise and rapid decline in force and power, thus the eccentrically 

exercised muscles appearing less fatigable but unable to act powerfully (Byrne & Eston 

2002b). This chapter will focus on studies measuring power output after damaging ex-

ercise, but will also briefly describe studies using isometric strength as a muscle func-

tion determinant. The psychological effects of EIMD, such as fear of pain, on perfor-

mance are not considered. 

 

Following eccentric muscle action, Byrne and Eston (2002b) reported instant and pro-

longed reductions in peak power assessed during a 30-second Wingate cycle test and in 

isometric strength using an isokinetic dynamometer. Even though peak power and iso-

metric strength were both declined, they followed different temporal patterns of recov-

ery. Whereas isometric strength demonstrated a linear recovery, peak power declined 

further at days 1 and 2 post-exercise before starting to recover. These results suggest 

that muscle power, unlike strength, may be affected by DOMS and the inflammatory 

response associated with EIMD. On the contrary, Semark et al. (1999) showed there are 

no evident effects of EIMD on a single sprint performance. They used 5, 10, 20 and 

30m sprints and there was no evidence to suggest that muscle damage and DOMS 

caused by a series of drop jumps impaired sprint time or acceleration. As subjects had 

severe DOMS at the time of post-exercise tests (12, 24, 36, 48, 60 and 72 h) it was as-

sumed to negatively effect on the sprint performance.  

 

Byrne and Eston (2002a) investigated the effect of EIMD following eccentric exercise 

on vertical jumping performance with and without the use of the SSC. They measured 
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both immediate and up to four days lasting reductions in jumping performance, howev-

er, the jump method affecting the result. Vertical jump performance was particularly 

affected in the squat jump (no SSC) compared to the countermovement or drop jump 

(with SSC). Thus, the way in which strength is utilized appears to be an important de-

terminant of performance and the SSC possibly attenuates the detrimental performance 

effects related to EIMD. In the same study, the extent and rate of recovery for isometric, 

concentric and eccentric muscle actions was similar. The reduction in strength persisted 

for four days in all muscle actions. Similarly, Avela et al. (1999) demonstrated that fol-

lowing long-lasting SSC exercise (marathon) muscle force production capacity is de-

clined up to two days. The recovery occurred in a bimodal pattern, as the immediate de-

cline was followed by an early recovery and secondary reduction in performance at 2 

days post-exercise, possibly due to secondary damage (Figure 13).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Force production capacity is reduced immediately after exercise (*). The early re-

covery of force production occurs at two hours post-exercise and the secondary reduction at two 

days post-exercise (*). (Avela et al. 1999.) 
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4 PROMOTING RECOVERY AND TRAINING ADAPTATION 

WITH COLD TREATMENT 

 

 

Recovery from an intense exercise occurs in multiple phases as some of the components 

are treated immediately after the exercise, whereas proper sleep and nutrition should be 

part of everyday life. The recovery time depends on the exercise, since for example the 

immediate energy stores (ATP and PCr) recover quickly in 2–5 min, whereas the recov-

ery of muscle damage may take up to 8 days. Immediately after the exercise, it may be 

beneficial to facilitate the removal of metabolic by-products by e.g. active recovery. The 

instant consumption of proteins and carbohydrates, in turn, activates protein synthesis 

and restores glycogen stores. During the first couple of days following the exercise, re-

covery can be aided by e.g. massage and stretching, which may reduce muscle tension 

and soreness. (Bompa & Haff 2009, 108–117.) 

 

Especially important is the treatment of EIMD, since it is a long-term limiting factor for 

muscle performance. One of the treatment strategies used to alleviate or prevent EIMD 

and its associated symptoms, such as oedema and muscle soreness, is cold treatment 

(cryotherapy). Cryotherapy means a technique where cold water immersion (CWI), ap-

plying ice or other forms of cooling are used to treat acute traumatic injury and promote 

post-exercise recovery. (Barnett 2006.) Cryotherapy reduces muscle temperature, which 

eventually causes other physiological changes. Although the main focus of the next 

chapter is on the treatment of EIMD, also factors associated with recovery, such as the 

rate of post-exercise protein synthesis, post-exercise glycogen synthesis and the role of 

inflammation are considered. 

 

 

4.1 Temperature decline induces physiological responses 

 

Since many of the therapeutic effects of cryotherapy are temperature-dependent, the 

magnitude of tissue temperature change seems to be of importance when using cryo-

therapy. For example, increasing the thermal gradient by applying colder water 

(Mawhinney et al. 2013) and using cold treatment for longer duration (Peiffer et al. 



 37 

2009) results in greater tissue temperature change. Furthermore, it is possible that deep-

er tissues will not reach their lowest temperature during the actual cooling period, but 

rather during the post-cooling period when the heat from them is used to re-warm the 

cooler superficial tissue (Figure 14) (Enwemeka et al. 2001). This supports the rationale 

for using intermittent cooling strategies to achieve lower muscle temperature and avoid 

cold-caused damage to the superficial tissues. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. The temperature gradient at skin level and 1.0 cm, 2.0 cm, and 3.0 cm below the 

skin before, during, and after cold pack therapy (treatment period in blue: time 0–20 min). 

There is a sharp fall in the temperature of the skin and the 1.0 cm level during the treatment, 

whereas the temperatures at the two deeper levels fell progressively following the treatment (in 

red). (modified from Enwemeka et al. 2001.)  

 

Although the beneficial effects of CWI can be associated with reducing hyperthermia as 

elevated core temperature has been studied to reduce voluntary activation during maxi-

mal isometric force production (Morrison et al. 2004), this chapter will focus on what 

kind of physiological changes altering tissue temperature causes. 

 

4.1.1 Cardiovascular effects and changes in blood flow 

 

When human body is exposed to cold it intends to minimize the heat loss via cutaneous 

vasoconstriction i.e. narrowing of the blood vessels. Whole body skin cooling has been 

studied to induce reflex vasoconstriction, in which the release of norepinephrine and 

sympathetic co-transmitters, such as neuropeptide Y, results in decreased skin blood 

flow. (Stephens et al. 2001; Stephens et al. 2004.) In turn, the vasoconstriction with lo-
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cal skin cooling is provoked by a postsynaptic up-regulation of α2c-adrenoceptors and 

by prevention of the nitric oxide system (Johnson & Kellogg 2010). Reflex and local 

vasoconstriction often interact during cold exposure to maximize vasoconstriction, 

however, the combined effect being less than the sum of the results from independent 

local and reflex cooling (Alvarez et al. 2006).  

 

CWI following exercise has been suggested to reduce muscle blood flow via vasocon-

striction. Vaile et al. (2011) showed that 15 min full-body CWI (15°C) reduced the 

blood flow to the limbs supporting the idea that CWI leads to a redirection of blood 

flow from the periphery to the core. Mawhinney et al. (2013) studied if there is differ-

ence in the physiological responses when using 8°C and 22°C water for immersion 

post-exercise. The CWI at 8°C decreased the tissue temperature more, but there was no 

further reduction in muscle or cutaneous blood flow compared to immersion at 22°C. At 

rest, 8°C and 22°C have resulted in similar limb blood flow, however, at 8°C skin blood 

flow being increased, thus suggesting decreased muscle blood flow in colder water 

(Gregson et al. 2011). According to these studies, the distribution of blood may differ if 

exercising before applying cryotherapy. 

 

Using cold treatment following exercise is suggested to prevent oedema formation and 

decrease the extent of muscle cell damage (Yanagisawa et al. 2003a). The acute exer-

cise-induced oedema formation is thought to be limited via decreased microvascular 

blood flow around the injured area as the capillaries constrict (Vaile et al. 2011), which 

attenuates perfusion elevation following exercise (Ihsan et al. 2013; Yanagisawa et al. 

2004). As oedema formation is attenuated the degree of mechanical compression of ca-

pillaries and mechanical stress on cell structures are decreased as well, which could oth-

erwise cause further cell death. Additionally, decreased oedema also improves oxygen 

delivery, since the route between muscle cells and capillaries is shorter for oxygen and 

waste product transportation (Swenson et al. 1996 as cited in Yanagisawa et al. 2003a.) 

Also the blood and interstitial fluid exchange between superficial and deep tissues, 

when trying to equalize the temperature gradient, can facilitate the removal of accumu-

lated fluid and metabolites from damaged superficial tissue, and reduce pain and oede-

ma (Enwemeka et al. 2001). 
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Although restricting blood flow may be beneficial to recovery, its long-term effects are 

controversial. For example, Roberts (2014) suggests decreased blood flow to have det-

rimental effects on adaptation to training via attenuated amino acid delivery. Decreased 

amino acid delivery may consequently decrease protein synthesis, which is especially 

essential when the target is muscle growth (hypertrophy). (Roberts 2014.) The role of 

protein synthesis is discussed further in the context of training adaptation (4.2.2). 

 

If a training session results in glycogen depletion, the next session may be limited if the 

re-loading of glycogen post-exercise is not sufficient. Especially, if more than one train-

ing session or competition are performed per day, the rapid glycogen synthesis is of im-

portance in the early hours post-exercise. (Jentjens & Jeukendrup 2003.) Enhanced 

muscle blood flow in trained athletes has been studied to correlate with glycogen syn-

thase activity, which increases glucose delivery to the muscle and may lead to increased 

glycogen synthesis rate compared with sedentary individuals (Ebeling et al. 1993). 

Since cryotherapy targets mediating post-exercise blood flow and metabolism, it could 

alter glucose availability to the muscle during recovery and negatively effect on glyco-

gen re-synthesis. However, Gregson et al. (2013) demonstrated that the glycogen syn-

thesis rate is the same following cooling than without it. Thus, athletes should not be 

concerned with inhibitory effects of the cryotherapy-associated reductions in muscle 

blood flow on the restoration of the glycogen stores.  

 

Šrámek et al. (2000) studied cardiovascular changes during 1-h head-out immersion at 

14°C. Cooling decreased rectal temperature, and activated the sympathetic nervous sys-

tem, which increased metabolic rate and blood pressure via vasoconstriction. The things 

are vital to occur in order to aid the body to maintain the core temperature. Neverthe-

less, little is known about how cryotherapy affects vasomotor activity during the post-

exercise period. Buchheit et al. (2009) showed that 5 min of CWI (14°C) applied fol-

lowing supramaximal exercise in the heat causes faster and greater post-exercise para-

sympathetic re-activation compared with a non-immersed condition. These results are 

supported by the later study of Al Haddad et al. (2010) who showed that a 5 min water 

immersion, regardless of water temperature (CWI: 14–15 °C, TWI: 33–34 °C), seems to 

speed up post-exercise parasympathetic activation, as inferred from heart rate and heart 

rate variability indices. 
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4.1.2 Changes in cell metabolism 

 

Following exercise muscles have an increased oxygen demand as they e.g. restore ion 

gradients, repair structural damage and remove metabolic by-products (Børsheim & 

Bahr 2003). The study of Ihsan et al. (2013) showed that applying CWI following exer-

cise increased the tissue oxygenation index (TIO), which may reflect reduced muscle 

metabolic activity following cooling, and thereby the O2 supply matching better to its 

demand. The authors were unsure whether the lowered metabolic demand is a result of 

reduced muscle blood flow or reduced muscle temperature. However, when the muscles 

are encountering less metabolic stress, the depressed mitochondrial energy production 

may result in decreased ROS production and limited muscle damage following exercise 

(Brookes et al. 2004). There are no human studies investigating the effect of cryothera-

py on ROS production, but a study of Carvalho et al. (2010) examined the effect of 

cooling on ROS-mediated damage in rats. They found that applying cold might reduce 

the ROS-mediated damage by modulating the inflammatory response, since the intensi-

ty of inflammation seems to be an important factor involved in the development of oxi-

dative damage. The role of ROS in adaptation to training will be discussed later on 

(4.2.2). 

 

Additionally, as cryotherapy reduces cell metabolism via either decreased blood flow or 

temperature decrement, it has a potential to minimize the secondary exercise-induced 

hypoxic cell death (Knight 1976 as cited in Merrick et al. 1999; Yanagisawa et al. 

2003b). Thus, if a smaller degree of breakdown products of dying cells are released, the 

inflammatory response may be less powerful and oedema formation attenuated (Lamb 

et al. 1995; Verburg et al. 2005; Zhang et al. 2008). 

 

Participation in high-intensity exercise increases the concentration of metabolic by-

products within the muscle as described in chapter 2.1.2. The study of Yanagisawa et al. 

(2003a) showed that cryotherapy may raise the muscle pH via improved metabolic 

clearance of H
+
 following strenuous exercise, and thus it could boost the short-term re-

covery. On the other hand, cooling may decrease muscle function e.g. by increasing 

muscle stiffness (Muraoka et al. 2007) impairing the ability of the muscle spindle to 

trigger the stretch-reflex (Meeusen & Lievens 1986) and decreasing acetylcholine con-

centration (Abramson et al. 1966 as cited in Wilcock et al. 2006), and result in short-
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term decrease in functional performance, such as sprint ability (Patterson et al. 2008). 

This is supported by the study of Crowe et al. (2007), as they showed that an all-out 30s 

anaerobic cycling performance was negatively affected if CWI was applied during the 

1-h recovery period between the two cycling bouts. Peak power, total work, blood lac-

tate concentration and peak exercise heart rate were decreased in the cold trial compared 

to the control. Thereby, cryotherapy is not recommended prior short-term exercises and 

the benefit of higher pH is concealed by the reduced neuromuscular function of a cooled 

muscle.  

 

On the contrary, Vaile et al. (2010) showed that CWI leads to better maintenance of per-

formance during 35 min high intensity cycling in hot conditions (32.8°C) compared to 

active recovery. CWI reduced the blood flow to the limbs supporting the idea that CWI 

leads to a redirection of blood flow from the periphery to the core. This possibly in-

creases venous return, cardiac efficiency and exercise performance. These findings sug-

gest that the performance benefit of CWI may be limited to a high intensity exercise of 

a longer duration.  

 

4.1.3 Way to relief pain perception 

 

The most widely accepted mechanism associated with cooling-induced reduction of the 

acute pain perception is its analgesic effect. The effect is likely due to the cold tempera-

ture, which reduces nerve conduction velocity (NCV) and muscle spindle activity with a 

consequent blunted stretch-reflex response and decreased spasticity of muscle. These 

events inhibit the pain-spasm cycle and contribute to the relief of pain. (Meeusen & 

Lievens 1986.) Although pain relief requires relatively low temperature (10–15°C), the 

motor neurons are significantly affected at even lower temperatures. Thus, cooling may 

have an analgesic effect before muscle function is affected. (Herrera et al. 2010.) 

 

The other mechanisms explaining the pain relief with cold application include suppres-

sion of nociceptive receptor sensitivity and decreasing the number of ascending noci-

ceptive stimuli via cold acting as non-noxious stimuli and inhibiting the noxious inputs. 

The analgesic-descending pathway of the central nervous system is also a potential 

mechanism to reduce pain sensation when cold is applied. For example, the release of 
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endorphins may increase due to changes in ambient temperature. (Saeki 2002.) Addi-

tionally, reduction in metabolic enzyme activity levels and restricting oedema may de-

crease the pressure on pain receptors (Yanagisawa et al. 2003a).  

 

4.1.4 Cold treatment induced endocrine responses    

 

Exercise and cold both stress body, and thus may cause changes in circulating hormone 

concentrations. As hormones modulate e.g. blood flow, fluid balance and metabolism 

(Guyton & Hall 2006, 201, 906–907), they have a potential to affect recovery from ex-

ercise. However, the effects of cryotherapy on the post-exercise hormone response are 

not well studied.  

 

Srámek et al. (2000) observed hormone changes during 1-h head-out immersion in wa-

ter at temperatures of 32°, 20° and 14°C without the effect of exercise. They suggest 

that water immersion is capable of altering some key endocrine factors, however, the 

results not describing the changes in circulating hormones following exercise. They ob-

served a trend towards decreased cortisol following both the 14°C and 20°C conditions 

and increased concentration of norepinephrine and dopamine following only the 14°C 

condition. Nevertheless, the study protocol was extreme with the whole-body exposure 

to cold for 1 h, and therefore the results may not reflect the changes occurring following 

a shorter immersion time.  

 

Testosterone and cortisol levels are frequently measured to determine the anabolic/ cat-

abolic effects of training and recovery. In the study of Nemet et al. (2009) a four times 

250 m interval running exercise was associated with an increase in testosterone levels, 

but there was no significant change in cortisol level. Testosterone levels returned to 

baseline in the recovery (post 60 min) with no effect of the cold-pack application. Simi-

larly, cooling had no effect on cortisol levels. However, local cooling immediately fol-

lowing sprint-interval training was associated with greater decreases in both pro- and 

anti-inflammatory cytokines (IL-1β, IL-1ra). Cooling also reduced the anabolic (IGF-I 

and IGFBP-3) and increased the catabolic (IGFBP-1) hormonal response. These results 

suggest that the application of cold pack immediately after exercise may cause attenua-

tion of the anabolic effects of the preceding training. 
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4.2 Effect of cold treatment on physical performance    

 

Whether cryotherapy enhances or reduces adaptation to training has become a topic of 

interest. The improvements in performance observed in acute cold treatment studies 

(Ascensão et al. 2011; Bailey et al. 2007; Ingram et al. 2009) propose cold treatment to 

result in an enhanced stimulus for adaptation, consequently allowing athletes to perform 

subsequent training sessions better.  However, a certain degree of fatigue and/or in-

flammation post-exercise may be necessary to promote long-term adaptations to train-

ing, thus cryotherapy being harmful in long-term use (Yamane et al. 2006). This chapter 

separates the studies examining the effects of cryotherapy on a single exercise bout and 

those observing the adaptive processes over a longer time period. Also the mechanisms 

by which cold treatment may enhance or impair recovery and training adaptation are 

discussed, although some of them being still relatively unknown. 

 

4.2.1 Recovery from a single exercise  

 

There are many studies suggesting that cryotherapy has a potential not only to reduce 

EIMD and DOMS following a single exercise, but it may also promote a faster recovery 

of neuromuscular function (Ascensão et al. 2011; Bailey et al. 2007; Ingram et al. 

2009). Bailey et al. (2007) showed that CWI reduced the decrement in maximal isomet-

ric force following a bout of intermittent exercise, whereas Ascensão et al. (2011) re-

ported CWI to be beneficial following a soccer match when measuring strength. More 

accurately, Roberts et al. (2014) demonstrated that applying cold treatment following a 

single high intensity training session improves strength performance during the time 

period of 20 min to 6 h post-exercise. 

 

Similarly, Ingram et al. (2009) observed reduced decrements in isometric leg extension 

and flexion strength in the 48-h post-exercise period when CWI was used following a 

simulated 80 min team sports exercise. In their study, CWI also facilitated the recovery 

of a repeated sprint performance. Additionally, immediate CWI has been studied to re-

sult in better next-day shuttle run performance compared to control (no treatment), and 

also a delayed (3 h) CWI is likely beneficial but not as efficient as immediate CWI 
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(Brophy-Williams et al. 2011). In all of the studies mentioned above, CWI was able to 

reduce DOMS.  

 

A recent study by Tseng et al. (2013) suggests cooling to delay the recovery of EIMD. 

They state that cooling attenuates the rate of cell turnover and muscle regeneration in 

the early period of recovery. As the elevation in muscle damage markers occurs during 

the regeneration phase, the change in the regeneration process time course concurrently 

delays myoglobin and CK response as well. 

 

Commonly used indirect markers of muscle damage are myoglobin and creatine kinase 

(CK) concentrations measured in the blood. Myoglobin is an iron- and oxygen-binding 

protein found in the muscle tissue. Myoglobin has oxygen attached to it to provide extra 

oxygen for the muscles to keep at a high level of activity for a longer period of time. 

(Guyton & Hall 2006, 81.) Creatine kinase (CK) is an enzyme, which has a crucial role 

in energy metabolism as it catalyses the conversion of creatine and consumes ATP to 

create PCr and ADP. The serum CK level can rise as a consequence of metabolic and 

mechanical damage of the muscle tissue following exercise, and thus it is commonly 

used as indicator of EIMD. CK levels can remain elevated up to 7 days following an 

extreme eccentric exercise. (Brancaccio et al. 2007.)  

 

However, special caution in the interpretation of CK activity as a marker of muscle 

damage has been advised, since large inter-individual and intra-individual variation has 

been noted (Statland et al. 1976; Warren et al. 1999). It has been studied that CK is re-

leased from the muscle when a fixed loading exceeds a certain limit of muscle ability 

and causes membrane permeability to change (break point). Consequently, CK leaks 

into the interstitial fluid, is taken up by the lymphatic system and returned into the cir-

culation. (Brancaccio et al. 2007.) The high-responders, those gaining improvements in 

performance easiest, to training have been studied to exercise at relatively higher inten-

sity to supply enough energy to complete the same exercise compared to low-

responders, thus exercising beyond the CK break point. In the study of Totsuka et al. 

(2002) peak CK values were 751 ± 81 U/l in high-responders, whereas low-responders 

peak CK values were 184 ± 16 U/l during the same exercise. 

 



 45 

Cryotherapy has been studied to reduce membrane permeability, fluid diffusion into the 

interstitial space and the diffusion of myoproteins into the extracellular space, conse-

quently diminishing oedema and the acute inflammatory response (Eston & Peters 

1999). There are multiple studies showing a lower concentration of CK and/or myoglo-

bin if cold treatment is applied post-exercise (Ascensão et al. 2011; Bailey et al. 2007; 

Eston & Peters 1999), thus suggesting diminished muscle damage. Additionally, C-

reactive protein (CRP) is a widely used inflammatory marker, and its concentration has 

been studied to be lower when cryotherapy is used following a single exercise (As-

censão et al. 2011). 

 

4.2.2 Long-term adaptation to training 

 

The results of a recent investigation of Halson et al. (2014) suggest that CWI completed 

four times per week over three weeks of increased training load does not impair adapta-

tion to training in competitive cyclists, rather improving the performance. On the con-

trary, Yamane et al. (2006) reported that regular CWI of the exercised muscles over a 4- 

to 6-week training period resulted in an attenuated improvement in cycling and hand-

grip exercise performance in untrained subjects. However, the water temperature in the 

study by Yamane et al. (2006) was rather low (5°C and 10°C) and time for immersion 

long (1-2 x 20 min) potentially affecting the study outcome. Considering adaptation to 

strength training, CWI has attenuated the acute satellite cell response to a resistance 

training session, and also reduced strength and hypertrophy adaptation to resistance 

training during a 12-week period (Raastad et al. 2014; Roberts 2014). 

 

One of the potential factors causing the positive effect of cryotherapy is the transcrip-

tional co-activator PGC-1α. PGC-1α is an important regulator of mitochondrial func-

tion, oxidative metabolism, and energy homeostasis, thus it has a potential to improve 

performance and have a role in adaptation to training. (Lin et al. 2005; Wu et al. 2011.) 

An acute exercise consisting of five bouts of swimming induced increase in PGC-1α 

expression in rats, so that one exercise bout caused approximately two-fold increases in 

full-length muscle PGC-1 mRNA and PGC-1 protein (Baar et al. 2002). In humans, six 

weeks endurance training promoted PGC-1 α expression as well, especially in type 2a 

muscle fibers (Russell et al. 2003).  Interestingly, the PGC-1α expression has been stud-
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ied to be temperature sensitive. As subjects undertook a 3–4 h recovery period in cold 

(7°C) compared with room temperature (20°C), it resulted in a larger elevation in PGC-

1α mRNA expression following a 1 hour cycling (Slivka et al. 2012). A more recent 

study of Ihsan et al. (2014) proved that even a short 15 min post-exercise cooling may 

enhance mitochondrial biogenesis and promote exercise adaptation via the enhanced 

PGC-1α expression in humans.  

 

On the other hand, training induced mechanical and metabolic alterations (e.g. hypoxia, 

building of metabolic by-products and free-radicals, acidosis, and cell swelling), and 

even muscle damage with consequent inflammation are considered as essentially physi-

ological, and necessary for repair (myofiber regeneration) and adaptive processes (myo-

fiber hypertrophy and increased capillary supply) (Schönfeld 2010; Yamane et al. 

2006). Also the activation of heat shock proteins, certain level of ROS production, and 

exercise-induced increase in blood flow following exercise may be important to training 

adaptation (Powers et al. 2007; Roberts 2014; Thompson et al. 2003). Thus, cold treat-

ment potentially attenuates these temperature-dependent processes and could remove 

the contribution of muscular hyperthermia to the training effects. The next paragraphs 

briefly describe the role of heat in adaptive processes. 

 

During hypertrophy, contractile elements enlarge as sarcomeres are added in series or in 

parallel, and the extracellular matrix becomes larger to support growth. Satellite cells, 

which reside between the basal lamina and sarcolemma, are thought to facilitate muscle 

hypertrophy in several ways, e.g. by donating extra nuclei to muscle fibers and by co-

expressing various myogenic regulatory factors. The activation of mTOR (mechanistic 

target of rapamycin) signalling pathway is the most important regulator of muscle pro-

tein synthesis. (Schönfeld 2010.) 

 

When activated in muscle, mTORC1 senses mechanical contraction through complex 

mechanisms, which stimulates protein synthesis to drive muscle hypertrophy (Drum-

mond et al. 2009; Philp et al. 2011). Bentzinger et al. (2008) showed that mice lacking 

mTORC1 in muscles have reduced muscle mass and oxidative function, which may lead 

to early death. Also nutrition, especially some amino acids (e.g. leucine) and anabolic 

substances, may activate mTOR pathway and stimulate protein synthesis (Atherton et 

al. 2010). Other pathways involved in hypertrophy than mTOR include such as mito-
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gen-activated protein kinase (MAPK), and calcium-dependent pathways (calcineurin 

being a critical regulator in the Ca
2+

 signalling cascade) (Schönfeld 2010). 

 

In animal studies, a period of acute heat exposure has caused increase in muscle mass, 

thus suggesting heat to be a potent stimulus for increased protein synthesis (Ohno et al. 

2010; Uehara et al. 2004). More precisely, phospho-p70S6K expression, which is a 

component of mTOR pathway, has been associated with the increased mass of the rat 

muscles following heat exposure (Uehara et al. 2004; Yoshihara et al. 2013). Addition-

ally, heat stress may stimulate muscle growth via a calcineurin-dependent signaling 

pathway. Kobayashi et al. (2005) found up-regulation of calcineurin expression with the 

increased mass of the rat soleus muscle 7 days after heat exposure. They suggested heat 

stress to modify the intracellular Ca
2+

 level in skeletal muscles, which affects calcineu-

rin expression and hypertrophy. 

 

Heat stress has also enhanced mTOR signalling in human skeletal muscles. A study of 

Kakigi et al. (2011) measured the phosphorylation of molecules involved in mTOR sig-

nalling after resistance exercise (4E-BP1, Akt/PKB, mTOR, and ribosomal protein S6), 

which all were positively affected by heat exposure, suggesting heat stress to promote 

protein synthesis. Moreover, Roberts (2014) demonstrated that cold treatment attenuat-

ed these key mTOR pathway protein responses, such as p70S6K activity and satellite 

cell accretion, following exercise.  

 

It was earlier suggested that decreasing ROS production by applying cold might be ben-

eficial as it has a potential to decrease the amount of muscle damage following exercise 

(Carvalho et al. 2010).  However, elevated ROS generation affects the redox status of 

the muscle fibre, which may contribute to muscle adaptation to exercise, as many of the 

muscle re-modelling pathways are redox sensitive. Thus, it seems that a balance be-

tween ROS production and antioxidant defence system has a central role. Powers et al. 

(2007) suggest that there is an ideal level of ROS production resulting in hypertrophy 

and adaptation to training, but high levels of ROS modulating signalling pathways that 

possibly lead to cell death.    
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5 SUMMARY OF LITERATURE 

 

 

With intense dynamic exercise the glycolytic pathway with formation of pyruvate and 

ATP is used to meet the energy demand of the cross-bridge cycle and muscle ion 

pumps. Once mitochondria cannot oxidize all of the formed hydrogens, pyruvate is 

converted to lactate as it accepts the excess hydrogens. Fundamentally, production of 

lactate has been suggested to contribute to acidosis together with carbon dioxide created 

during respiration. However, lactate production may actually help to curb the develop-

ment of acidosis as it allows glycolysis to continue and moreover, lactate is used as an 

energy source. Only when lactate production exceeds its removal, lactate starts to ac-

cumulate and may increase H
+
 concentration. For example, Steward’s approach de-

scribes these acid-base changes via changes in strong ions (such as lactate), weak acids, 

and carbon dioxide concentration. Robergs et al. (2004), in turn, suggests that part of 

the H
+ 

is produced in ATP hydrolysis as the rate of proton production exceeds the rate 

of proton transportation into the mitochondria. However, this model has faced a lot of 

criticism. 

 

The general agreement has long been that building up of H
+ 

in working muscles induces 

fatigue and limits performance during high-intensity exercise. The pH dependent pro-

cesses contributing to fatigue include such as change in myosin ATPase activity, re-

duced activity of the key glycolytic enzymes phosphorylase and phosphofructokinase, 

and disturbance in membrane excitability. However, the recent whole-body studies in 

physiological temperatures have questioned the results gained in studies with isolated 

muscle fibers. As a result, also other fatigue factors than pH have been proposed. For 

example, it has been hypothesised that inorganic phosphate (Pi) would have a signifi-

cant role in muscle fatigue as it disturbs muscle force production by altering SR and 

myofibrillar function.  

 

Muscle injury also causes a decline in performance that reverses only very slowly. The 

initial events of exercise-induced muscle damage (EIMD) are caused by mechanical 

stress induced on muscle, which increases permeability in sarcolemma and alters con-

traction kinetics. During the days after the intense exercise, the inflammation process is 
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activated, which promotes oedema formation and causes muscle stiffness and soreness 

called delayed onset muscle soreness (DOMS). Recovery from the most serious injuries 

involves activation of satellite cells and regeneration of damaged fibers.  

 

Different recovery strategies are used to treat the exercise-induced stress on the body. 

Immediately following the exercise it is common to use active recovery to improve cir-

culation, which promotes nutrient transport and clearance of metabolic by-products. 

Consumption of protein and carbohydrates ensures the activation of protein synthesis 

and restoring of muscle glycogen stores. During the days after an intense exercise the 

balance between rest, proper nutrition and different recovery strategies, such as massage 

and stretching, is of importance. In this study cold treatment (cryotherapy) was used to 

prevent and treat EIMD. 

 

The mechanisms of cold treatment are speculated to be related to temperature-induced 

changes in blood flow and cell metabolism, subsequently reducing post-exercise in-

flammation. However, it remains controversial whether cold treatment is effective in 

treatment of exercise-induced muscle damage following a single exercise, or not. In 

acute setting, cold treatment has been studied to prevent muscle soreness successfully, 

but the effect against decrements in neuromuscular function is unclear. Also the appear-

ance of intracellular proteins, which are used as markers of muscle damage, in plasma 

during recovery is a matter of controversy. Although there is a lack of evidence-based 

guidelines for cold treatment, cooling has not resulted in negative outcomes and it is 

popular when the aim is optimal performance and recovery. 

 

The effect of cold treatment over a longer time period is less studied. Since temperature 

dependent processes are vital to training adaptation cold treatment has been proposed to 

impair performance and adaptation when applied continuously. On the other hand, cold 

treatment may enhance recovery between training sessions, and consequently promote 

performance within subsequent sessions. Thus, it should be carefully considered when 

exercised-induced stress for the promotion of adaptation is desired and if applying cold 

treatment can be harmful. Moreover, it should be taken into account that cold water 

immersion (CWI) is used in most of the studies, and the outcome of other cooling strat-

egies may be different.  
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Overall the influence of cold treatment in acute settings is rather well studied, but lack 

of guidelines for the use of cooling post-exercise still exists, whereas the effects of con-

tinuous application of cold treatment are rather unknown. There is also a demand for 

new cooling strategies, which could be used as an alternative for CWI. 
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6 PURPOSE OF THE STUDY 

 

 

From the athlete’s perspective, knowing the potential mechanisms and implications of 

intensive anaerobic work and EIMD on performance and being aware of the treatment 

of muscle damage and the accompanied loss of muscle function are vital for optimal 

performance. Thereby it is possible to e.g. develop correctly periodized training pro-

gramme, maximize the training gains and avoid under-performance and injuries. The 

purpose of the recent study was to investigate the efficacy of a recently developed cold 

treatment modality on biochemical, neuromuscular and perceptual markers of EIMD 

following both an intensive anaerobic running exercise session and following a 7-day 

training microcycle including anaerobic interval running and hypertrophic strength 

training. 

 

Research problem 1. Does cold treatment effect on the rate of muscle damage, muscle 

soreness, or on the recovery of physical performance following an anaerobic running 

exercise? 

 

Hypothesis 1. Cold treatment can limit the extent of muscle damage (creatine kinase, 

myoglobin, C-reactive protein, testosterone, cortisol) and pain, and improve the func-

tional recovery (isometric force, countermovement jump, sprint ability) after anaerobic 

exercise. 

 

Cold treatment following exercise has been studied to e.g. prevent oedema formation, 

and decrease the extent of muscle cell damage as mechanical stress on cells is de-

creased, oxygen delivery is improved, and oxygen supply matches better to its demand 

(Ihsan et al. 2013; Vaile et al. 2011; Yanagisawa et al. 2003a). As less breakdown prod-

ucts of dying cells are released, the inflammatory response and secondary damage are 

weakened (Lamb et al. 1995; Verburg et al. 2005; Zhang et al. 2008), which can be seen 

in the amount of indirect muscle damage and inflammatory markers (creatine kinase, 

myoglobin, C-reactive protein). Additionally, cold treatment has been studied to reduce 

membrane permeability, and consequently less muscle damage and inflammatory mark-

ers are released from the muscle cells into the blood stream (Eston & Peters 1999). The 
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effect of cold treatment on endocrine response is studied less, Nemet et al. (2009) sug-

gesting cooling to have no effect on testosterone and cortisol levels following an inter-

mittent running exercise. 

 

Cold treatment has been studied to be effective in restoring strength if applied post-

exercise (Ascensão et al. 2011; Bailey et al. 2007; Ingram et al. 2009). Also running 

performance has recovered better in some studies (Brophy-Williams et al. 2011; Ingram 

et al. 2009) but there are also studies showing no benefit of cold treatment for sprint 

performance (Ascensão et al. 2011). Cold treatment reduces the acute (1–3 h) pain per-

ception following exercise via analgesic effect (Ascensão et al. 2011; Bailey et al. 2007) 

and the delayed soreness is reduced e.g. as less breakdown product sensitise nociceptors 

and there is less pressure on pain receptors (Enwemeka et al. 2001; Merrick et al. 1999; 

Proske & Morgan 2001). 

 

Research problem 2. Does cold treatment effect on the adaptation to training? 

 

Hypothesis 2. Long-term use of cryotherapy may impair the adaptation to training. 

 

The results from the acute cold treatment studies suggest cooling to result in an en-

hanced stimulus for adaptation and improvements in performance (Ascensão et al. 

2011; Bailey et al. 2007; Ingram et al. 2009). However, when studying the effects of a 

long-term cold treatment on muscle aerobic performance, the demonstrated results are 

contradictory (Ihsan et al., 2014; Slivka et al., 2012; Yamane et al., 2006). For example, 

Yamane et al. (2006) suggested that micro-damages and associated metabolic altera-

tions following exercise are essentially physiological, and necessary for repair and 

adaptive processes. Also decreasing ROS production and activation of heat shock pro-

teins via cooling may be harmful, as they have a role in the training adaptation process 

(Powers et al. 2007; Thompson et al. 2003).  
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7 METHODS 

  

 

7.1 Participants 

 

Eight recreationally active males volunteered to participate in this study. Mean (± 

standard deviation) for age, height, body mass and fat percentage were 22.9 ± 1.4 years, 

177.3 ± 5.8 cm, 79.1 ± 7.6 kg and 13.3 ± 2.9 %, respectively. The participants were free 

from acute and chronic illness, disease, injury or use of medications that would contra-

indicate participation. Participants were informed of the risks and benefits associated 

with the study and that they could withdraw from it at any time. Participants completed 

a mandatory health questionnaire (Appendix 1) and signed an informed consent docu-

ment (Appendix 2). The study was approved by the local University Ethical Committee. 

 

Height was measured using a stadiometer with an accuracy of 0.1 cm. Participants faced 

directly ahead and had feet together, arms by the sides, and heels, buttocks and upper 

back in contact with the wall when the measurement was made. The body mass and fat 

percentage were analyzed using bioimpedance (InBody 720 body composition analyzer, 

Biospace CO. Ltd., Seoul, South Korea). InBody 720 uses eight polar tactile electrodes 

where a different electrical voltage and current are sent through the body. It completes 

30 impedance measurements by using six different frequencies (1, 5, 50, 250, 500 and 

1000 kHz) and records 15 reactance measurements by using three different frequencies 

(5, 50 and 250 kHz) at each segment of the body. InBody 720 provides data of e.g. 

weight, fat and muscle mass, intra and extracellular fluid, mineral content, and it has a 

high correlation coefficient of 0.984 with DEXA. (Biospace Co. 2014.) Participants 

were advised to have a meal at least two hours before the body composition analyze and 

they went to a toilet before the measurement. During the analysis, participants stood in 

an upright position wearing minimal clothing and no socks. No jewelry was worn as 

they may interfere with the electrical conductivity. The electrodes were cleaned and left 

a bit wet to improve the electrical conductivity.  

 

 



 54 

7.2 Experimental design  

 

The study was carried out in the spring 2013 in the laboratories of the Department of 

Biology of Physical Activity, University of Jyväskylä. All participants performed a full 

familiarisation of the performance tests and exercise protocol two weeks prior to partic-

ipation. During the familiarisation session, maximal sprint running and strength tests 

were carried to determine suitable exercise intensities for subsequent training sessions. 

All running tests (60 and 100 m) and training sessions during the training periods were 

performed at Hipposhalli indoor track and field hall (Novotan surfaced track, tempera-

ture of 17–19°C, and relative humidity of 30 %), whereas strength tests and training 

sessions were conducted at the gym of the University of Jyväskylä (temperature of 18–

20°C, and relative humidity of 30 %). Maximal strength tests consisted of bench press, 

leg press, biceps curl, knee extension, and knee flexion.   

 

Participants served as their own controls and received each treatment, cold (COLD) or 

control (CONTROL), in a random order. The two trials, each lasting all in all two 

weeks, were separated by at least two weeks to ensure full recovery and to minimize the 

training adaptations to the exercise protocol. Also abstaining from therapeutic treat-

ments including massage, stretching and anti-inflammatory drugs for the duration of the 

investigation was advised. Participants were asked to refrain from alcohol and caffeine 

for 24 h, and strenuous exercise for 48 h before each testing session. Biochemical and 

perceptual markers of muscle damage were obtained at baseline, immediately after, and 

30 min, 1, 24 and 48 h after the acute exercise. In addition, biochemical and perceptual 

markers of muscle damage were obtained after 4 d recovery from a 7 d training period. 

For the 24, 48 h and post-4d blood samples, participants returned to the laboratory after 

an overnight fast at approximately the same time of the morning. Neuromuscular mark-

ers of muscle damage were obtained at baseline, 48 h after the acute exercise, and 4 d 

after the training period.   

 

Acute exercise bout. In the first morning (between 7 and 9 AM) of testing participants 

arrived at the laboratory in a fastened state (10 h) and a venous blood sample was taken 

from a vein in the antecubital fossa (baseline). Next, participants consumed a light 

breakfast (Appendix 3) and perceived muscle soreness was recorded. Baseline jump and 
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sprint abilities and quadriceps strength were assessed during the 1 h between the break-

fast and the start of the acute exercise bout. Approximately 40 min after the breakfast 

participants did a 20 min warm-up, after which they completed the performance tests as 

outlined below. Subsequently, participants did a 10 x 20 m shuttle running test twice, 

separated by a 3 min break. Participants were required to run with the maximum pace 

and they received verbal encouragement during the test. Participants were advised to 

drink only a little or no water following the acute exercise to avoid haemodilution. 

 

The 10 x 20 m shuttle running test was chosen, since high-intensity intermittent sprints 

employ high force actions (both eccentric and concentric) by a relatively large leg mus-

cles and can be expected to produce mechanical and metabolic stress. Turns and chang-

es of direction induce even more stress on working muscles, thus a shuttle run was cho-

sen instead of track running. A work period of approximately 45 s can be expected to 

deplete phosphocreatine stores (roughly 10 seconds) and to utilize anaerobic glycolysis 

for most of the energy supply. Only a small quantity of energy is from aerobic process-

es. A rest period of 3 min was chosen to allow replenishment of phosphocreatine stores 

between the two sets. Immediately after (< 2 min) the second shuttle running set a blood 

sample was taken, after which the cold treatment was applied for 2 min. There was max 

10 min in between the last shuttle running set and the cold treatment. The cold treatment 

(2 min) was repeated 12, 24 and 36 h after the exercise. A schematic representation of 

the protocol is provided in Figure 15.  

 

Figure 15. Study design. The first 48 h illustrate the acute phase, after which the training period 

starts. 
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Training period. After the acute part of the study the participants did a week lasting 

training period. The one week training period consisted of three hypertrophic strength 

training sessions and three anaerobic interval running sessions on alternating days, the 

4th day being a rest day. Each of the training sessions lasted approximately an hour. The 

training loads for each session were determined from the maximal tests performed dur-

ing the familiarization session.  

 

Strength session (Appendix 4a). Participants started with a standardized warm-up con-

sisting of 7 min of cycling with an increasing resistance. Additionally, participants per-

formed a self-selected upper body warm-up (e.g. arm circles, push ups). After the 

warm-up, participants performed a resistance training program consisting of leg press, 

bench press, knee extension, biceps curls and knee flexion. The exercise order was kept 

same in all sessions. Participants performed 4 x 10 repetitions, the rest between the sets 

and exercises being 2 min. The load was varied from session to session so that the final 

repetition of each set was performed near failure and at the sudden onset of failure as-

sisted repetitions were used to achieve minimum of eight repetitions. At the end of the 

strength session participants did 4 x 25 sit ups and 2 x 25 back extensions with a 1 min 

rest between the sets. The cool down consisted of 5 min cycling and short stretches for 

hamstrings and quads. The duration of resistance exercise session was approximately 75 

min. 

 

Anaerobic interval running session (Appendix 4b). The running session started with a 

warm-up consisting of jogging for duration of 7 minutes with a self-selected pace, static 

stretching (duration of < 20 s each: hamstrings, quadriceps, buttocks, hip flexors, 

calves), dynamic activities and sprinting. After the warm-up, the participants performed 

5 x 100 m at 70 % of maximum running velocity with a 1 min rest in-between. After the 

last sprint there was a 3 min rest before the second part of the session. The second part 

consisted of 4 sets of 5 repetitions of a 60 m distance (4 x 5 x 60 m) at 80 % of maxi-

mum running velocity. The rest between the repetitions was 2 min and between the sets 

4 min. The cool down consisted of 5 minutes of jogging and short stretches for ham-

strings and quadriceps. The duration of running session was approximately 70 min. 
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7.3 Nutritional control 

 

Prior the study, participants were given dietary instructions, which were in line with the 

national nutrition recommendations (Valtion ravitsemusneuvottelukunta 2005). For 

three days before data collection and during the protocol, they were instructed not to 

change their normal eating habits and to abstain from additional dietary supplementa-

tion. Participants were required to complete a food diary for five days during both trials, 

including both weekdays and weekend days. They were asked to write down all foods 

consumed, estimate the portion sizes as accurately as possibly, try not to alter the nor-

mal intake behaviour, and to replicate dietary intake as closely as possible.  Food diaries 

were analysed for energy (kcal), protein, fat, carbohydrate and alcohol by using Nutri-

Flow programme (Flow-Team Oy, Oulu, Finland, 2012). 

 

7.4 Cold treatment 

 

Wearing minimal clothing, the subjects were exposed to water mist shower (2 min at 

10–15°C; Amandan®, Amandan Healthcare Oy Ltd., www.amandan.fi, Finland, 2015). This 

treatment was applied immediately after the 10 x 20 m acute exercise bout and at 12, 24 

and 36 h thereafter. During the training period, the cold treatment was repeated after 

each training session and once a day during the 4-day recovery period. The shower 

room ambient temperature varied between 18 and 20°C and the relative humidity was 

approximately 30 % before starting the cold treatment. The shower was placed at the 

shoulder height, the mist targeting the upper body. In this study cooling was used re-

peatedly, although there are both studies using a single session of cryotherapy immedi-

ately following exercise and studies using cooling repeatedly (Ascensão et al. 2011; 

Bailey et al. 2007; Eston & Peters 1999; Ingram et al. 2009).  

 

The earlier study of the low-energy water mist shower (Heikkinen et al. 2013) showed 

that the skin temperature falls 8.8–6.8°C as a result of 2 min shower (Table 1). This 

study was conducted with 14 thermographic sensors and the subjects were imaged prior 

the treatment, at 1 min and 2 min post-treatment to examine the temperature changes. 

According to Vatanen et al. (2012), the used cooling process is not dependent on the 

water temperature at water temperatures below 15°C and if the relative humidity of the 

http://www.amandan.fi/
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shower room is low. The normal pressure on water tap from 4 to 6 bar is enough for the 

use of mist shower and the pressure does not effect on the cooling rate.  

 

Table 1. Skin temperatures following a 2 min water mist shower measured using 14 thermo-

graphic sensors (Heikkinen et al. 2013, 46–47).  

 Pre Post 1 min Post 2 min 

Sternum 31.8 24.2  25.1  

Diaphragm 30.9 24.1  24.7  

Upper arm left 30.3 22.2  23.3  

Upper arm right 30.7 21.9  23.1  

 

6.5 Blood analysis 

 

Venous blood samples (5ml) were collected using sterile needles into serum tubes 

(Venosafe, Terumo Mediacl Co., Leuven, Belgium) by a qualified lab technician. 

Whole blood mode was measured using Sysmex KX-21N automated hematology ana-

lyzer (Sysmex Co., Kobe, Japan), and haemoglobin and haematocrit were used to calcu-

late plasma volume changes. The inter-assay coefficients of variation were for haemo-

globin 1.5% and for haematocrit 2.0%. Subsequently, the whole blood was prepared for 

the later analysis. It was centrifuged at 3.500 rpm (Megafuge 1.0R, Heraeus, Germany) 

for 10 min after which serum was removed and the sample was stored at -80°C until 

further analysis. The changes in plasma volume were calculated using following formu-

la (Harrison 1985):  

  

Hb1 = haemoglobin pre, Hb2 =haemoglobin 0min, Hcr1 = haematocrit pre, Hcr2 =haematocrit 0min 

 

Muscle damage and inflammation. In this study myoglobin and creatine kinase concen-

trations were measured to evaluate the amount of EIMD, and C-reactive protein to eval-

uate the inflammatory response. Myoglobin and hsCRP (high sensitivity CRP) were an-

alyzed using chemical luminescence techniques (Immulite 1000, DPC, Los Angeles, 

USA). The sensitivity for serum myoglobin was 0.5 ng/ml and for hsCRP 0.1 mg/l. The 

inter-assay coefficients of variation were: myoglobin 7.2% and hsCRP 6.1%. Creatine 

kinase analyze was performed using KoneLab 20 XTi -analyzer (Thermo Fisher Sci-
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etific,Vantaa, Finland) with Thermo reagents. The sensitivity for serum CK was 10 U/l. 

The inter-assay coefficient of variation was for CK 2.8%. 

 

Serum hormones. Serum testosterone (TT), cortisol (C) and sex hormone binding globu-

lin (SHBG) were measured to describe the anabolic/catabolic state following the exer-

cise. The analyses were performed using chemical luminescence techniques (Immunlite 

1000, DPC, Los Angeles, USA) and hormone specific immunoassay kits (Siemens, New 

York, NY, USA). The sensitivities for serum hormones were for TT 0.5 nmol/l, for C 

5.5 nmol/l and for SHBG 0.2 nmol/l. The intra-assay coefficients of variation were for 

TT 8.7%, for C 7.1% and for SHBG 6.5%. 

 

Anaerobic metabolism. Lactate was measured to evaluate anaerobic metabolism. The 

analyses were performed using Biosen c_Line Sport -analyzer (EKF Diagnostic, Mag-

deburg, Germany) with EKF reagents. The whole blood samples were taken from the 

fingertip. The sensitivity for the whole blood lactate was 0.5 mmol/l. The inter-assay 

coefficient of variation was 6.2 %. 

 

7.6 Performance tests 

 

Performance test order was kept the same throughout all testing. The tests were per-

formed prior to the 10 x 20 m shuttle run, and again 48 h post-exercise and 4 d after the 

training period. Before each physical testing session the participants did a standardized 

20 min warm-up including jogging, static stretching (duration of < 30s each: ham-

strings, quadriceps, buttocks, hip flexors, calves), dynamic activities and sprinting.  

 

Countermovement jump (CMJ). Maximum CMJ was determined using the flight time of 

the jump, measured using a contact mat (Department of Biology of Physical Activity, 

Jyväskylä, Finland). One-minute rest separated the three trials and participants were in-

structed to jump for maximum height. The depth of the countermovement was self-

selected and represented each participant’s optimal depth for maximal jump. The high-

est jump was recorded. Height (h) was calculated using following formula (Keskinen et 

al. 2007, 153).  
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Isometric strength. The maximal voluntary isometric contraction of the leg extensors 

was measured using an isometric leg press (Department of Biology of Physical Activity, 

University of Jyväskylä, Finland). After a warm-up set of two sub-maximal repetitions 

of leg extension at a knee angle of 107°, participants completed two to three maximal 

repetitions separated by 2 min rest. The referred angle was measured using a goniome-

ter during the familiarisation; the greater trochanter and the lateral malleolus of the an-

kle were used as anatomical markers. The leg press settings were kept same throughout 

the study. Participants received verbal encouragement and the best performance was 

recorded.  

 

Sprint test. The repeated sprint test comprised 10 x 20 m maximal sprints conducted in 

an indoor track and field hall (Novotan surfaced track, temperature of 17–19°C, and rel-

ative humidity of 30 %). The sprinting times were recorded using electronic timing 

gates (Newtest Oy, Finland) positioned at the start and at 20 m. The participants stood 

0.70 m behind the starting line and began running upon a verbal signal. Timing began 

when the participants crossed the first pair of photocells. There was one-minute rest be-

tween the sprints. The best single 20 m sprint time and the total time for 10 sprints were 

calculated. 

 

7.7 Perception of muscle soreness 

 

Ratings of perceived muscle soreness were evaluated using a scale ranging from 0 (no 

soreness) to 10 (very intense soreness) before, immediately after, and 30 min, 1, 24 and 

48 h after the acute exercise bout. In addition, participants rated the muscle soreness 4 d 

after the training period. Participants rated soreness for quadriceps and hamstrings while 

standing and they were encouraged to palpate muscles during assessment.  

 

7.8 Statistical analysis 

 

Data was analysed and graphed using Microsoft Excel 2010 and IBM SPSS Statistics 

v.20 computer software. Within group differences were analysed using repeated 

1 
8 n 
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measures ANOVA with seven levels (Pre, 0min, 30min, 60min, 24h, 48h and Post). Be-

tween group differences were analysed with an independent samples t-test. Additional-

ly, inter- and intra-individual variations were calculated using the coefficient of varia-

tion (CV %). Significances were set at * P < 0.05. 
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8 RESULTS 

 

 

8.1 Dietary intake  

 

There were no significant differences (P > 0.05) in the study participants’ nutrition be-

tween the control and cold experiments (Table 2). During the both trials, food diaries 

were kept for five days including both weekdays and weekend days. The daily intake of 

carbohydrates accounted for 39.9 % and 40.7 % of the total energy intake in CON-

TROL and COLD, respectively. The daily fat intake was 32.0 % (CONTROL) and 31.3 

% (COLD), whereas the daily protein intake accounted for 25.1 % and 23.4 % of the 

total energy intake. Alcohol accounted for the rest of the energy intake, 3.0 % in CON-

TROL and 4.6 % in COLD. The protein intake in grams per kilogram of body weight 

was 1.86 ± 0.38 g/kg in CONTROL and 1.80 ± 0.63 g/kg in COLD.  

 

Table 2. Dietary intake during control and cold trials. There are no significant (P > 0.05) differ-

ences between the groups.  

 

 CONTROL COLD 

Energy (kcal) 2390  282 2474  404 

Carbohydrates (g) 233  60 246  62 

Carbohydrates (kcal) 954 ± 244 1008 ± 252 

Protein (g) 146  28 141  48 

Protein (kcal) 599 ± 114 579 ± 196 

Fat (g) 87  20 88  17 

Fat (kcal) 767 ± 178 775 ± 150 

Fiber (g) 26  6 28  17 

Alcohol (g) 2  3 6  15 

 

8.2 Acute exercise and anaerobic metabolism 

 

The acute exercise consisted of two sets of 10 x 20 m shuttle running, which were sepa-

rated by a 3 min break. The time of the 1
st
 set was 44.3 ± 2.7 sec in CONTROL group, 

whereas in COLD group the time was 44.2 ± 2.5 sec. The time of the 2
nd

 set was slight-
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ly but not significantly (P > 0.05) slower in both groups (CONTROL 47.8 ± 4.0 sec vs. 

COLD 47.6 ± 2.3 sec). There were no differences between the groups (P > 0.05).  

 

Lactate. Lactate (figure 16) reached its peak immediately (0 min) following the anaero-

bic exercise in both groups and there is no statistical difference between the groups 

(CONTROL 16.3  3.6 vs. COLD 16.2  3.4). Lactate levels return near to baseline an 

hour following the anaerobic exercise bout in both groups (CONTROL 3.1  1.0; 

COLD 2.6  1.4), however, the difference compared to the pre-level remains significant 

(P < 0.05) only in CONTROL. The absolute difference of the 0 min–sample and the 30 

min–sample is smaller in CONTROL compared to COLD (CONTROL 8.4  2.0 vs. 

COLD 10.7  2.5) and the difference between the groups is significant (P < 0.05). 

However, the absolute difference of the 0 min–sample and 60 min–sample is similar (P 

> 0.05) in both groups. The inter-individual coefficients of variation were 20.4% 

(CONTROL) and 19.4 % (COLD) at 0 min, 40.3 % and 44.4 % at 30 min, and 28.9 % 

and 50.1 % at 60 min.  

 

 

Figure 16. Changes in lactate concentrations at different time points in control (red) and cold 

(blue) trial. ¥ significant difference  (P < 0.05) compared to pre-sample in cold group, ¤ signifi-

cant difference  (P < 0.05) compared to pre-sample in control group. 
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8.3 Blood variables 

 

Haemoglobin and haematocrit. There is no difference between the groups in the pre-

level of haemoglobin (CONTROL 157  10 g/l; COLD 157  12 g/l). In both groups, 

there are no significant (P > 0.05) changes compared to the pre-level at any time point. 

Similarly, there is no difference between the groups in the pre-level of haematocrit 

(CONTROL 45.6  2.5 %; COLD 45.8  3.0 %). However, the increase in haematocrit 

at 0 min compared to the pre-level reaches significance (P < 0.05) in both groups 

(CONTROL 48.6  2.6 %; COLD 48.6  3.2 %). There are no differences (P > 0.05) in 

haemoglobin or haematocrit between the groups at any time point. Plasma volume 

change was calculated using haemoglobin and haematocrit (Harrison 1985). The change 

was largest from the baseline to 0 min (CONTROL -9.9 ± 5.0 %; COLD -9.0 ± 3.2 %), 

the difference between the groups not being significant (P > 0.05).  

 

Myoglobin. Following the anaerobic interval running, myoglobin values increase in 

both groups (Figure 17). The peak is reached 60 min after the exercise (CONTROL 

107.36  40.40 ng/ml; COLD 174.48  98.94 ng/ml) and it is significantly higher (P < 

0.05) compared to pre-level. The post-sample myoglobin concentration is significantly 

lower (P < 0.05) in COLD (24.64  5.63 ng/ml) compared to CONTROL (36.35  

14.02 ng/ml). Additionally, the post-level in COLD is significantly (P < 0.05) lower 

compared to the pre-level (Pre 29,95  6,90 ng/ml vs. Post 24,64  5,63 ng/ml). The 

absolute difference of the 60 min-sample and the 48 h-sample is 79.65  37.76 ng/ml in 

CONTROL and 145.74  95.75 ng/ml in COLD. There is almost a statistically signifi-

cant difference between the groups (P = 0.051) when comparing this difference. The 

average value of the intra-individual coefficient of variation is 6.7 ± 5.7 % in the pre-

sample and 24.9 ± 19.9 % in the post-sample. The inter-individual coefficients of varia-

tions are presented in Table 3. 
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Figure 17. Changes in serum myoglobin concentrations at different time points in both control 

(red) and cold (blue) trial. ¥ significant difference  (P < 0.05) compared to pre-sample in cold 

group, ¤ significant difference  (P < 0.05) compared to pre-sample in control group, * signifi-

cant difference  (P < 0.05) between the groups at the corresponding time point.  

 

Creatine kinase. Following the anaerobic interval running, CK values increase in both 

groups reaching the peak 24 h after the exercise (CONTROL 329.25  156.46 U/l; 

COLD 542.00  263.83 U/l). The 24 h–value is significantly higher (P < 0.05) com-

pared to the pre-level in both groups (Figure 18). The post-sample value is lower com-

pared to the pre-sample value in COLD (Pre 251.00  143.83 U/l vs. Post 168.13  

91.90 U/l). There are no significant (P > 0.05) differences between the groups at any 

time point. Similarly, there is no significant difference (P = 0.105) between the groups 

when comparing the absolute difference of the 24 h–sample and the 48 h–sample 

(CONTROL 116.88  72.79 U/l vs. COLD 193.75  145.35 U/l). The average value of 

the intra-individual coefficient of variation is 47.3 ± 34.9 % in the pre-sample and 32.5 

± 16.0 % in the post-sample. The inter-individual coefficients of variations are present-

ed in Table 3. 
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Figure 18. Changes in serum creatine kinase concentrations at different time points in both con-

trol (red) and cold (blue) trial. ¥ Significant difference  (P < 0.05) compared to pre-sample in 

cold group, ¤ significant difference  (P < 0.05) compared to pre-sample in control group. 

 

Table 3. The inter-individual coefficients of variations (CV %) of myoglobin and creatine ki-

nase. 

  Pre 0 min 30 min 60 min 24 h 48 h Post 

Myoglobin  

(CV %) 

Control 27.7 34.6 36.7 35.2 22.5 17.3 36.1 

 Cold 21.5 39.4 45.8 53.0 27.1 18.3 21.4 

Creatine  

kinase (CV %) 

Control 50.7 46.7 47.0 48.1 44.5 40.7 54.0 

 Cold 53.6 48.2 47.2 46.3 45.5 48.9 51.1 

 

C-reactive protein, CRP. CRP concentration stays relatively stable during the study and 

there is no significant (P > 0.05) peak or difference between the groups at any time 

point. The pre-level is 0.86  0.75 mg/l in CONTROL and 0.47  0.31 mg/l in COLD.  

 

Testosterone. There is a significant (P < 0.05) drop in testosterone at 30 min and 60 min 

compared to pre-level in both groups (Table 4). At 48 h, testosterone remains signifi-

cantly (P < 0.05) lower in COLD compared to the pre-level, but there is no difference in 

CONTROL (P > 0.05). There are no significant differences (P > 0.05) between the 

groups in testosterone levels at any time point. 
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Table 4. Hormone and CRP values during the experiment. ¤ significant difference  (P < 0.05) 

compared to pre-sample in control group, ¥ significant difference  (P < 0.05) compared to pre-

sample in cold group. 

 

  Pre 0 min 30 min 60 min 24 h 48 h Post 

Testosterone Control 
17,66 ± 

4,68 

16,51 ± 

5,65 

14,73 ± 

4,59 
¤
 

12,74 ± 

3,86 
¤
 

18,43 ± 

6,86 

17,37 ± 

7,11 

20,11 ± 

9,31 

 Cold 
19,65 ± 

7,12 

17,56 ± 

5,91 

15,21 ± 

5,80 
¥
 

14,17 ± 

4,46 
¥
 

17,84 ± 

5,86 

17,65 ± 

5,79 
¥
 

18,11 ± 

4,79 

SHBG Control 
25,29 ± 

5,82 

27,84 ± 

5,63 
¤
 

26,89 ± 

5,75 
¤
 

25,74 ± 

5,51 

25,74 ± 

6,39 

25,76 ± 

6,47 

28,53 ± 

5,36 
¤
 

 Cold 
25,05 ± 

5,55 

27,35 ± 

6,91 
¥
 

25,19 ± 

7,77 

23,95 ± 

6,28 
¥
 

22,99 ± 

9,17 

26,88 ± 

4,22 

24,61 ± 

8,11 

Cortisol Control 
579,63 ± 

120,89 

435,75 ± 

115,43 
¤
 

530,63 ± 

120,23 

447,00 ± 

125,49 
¤
 

543,75 ± 

62,05 

519,75 ± 

115,44 

548,88 ± 

68,46 

 Cold 
483,50 ± 

83,57 

458,63 ± 

90,79 

527,75 ± 

116,51 

436,38 ± 

133,82 

520,50 ± 

79,58 

510,38 ± 

71,52 

503,88 ± 

64,37 

CRP Control 
0,86 ± 

0,75 

0,87 ± 

0,78 

0,76 ± 

0,82 

0,77 ± 

0,66 
¤
 

0,83 ± 

0,54 

0,60 ± 

0,40 

1,50 ± 

3,08 

 Cold 
0,47 ± 

0,31 

0,42 ± 

0,30 

0,46 ± 

0,30 

0,43 ± 

0,27 

0,73 ± 

0,44 

0,99 ± 

1,12 

0,22 ± 

0,10 

 

SHBG. Following the acute exercise, there is immediately (0 min) a significant (P > 

0.05) increase in both groups (Table 4). At 30 min, SHBG returns near the pre-level in 

COLD, but remains significantly (P < 0.05) higher in CONTROL. On the contrary, 

there is a significant (P < 0.05) drop compared to the pre-level in COLD at 60 min. Fol-

lowing the training week, SHBG rises significantly (P < 0.05) above the baseline in 

CONTROL, whereas there is no difference in COLD compared to the baseline. There 

are no differences (P > 0.05) between the groups in SHBG at any time point. 

 

Cortisol. In the control group, there is a significant (P < 0.05) decline compared to pre-

level at 0 min and at 60 min following the acute exercise (Table 4), whereas cortisol 

levels stay stable in COLD group throughout the study. There are no differences (P > 

0.05) between the groups in cortisol at any time point. 

 

8.4 Performance tests 

 

All the performance test results are presented in Table 5. There were no within or be-

tween group differences (P > 0.05) in the mean sprint times recorded prior, 48 h after 

the acute exercise and following the training week. The best sprint times followed the 

same pattern reaching no significances (P > 0.05) between CONTROL and COLD or 
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within the groups. The absolute difference of the best 20 m time at pre and post meas-

urement was 0.03 ± 0.09 s in CONTROL and -0.03 ± 0.05 s in COLD. In other words, 

COLD had improved the sprint time slightly, however, the difference between the 

groups not reaching significance (P = 0.086). Similarly there were no significant differ-

ences (P > 0.05) within the groups or between the recovery conditions for the isometric 

strength and CMJ measures. 

 

Table 5. Performance tests resulted in no significant differences (P > 0.05) between the groups. 

  
Jump height  

(cm) n=7 

Isometric leg 

press (kg) n=8 

The best 20m 

time (sec) n=7 

The mean 20m 

time (sec) n=7 

Pre Control 43,3 ± 7,8 398 ± 129 3,08 ± 0,18 3,13 ± 0,19 

 Cold 41,4 ± 9,9 402 ± 110 3,09 ± 0,10 3,13 ± 0,11 

48 h Control 43,3 ± 7,0 390 ± 114 3,06 ± 0,13 3,12 ± 0,15 

 Cold 41,9 ± 8,7 403 ± 101 3,09 ± 0,10 3,14 ± 0,11 

Post Control 41,2 ± 8,6 382 ± 130 3,10 ± 0,15 3,17 ± 0,18 

 Cold 40,0 ± 7,7 405 ± 129 3,05 ± 0,09 3,13 ± 0,11 

 

 

8.5 Perception of muscle soreness 

 

DOMS following the exercise is biphasic, peaking first immediately following the exer-

cise and for the second time 48 h after the exercise in both groups (figure 19). The dif-

ference compared to the baseline is significant (P < 0.05) at 0 min and at 30 min in all 

occasions. In COLD, the pain perception in hamstrings at 60 min does not significantly 

(P > 0.05) differ from the pre-level, whereas in quadriceps the difference is significant 

in both groups (P < 0.05). Following the training week, neither group perceives soreness 

and there is no difference compared to the pre-state (P > 0.05). There are no significant 

differences between the groups in the perceived muscle soreness (P > 0.05). The inter-

individual variation is expressed as the range: the difference between the highest and 

lowest values (Table 6). 
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Figure 19. Delayed onset of muscle soreness (DOMS) during the experiment in hamstring mus-

cles. ¥ significant difference  (P < 0.05) compared to pre-sample in cold group, ¤ significant 

difference  (P < 0.05) compared to pre-sample in control group. 

 

Table 6. The range (highest–lowest, maximum 10) in perceived muscle soreness. 

  Pre 0 min 30 min 60 min 24 h 48 h Post 

Hamstrings Control 2 8 6 6 5 7 0 

 Cold 2 9 7 5 5 8 0 

Quadriceps Control 2 4 4 4 3 7 0 

 Cold 1 6 6 4 4 8 0 
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9 DISCUSSION 

 

 

The present study investigated the effects of cold treatment on recovery of performance 

and indicators of EIMD following an anaerobic running exercise and a weeklong train-

ing period including anaerobic interval running and hypertrophic strength training. The 

main findings were:  

 

(1) The anaerobic exercise induced modest muscle soreness and damage, as evidenced 

by a small increase in DOMS, and serum myoglobin and CK levels post-exercise, and it 

appears that cryotherapy does not affect these measures.  

 

(2) Cryotherapy used during a short training period lowered myoglobin concentration, 

which suggests long-term use of cryotherapy to potentially decrease the amount of mus-

cle damage and improve adaptation to training. 

 

9.1 Recovery from the acute exercise 

 

To make sure the participants dietary habits followed national nutritional recommenda-

tions (Valtion ravitsemusneuvottelukunta 2005), and that there were no differences be-

tween the groups, the food diaries were analysed. Since no differences were found, it 

can be assumed that nutrition does not cause the differences observed between the cold 

and control condition, and that there is no nutritional aspect restraining recovery.  

 

To ensure participants were exerting the same level of effort in both trials, average run-

ning time and lactate concentration were compared between groups, and no significant 

differences were observed. This indicates that participants were exerting a similar effort 

during the exercise protocol prior to cold and control treatment, and they are assumed to 

experience an equal level of stress. Average lactate achieved in each trial is indicative of 

anaerobic rate of work, while average sprint time evaluates the power generated during 

the sprint-exercise. Both groups achieved a relatively high lactate concentration, which 

suggests that the rate of anaerobic metabolism has been dominant during the acute exer-

cise. Fatigue in these high-intensity exercises is mainly pH dependent, however, also 
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other ionic changes affect the force production as well. Acidosis, caused predominantly 

by lactate and carbon dioxide production during exercise, reduces the activity of multi-

ple key enzymes of energy metabolism and disturbs membrane excitability. Inorganic 

phosphate and ROS, in turn, disturb the function of E-C coupling. Together these meta-

bolic disturbances occurring during exercise contribute to fatigue and may also disturb 

calcium homeostasis, which has a central role in the development of exercise-induced 

muscle damage (EIMD). (Allen et al. 2008; Cairns 2006; Maughan & Gleeson 2010, 

91.) 

 

Since lactate levels drop faster following the cryotherapy treatment, it is possible that 

cooling increases the clearance of lactate for example in a similar way as active recov-

ery does. The temperature gradient between the core and skin likely causes increased 

blood flow during the first 30 min after applying cryotherapy when the body is trying to 

equalize the temperature difference between the two tissues (Enwemeka et al. 2001). 

This results in increased blood flow through the tissues that are able to oxidize lactate or 

synthesize glucose from it. In other words, as sufficient oxygen is available during re-

covery, the lactate-using tissues (liver, heart and muscles) use lactate as energy and fa-

cilitated blood flow brings more lactate available and recovery progresses faster. 

(McArdle et al. 2010, 163–164, 176.) Facilitating lactate removal may also decrease the 

post-exercise acidosis as lactate has a role in H
+
 formation. If lactate is removed faster 

after exercise, acidosis is not as severe and force recovery may occur faster. (Cairns 

2006; Lindinger et al. 2005.)  

 

9.1.1 Muscle damage and inflammatory response 

 

It was hypothesised that cryotherapy used following exercise would lower the blood 

levels of muscle damage markers (myoglobin, CK) like reported in earlier studies (As-

censão et al. 2011; Bailey et al. 2007; Eston & Peters 1999). Myoglobin peaked 60 min 

and CK 24 h after the anaerobic exercise in both groups, which are in line with the pre-

vious studies. However, the absolute values of both myoglobin and CK are not of the 

same magnitude as those reported elsewhere. (Ascensão et al. 2011; Bailey et al. 2007.) 

The pre-level is within the normal range in both groups for both myoglobin and CK 

(Huslab 2014), and the differences in muscle damage and inflammatory markers be-
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tween the groups are expected to be unrelated to changes in plasma volume, since the 

volume changes were similar in both groups. 

 

Myoglobin and CK levels have been suggested raise as result of either post-exercise 

damage or due to increased post-exercise efflux from the muscle into the lymphatic sys-

tem, or both (Eston & Peters 1999). However, Semark et al. (1999) proposed that injury 

to non-contractile tissue could explain the lack of an increase in post-exercise CK ac-

tivity. The recent results suggest the amount of muscle damage following the anaerobic 

exercise to be rather small in the active muscle structures, since the level of muscle 

damage markers is lower compared to earlier studies (Ascensão et al. 2011; Bailey et al. 

2007). This is probably due to the different exercise mode used in the present study. 

Most of the earlier studies using a dynamic whole-body exercise have used a prolonged 

intermittent protocol to elicit muscle damage (Ascensão et al. 2011; Bailey et al. 2007; 

Ingram et al. 2009), whereas a maximal anaerobic shuttle running was used in this 

study. In addition to rather small changes compared to the baseline level, there was a 

large inter-individual variation in the recent study, thus only few between group signifi-

cances were found. 

 

Cryotherapy has been studied to induce vasoconstriction, which limits blood flow to the 

damaged muscles, decreases membrane damage, attenuates oedema formation and sub-

sequently decreases the extent of secondary damage (Ihsan et al. 2013; Vaile et al. 

2011; Yanagisawa et al. 2003a; Yanagisawa et al. 2004). However, in the recent study 

there are no significant differences in the absolute myoglobin and CK values between 

the groups following the anaerobic exercise. This suggests that cooling does not affect 

the amount of muscle damage and/or post-exercise efflux from the muscle into the lym-

phatic system. Although we hypothesised contrary results, there are studies reporting 

little or no effect of cooling on the biochemical muscle damage markers (Ingram et al. 

2009; Yanagisawa et al. 2003b). When comparing the recent cryotherapy method to e.g. 

cold water immersion, it is not as radical and induces smaller temperature change in the 

body. This possibly explains why no differences in muscle damage markers between the 

control and cold conditions were observed.   

 

It was hypothesised, that cryotherapy would lower the inflammatory response (Carvalho 

et al. 2010), and C-reactive protein (CRP) was used as an indicator of inflammation. 
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Against expectations based on the study of Ascensão et al. (2011), CRP levels stayed 

relatively stable throughout the study in both groups, which suggests that the performed 

anaerobic running did not cause inflammation. However, it is controversial if the in-

crease in CRP is physiologically remarkable in the study of Ascensão et al. (2011) ei-

ther, since the peak CRP in their study was below 2.5 mg/l, whereas CRP concentration 

is above 10 mg/l when there is remarkable inflammation (Huslab 2014). Since the an-

aerobic exercise did not induce changes in CRP, it was not possible to evaluate the ef-

fect of cooling on it. Nonetheless, the weaker inflammatory response possibly explains 

the smaller increase in muscle damage markers, since post-exercise inflammation has 

been suggested to increase membrane permeability e.g. via ROS production and thus 

promote efflux of intramuscular substances into the blood (Nguyen & Tidball 2003a, 

Nguyen & Tidball 2003b).  

 

9.1.2 Performance recovery 

 

The hypothesis was that cryotherapy potentially reduces decrements in neuromuscular 

function following the anaerobic exercise. However, there was no change in muscle 

function measured using isometric leg extension strength, countermovement jump and 

sprint performance. As immediate and sustained loss of muscle function is a common 

indirect marker of EIMD (Warren et al. 1999), it can be suggested that the anaerobic 

exercise only caused minor muscle damage and thus did not impair muscle function. In 

addition, it has been suggested that if the neuromuscular function is not affected follow-

ing a damaging exercise, the disruption may be of the non-contractile tissue (Semark et 

al. 1999). The effect of cryotherapy could not be tested due to the lack of impairment in 

performance. The possible benefits of cooling have been suggested to relate to restricted 

oedema and muscle damage, which are associated with muscle soreness and reduced 

muscle function (Byrne and Eston 2002a). 

 

There are earlier studies showing both significant reductions in sprint performance fol-

lowing a damaging exercise (Ingram et al. 2009) and no evident effects of EIMD and/or 

DOMS on a single sprint performance (Ascensão et al. 2011; Semark et al. 1999). Addi-

tionally, Rowsell et al. (2009) did not observe any decrements in repeated sprint per-

formance during a 4-day soccer tournament. Thus, the recent results are in accordance 
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with those reported earlier.  There was no effect of cooling on sprint performance at 48 

h following the anaerobic exercise, which is in line with the study of Ascensão et al. 

(2011). Nonetheless, cold treatment resulted in slightly faster 20 m sprint time follow-

ing the training week compared to the control group. Although the difference did not 

reach statistical significance, the 0.06 sec difference in 20 m sprint time would be re-

markable in a competitive situation. Thus, the recent results slightly suggest that using 

cold treatment may be beneficial during a short training period.  

 

Similarly, there is not always change in jump performance following EIMD. Byrne and 

Eston (2002a) investigated the effect of EIMD following eccentric exercise on vertical 

jumping performance with and without the use of the SSC. Vertical jump performance 

was particularly affected in the squat jump (no SSC) compared to the countermovement 

or drop jump (with SSC). Thus, the way in which strength is utilized appears to be an 

important determinant of performance and the SSC possibly attenuates the detrimental 

performance effects related to EIMD. Since there was no decline in the countermove-

ment jump performance in this study, it can be suggested that at least the passive muscle 

structures remained undisrupted and compensated the possible damage of active com-

ponents. The damage to active components of the neuromuscular system could be seen 

in squat jump performance.  

 

However, EIMD has caused immediate and prolonged reduction in maximal strength in 

many earlier studies (Ascensão et al. 2011; Bailey et al. 2007; Ingram et al. 2009). This 

has been explained by the specific sensitivity of a more contractile-dependent perfor-

mance like strength to decrements in muscular function compared with sprint and jump 

performance (Bailey et al. 2007; Warren et al. 1999). Additionally, post-exercise cold 

treatment has been studied to be effective in restoring strength (Ascensão et al. 2011; 

Bailey et al. 2007; Ingram et al. 2009). However, in the recent study there were no 

changes in muscle strength. In some earlier studies, strength has already recovered to 

baseline at 48 h although there has been a significant drop 24 h after the exercise (As-

censão et al. 2011; Bailey et al. 2007). Therefore, it is possible that the recovery time 

may have been too long in the present study, as the performance tests were repeated on-

ly 48 h after the anaerobic exercise. 
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9.1.3 Perception of muscle soreness 

 

The perception of muscle soreness is biphasic, peaking first immediately and again 48 h 

following the exercise. The immediate muscle soreness is probably due to an acute in-

crease in metabolic by-products, whereas the sub-acute soreness is related to muscle 

damage and inflammation. (Cheung et al. 2003.)  A number of studies investigating the 

effect of cryotherapy on exercise-induced muscle soreness have proved cooling to be 

more effective than passive rest for decreasing perceptions of muscle soreness (As-

censão et al. 2011; Bailey et al. 2007; Ingram et al. 2009). According to these studies, it 

was hypothesised that cold treatment decreases the pain perception, e.g. by restricting 

the amount of secondary damage (Lamb et al. 1995; Verburg et al. 2005; Zhang et al. 

2008) or by restricting oedema (Enwemeka et al. 2001).  

 

However, in the present study the anaerobic exercise protocol did not induce high per-

ceptions of muscle soreness as evidenced by relatively small increase in DOMS and on-

ly minor differences were observed between cold treatment and passive recovery. Addi-

tionally, there was large inter-individual variation (Table 5), which suggests that some 

of the subjects were possibly more familiar with intense exercise and did not find it un-

pleasant, whereas some subjects felt extremely uncomfortable following the anaerobic 

exercise. There was also some inter-individual variation in the lactate levels, suggesting 

that some subjects relied more on anaerobic energy production and possibly more meta-

bolic by-products accumulated in their muscles and caused pain. Furthermore, the larger 

inter-individual variation in the cold group at 60 min suggests that some of the subjects 

responded better to cold treatment than the others by means of lactate removal. As the 

performance tests were not affected by the DOMS at 48 h, it can be suggested that the 

pain was caused by damage to the non-contractile tissue, like cytoskeleton (Zhang et al. 

2008) and thus not affecting muscle force production. 

 

At 60 min the perceived muscle soreness in hamstrings had already recovered to base-

line in the cold group, whereas in control condition muscle soreness still remained ele-

vated. Since the lactate concentration seemed to drop faster following the cold treat-

ment, cooling may have promoted the clearance of metabolic by-products, which could 

reduce the acute pain perception following exercise. As the used cooling method is not 
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as radical as e.g. CWI, it may have restricted blood flow to the muscle only for a short 

period, but subsequently increase blood flow as the body tries to equalize the tempera-

ture gradient between skin and deeper tissues. This has a potential to facilitate the re-

moval of accumulated fluid and metabolites from damaged muscles, and reduce pain 

and oedema (Enwemeka et al. 2001). Since the analgesic effect has been studied to oc-

cur only when skin is cooled to 10–15°C (Meeusen & Lievens 1986), it is an unlikely 

explanation in this study, because skin was cooled to approximately 22°C. 

 

 

9.2 Potential benefits of cryotherapy over a training microcycle 

 

There are many temperature-dependent processes, which contribute to training adapta-

tion. Some studies have suggested the metabolic alterations following exercise to be es-

sential for training adaptation (Thompson et al. 2003; Yamane et al. 2006), thus they 

indicate cooling to have negative effects on training adaptation in long-term. However, 

the recent study did not find cooling to be detrimental when used during a weeklong 

training period. On the contrary, myoglobin and CK levels decreased and it is likely that 

cooling could also affect the performance outcomes. This is in line with the study of 

Halson et al. (2014) who did not observe impairments in training adaptation over a 3 

weeks training period with cryotherapy. 

 

However, Yamane et al. (2006) found cooling to affect negatively. We suggest the neg-

ative effect to be due to an extreme study protocol they used. The water temperature in 

their study was rather low (5°C and 10°C) and time for immersion long (1–2 x 20 min), 

whereas a tolerably 2 min application was used in this study and the shower mist cool-

ing is not as radical as water immersion. Their training period was also longer (4-6 

weeks). Thus, it can be suggested that a modest cryotherapy applied not over two 

weeks, can potentially be beneficial and not disturb the training adaptation, whereas a 

continuous use of radical temperatures may be detrimental. 

 

The possible way to improve recovery and adaptation to training via cooling include the 

adjustment of ROS production. Since ROS contribute to both training adaptation (Pow-

ers et al. 2007) and muscle damage (Carvalho et al. 2010), it is vital to find the ideal 
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level of ROS production following exercise. Therefore, the modest cryotherapy method 

used in the recent study could possibly decrease the amount of muscle damage, but sim-

ultaneously enable muscle adaptation to training by limiting ROS production to an op-

timal level. Another possible mechanism is via PGC-1α activation following exercise 

and cold treatment. Ihsan et al. (2014) proved that even a short 15 min post-exercise 

cooling might enhance mitochondrial biogenesis and promote exercise adaptation via 

the enhanced PGC-1α expression. 

 

9.3 Limitations of the present study and future study proposals 

 

The sample size was low (n=8) and inter-individual variation large in the present study, 

which made it difficult to show statistically significant differences between the two tri-

als. Additionally, participants should be excluded from participation in the study if there 

are differences in the baseline measures between the trials to ensure they start each trial 

at the same level of muscle damage, inflammatory status, neuromuscular performance 

and perception of soreness. Due to small number of participants this was not done. 

Since participants were recreationally active, there is possibly learning effect in the per-

formance tests when they became more familiar with the exercise protocol.  

 

Additionally, evaluating jump height by using a contact mat is problematic, since incor-

rect jumping technique affects the result, i.e. bending the knees while in the air can alter 

the score by increasing the flight time. Although the participants were familiarized with 

the jump test, there were difficulties to perform the jumps correctly. Thus, a force plat-

form would be more accurate tool to measure jump height, as the landing technique 

does not affect the result. Moreover, combining the recent results with those reported 

elsewhere (Byrne and Eston 2002a; Semark et al. 1999), it could be suggested that 

sprint and jump abilities may not be affected by muscle damage. Thus, such tests should 

be preferred in studies examining a specific sport characterised by such events (e.g. 

football). Especially, if studying the (recovery) treatment efficacy it could be better to 

choose performance tests so that there is little doubt a certain change takes place from 

the baseline, thus ensuring that there will be a clear recovery phase.  
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The level of muscle damage markers in blood reflects the release and clearance of pro-

teins in circulation and the rates may vary independently. For example, concentration of 

muscle damage markers may increase due to exercise-induced increase in lymph flow, 

not because of increased muscle damage. (Warren et al. 1999.) Especially, it should be 

taken into account that cooling changes blood flow to the muscles and potentially af-

fects the clearance (Enwemeka et al. 2001). Additionally, special caution in the interpre-

tation of CK activity as a marker of muscle damage has been advised, since large inter-

individual variation has been noted and people can be classified either as a high-

responder or as a low-responder depending on the peak CK values (Totsuka et al. 2002; 

Warren et al. 1999). The large variations in the recent study could be explained by the 

low- and high-responders to training among the participants.  

 

However, there is also a great intra-individual variability in the pre CK levels, which 

makes it difficult to classify subjects into two groups according to the value of their 

peak CK post-exercise. According to Statland et al. (1976) the intra-individual coeffi-

cient of variation in CK is 25.7 %, whereas the average value of coefficient of variation 

in the recent study is 47.3 % (Pre-sample). Thus, it is possible that the advice to restrain 

from extraneous physical activity for 48 h before each testing session was not enough 

and some participants had exercised more prior one trial than another, causing differ-

ences in the pre CK-levels between the two trials. In fact, CK can be elevated up to 7 

days following an extreme eccentric exercise (Brancaccio et al. 2007). This makes it 

difficult to classify the participants as high- and low-responders, since the pre-exercise 

status possibly affects the CK levels during the recovery as well.  

 

Generally cryotherapy is not recommended prior exercising, as it can impair the neuro-

muscular function. However, in this study cooling possibly facilitated the clearance of 

lactate, and thus the recent cryotherapy method should be tested during a short (30–60 

min) recovery period between two exercise bouts. If the method can improve the clear-

ance of metabolic by-products, it could facilitate the immediate performance recovery. 

As analgesic effect has been studied to occur when skin temperature is 10–15°C (Meeu-

sen & Lievens 1986) and motor neuron function is not affected until reaching even low-

er temperatures (Herrera et al. 2010), the recent method should not impair neuromuscu-

lar function. Additionally, it would be useful to test the cryotherapy method with an ex-

ercise, which would cause more severe muscle damage, DOMS and performance dec-
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rements. To get more information about the new cryotherapy method, it should be com-

pared to a more “traditional” cold treatment method, e.g. cold water immersion.  

 

Cryotherapy may be potential in treatment of diseases. More studies are needed, but it is 

possible that the combining cryotherapy and physical activity is effective in treatment of 

diabetes, since both cryotherapy and exercising affect PGC-1α expression, which is a 

key pathway in diabetes as well. Understanding the effects and mechanisms of cryo-

therapy will be crucial in the development of temperature-related treatments, thus the 

molecular mechanisms should be studied more. 
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10 CONCLUSION 

 

 

The recent study shows, that a single anaerobic exercise performed together with a 

thorough warm-up induces only a modest EIMD and the performance is already fully 

recovered at 48 h, although the subjects perceive muscle soreness. There was no effect 

of cryotherapy on the acute recovery. However, when applied during a training period, 

cryotherapy has a potential to decrease the amount of muscle damage and to improve 

performance. This data provides useful information for athletes and coaches of potential 

use of cold mist shower both in acute settings and during a short training microcycle. 

 

 

 

 

 



 81 

REFERENCES 

 

 

Al Haddad, H., Laursen, P. B., Chollet, D., Lemaitre, F., Ahmaidi, S. & Buchheit, M. 

2010. Effect of cold or thermoneutral water immersion on post-exercise heart rate 

recovery and heart rate variability indices. Autonomic Neuroscience, 156, 111–

116. 

Allen, D. G. 2004. Skeletal muscle function: the role of ionic changes in fatigue, dam-

age and disease. Proceedings of the Australian Physiological and Pharmacological 

Society, 34, 1–11.  

Allen, D. G., Lamb, G. D. & Westerblad, H. 2008. Skeletal Muscle Fatigue: Cellular 

Mechanisms, Physiological Reviews, 88, 287–332. 

Alvarez, G. E., Zhao, K., Kosiba, W. A. & Johnson, J. M. 2006. Relative roles of local 

and reflex components in cutaneous vasoconstriction during skin cooling in hu-

mans. Journal of Applied Physiology, 100, 2083–2088. 

Ascensão, A., Leite, M., Rebelo, A. N., Magalhäes, S. & Magalhäes, J. 2011. Effects of 

cold water immersion on the recovery of physical performance and muscle dam-

age following a one-off soccer match. Journal of Sports Sciences, 29, 217–225. 

Atherton, P. J., Smith, K., Etheridge, T., Rankin, D. & Rennie, M. J. 2010. Distinct an-

abolic signalling responses to amino acids in C2C12 skeletal muscle cells. Amino 

acids, 38, 1533–1539.  

Avela, J., Kyröläinen, H., Komi, P. V. & Rama, D. 1999. Reduced reflex sensitivity 

persists several days after long-lasting stretch-shortening cycle exercise. Journal 

of Applied Physiology, 86, 1292–1300.  

Baar, K., Wende, A. R., Jones, T. E., Marison, M., Nolte, L. A., Chen, M., Kelly, D. P. 

& Holloszy, J. O. 2002. Adaptations of skeletal muscle to exercise: rapid increase 

in the transcriptional coactivator PGC-1. The FASEB Journal, 16, 1879–1886. 

Bailey, D. M., Erith, S. J., Griffin, P. J., Dowson, A., Brewer, D. S., Gant, N. & Wil-

liams, C. 2007. Influence of cold-water immersion on indices of muscle damage 

following prolonged intermittent shuttle running. Journal of Sports Sciences, 25, 

1163–1170. 



 82 

Balog, E. M., Fruen, B. R., Kane, P. K. & Louis C. F. 2000. Mechanisms of Pi regula-

tion of the skeletal muscle SR Ca
2+

 release channel. American Journal of Physiol-

ogy - Cell Physiology, 278, C601–C611. 

Barnett, A. 2006. Using recovery modalities between training sessions in elite athletes: 

Does it help? Sports Medicine, 36, 781–796. 

Bentzinger, C.F., Romanino, K., Cloetta, D., Lin, S., Mascarenhas, J.B., Oliveri, F., 

Xia, J., Casanova, E., Costa, C.F., Brink, M., Zorzato, F., Hall, M. N. & Rüegg, 

M.A. 2008. Skeletal muscle-specific ablation of raptor, but not of rictor, causes 

metabolic changes and results in muscle dystrophy. Cell Metabolism, 8, 411–424. 

Biospace Co. 2014. Inbody720. [5. November 2014]. Retrieved from: 

http://www.e-inbody.com/global/product/InBody720.aspx  

Blazev, R. & Lamb, G. D. 1999. Low [ATP] and elevated [Mg
2+

] reduce depolarization- 

induced Ca
2+

 release in rat skinned skeletal muscle fibres. Journal of Physiology, 

520, 203–215. 

Bompa, T. & Haff, G. 2009. Periodization: Theory and Methodology of Training. Hu-

man Kinetics, Champaign, USA. 

Børsheim, E. & Bahr, R. 2003. Effect of exercise intensity, duration and mode on post-

exercise oxygen consumption. Sports Medicine, 33, 1037–1060. 

Brancaccio, P., Maffulli, N. & Limongelli, F. M. 2007. Creatine kinase monitoring in 

sport medicine. British medical bulletin, 81, 209–230. 

Brockett, C. L., Morgan, D. L. & Proske, U. 2004. Predicting hamstring strain injury in 

elite athletes. Medicine and Science in Sports and Exercise, 36, 379–387. 

Brookes, P. S., Yoon, Y., Robotham, J. L., Anders, M. W. & Sheu, S. S. 2004. Calcium, 

ATP, and ROS: a mitochondrial love-hate triangle. American Journal of Physiol-

ogy-Cell Physiology, 287, C817–C833. 

Brophy-Williams, N., Landers, G., Wallman, K. 2011. Effect of immediate and delayed 

cold water immersion after a high intensity exercise session on subsequent run 

performance. Journal of Sports Science and Medicine, 10, 665–670. 

Brughelli, M., Mendiguchia, J., Nosaka, K., Idoate, F., Arcos, A. L. & Cronin, J. 2010. 

Effects of eccentric exercise on optimum length of the knee flexors and extensors 

during the preseason in professional soccer players. Physical Therapy in Sport, 

11, 50–55. 

http://www.e-inbody.com/global/product/InBody720.aspx


 83 

Buchheit, M., Peiffer, J., Abbiss, C. & Laursen, P. 2009. Effect of cold water immersion 

on post-exercise parasympathetic reactivation. American Journal of Physiology – 

Heart and Circulatory Physiology, 296, H421–H427. 

Byrne, C. & Eston, R. 2002a. The effect of exercise-induced muscle damage on isomet-

ric and dynamic knee extensor strength and vertical jump performance. Journal of 

Sports Sciences, 20, 417–425. 

Byrne, C. & Eston, R. 2002b. Maximal-intensity isometric and dynamic exercise per-

formance after eccentric muscle actions. Journal of sports sciences, 20, 951–959. 

Byrne, C., Twist, C. & Eston, R. 2004. Neuromuscular Function After Exercise-Induced 

Muscle Damage. Theoretical and Applied Implications. Sports Medicine, 49–69. 

Cairns, S. P. 2006. Lactic acid and exercise performance – culprit or friend?. Sports 

Medicine, 36, 279–291. 

Cairns, S. P., Taberner, A. J. & Loiselle, D. S. 2009. Changes of surface and t-tubular 

membrane excitability during fatigue with repeated tetani in isolated mouse fast- 

and slow-twitch muscle. Journal of Applied Physiology, 106, 101–112.  

Carlsen, R. C. & Villarin, J. J. 2002. Membrane excitability and calcium homeostasis in 

exercising skeletal muscle. American Journal of Physical Medicine & Rehabilita-

tion, 81, S28–S39. 

Carter, P. 2009. Muscles and Muscles Tissue, course materials (BIO210) at Midlands 

Technical College. [26. February 2014]. Retrieved from: 

http://classes.midlandstech.edu/carterp/Courses/bio210/chap09/Slide23.JPG 

Carvalho, N., Puntel, G., Correa, P., Gubert, P., Amaral, G., Morais, J., Royes, L., Da 

Rocha, J. & Soares, F. 2010. Protective effects of therapeutic cold and heat 

against the oxidative damage induced by a muscle strain injury in rats. Journal of 

Sports Sciences, 28, 923–935. 

Cheung, K., Hume, P. & Maxwell, L. 2003. Delayed onset muscle soreness: treatment 

Strategies and performance factors. Sports Medicine, 33, 145–164.  

Coupland, M. E., Puchert, E. & Ranatunga, K. W. 2001. Temperature dependence of 

active tension in mammalian (rabbit psoas) muscle fibres: effect of inorganic 

phosphate. The Journal of Physiology, 536, 879–891. 

Crowe, M. J., O’Connor, D. & Rudd, D. 2007. Cold water recovery reduces anaerobic 

performance. International Journal of Sports Medicine, 28, 994–998. 

Cuzzocrea, S., McDonald, M. C., Mazzon, E., Siriwardena, D., Serraino, I., Dugo, L., 

Britti, D., Mazzullo, G., Caputi, A.P. & Thiemermann, C. 2000. Calpain inhibitor 



 84 

I reduces the development of acute and chronic inflammation. The American 

Journal of Pathology, 157, 2065–2079. 

Dahlstedt, A. J., Katz, A., Wieringa, B. & Westerblad, H. 2000. Is creatine kinase re-

sponsible for fatigue? Studies of isolated skeletal muscle deficient in creatine ki-

nase. The FASEB Journal, 14, 982–990. 

Delbono, O. 2003. Neural control of aging skeletal muscle. Aging cell, 2, 21–29 

Dersjant-Li, Y., Verstegen, M. W. A., Jansman, A., Schulze, H., Schrama, J. W. & Ver-

reth, J. A. 2002. Changes in oxygen content and acid-base balance in arterial and 

portal blood in response to the dietary electrolyte balance in pigs during a 9-h pe-

riod after a meal. Journal of Animal Science, 80, 1233–1239. 

Drummond, M. J., Fry, C. S., Glynn, E. L., Dreyer, H. C., Dhanani, S., Timmerman, K. 

L., Volpi, E. & Rasmussen, B. B. 2009. Rapamycin administration in humans 

blocks the contraction‐ induced increase in skeletal muscle protein synthesis. The 

Journal of Physiology, 587, 1535–1546. 

Duke A. M. & Steele D. S. 1999. Effects of phosphocreatine on Ca
2+

 regulation by the 

SR in mechanically skinned skeletal muscle fibres. The Journal of Physiology, 

517, 447–458. 

Duke, A. M. & Steele, D. S. 2000. Characteristics of phosphate-induced Ca
2+

 efflux 

from the SR in mechanically skinned rat skeletal muscle fibers. American Journal 

of Physiology - Cell Physiology, 278, C126–C135. 

Duke, A. M. & Steele, D. S. 2001. Mechanisms of reduced SR Ca
2+

 release induced by 

inorganic phosphate in rat skeletal muscle fibers. American Journal of Physiology 

- Cell Physiology, 281, C418–C429. 

Duncan, C. J. & Jackson, M. J. 1987. Different mechanisms mediate structural changes 

and intracellular enzyme efflux following damage to skeletal muscle. Journal of 

Cell Science, 87, 183–188. 

Dutka, T. L., Cole, L. & Lamb, G. D. 2005. Calcium phosphate precipitation in the sar-

coplasmic reticulum reduces action potential-mediated Ca
2+

 release in mammalian 

skeletal muscle. American Journal of Physiology - Cell Physiology, 289, C1502–

C1512. 

Dutka, T. L. & Lamb, G. D. 2000. Effect of lactate on depolarization-induced Ca
2+�

 re-

lease in mechanically skinned skeletal muscle fibers. American Journal of Physi-

ology - Cell Physiology, 278, C517–C525. 



 85 

Dutka, T. L. & Lamb, G. D. 2004. Effect of carnosine on excitation-contraction cou-

pling in mechanically-skinned rat skeletal muscle. The Journal of Muscle Re-

search and Cell Motility, 25, 203–213. 

Ebeling, P., Bourey, R., Koranyi, L., Tuominen, J. A., Groop, L. C., Henriksson, J., 

Mueckler, M., Sovijärvi, A. & Koivisto, V. A. 1993. Mechanism of enhanced in-

sulin sensitivity in athletes. Increased blood flow, muscle glucose transport pro-

tein (GLUT-4) concentration, and glycogen synthase activity. Journal of Clinical 

Investigation, 92, 1623–1631. 

Enwemeka, C. S., Allen, C., Avila, P, Bina, J., Konrade, J. & Munns, S. 2001. Soft tis-

sue thermodynamics before, during, and after cold pack therapy. Medicine and 

Science in Sports and Exercise, 34, 45–50. 

Eston R. & Peters D. 1999. Effects of cold water immersion on the symptoms of exer-

cise-induced muscle damage. Journal of Sports Sciences, 17, 231–238.  

Fujii, Y., Ozaki, N., Taguchi, T., Mizumura, K., Furukawa, K. & Sugiura, Y. 2008. 

TRP channels and ASICs mediate mechanical hyperalgesia in models of inflam-

matory muscle pain and delayed onset muscle soreness. Pain, 140, 292–304. 

Gandevia, S. C. 2001. Spinal and Supraspinal Factors in Human Muscle Fatigue. Physi-

ological Reviews, 81, 1725–1789.  

Gibala, M. J., MacDougall, J. D., Tarnopolsky, M. A., Stauber, W. T. & Ellorriaga, A. 

1995. Changes in human skeletal muscle ultrastructure and force production after 

acute resistance exercise. Journal of Applied Physiology, 78, 702–708. 

Gregson, W., Allan, R., Holden, S., Phibbs, P., Doran, D., Campbell, I., Joo, C. H. & 

Morton, J. P. 2013. Postexercise cold-water immersion does not attenuate muscle 

glycogen resynthesis. Medicine and science in sports and exercise, 45, 1174 – 

1181. 

Gregson, W., Black, M. A., Jones, H., Milson, J., Morton, J., Dawson, B., Atkinson, G. 

& Green, D. J. 2011. Influence of cold water immersion on limb and cutaneous 

blood flow at rest. The American Journal of Sports Medicine, 39, 1316–1323. 

Guyton, A. C. & Hall, J. E. 2006. Textbook of Medical Physiology. W.B. Saunders 

Company, Philadelphia, USA. 

Halson, S. L., Bartram, J., West, N., Stephens, J., Argus, C. K., Driller, M. W., Sargent, 

C., Lastella, M., Hopkins, W.G. & Martin, D. T. 2014. Does Hydrotherapy Help 

or Hinder Adaptation to Training in Competitive Cyclists?. Medicine and Science 

in Sports and Exercise, 46, 1631–1639.  



 86 

Harris, R. C., Tallon, M. J., Dunnett, M., Boobis, L., Coakley, J., Kim, H. J., Fallow-

field, J. L., Hill, C. A., Sale, C. & Wise, J. A. 2006. The absorption of orally sup-

plied b-alanine and its effect on muscle carnosine synthesis in human vastus lat-

eralis. Amino Acids, 30, 279–289. 

Harrison, M. H. 1985. Effects of thermal stress and exercise on blood volume in hu-

mans. Physiological Reviews, 65, 149–209.  

Heikkinen, E., Kylmäaho, J. & Tapio, J. 2013. Kylmää kyytiä reumalle – Pilottitutkiu-

mus tuotekehittelyssä olevan kylmäterapialaitteen vaikuttavuudesta reumaatikoil-

la. Rovaniemen ammattikorkeakoulu. Fysioterapian koulutusohjelma. Opinnäyte-

työ. 

Herrera, E., Sandoval, M. C., Camargo, D. M. & Salvini, T. F. 2010. Motor and sensory 

nerve conduction are affected differently by ice pack, ice massage, and cold water 

immersion. Physical therapy, 90, 581–591. 

Hill, C. A., Harris, R. C., Kim, H. J., Harris, B. D., Sale, C., Boobis, L. H., Kim, C.K. & 

Wise, J. A. 2007. Influence of β-alanine supplementation on skeletal muscle car-

nosine concentrations and high intensity cycling capacity. Amino Acids, 32, 225–

233.  

Hollidge-Horvat, M. G., Parolin, M. L., Wong, D., Jones, N. L. & Heigenhauser, G. J. 

F. 2000. Effect of induced metabolic alkalosis on human skeletal muscle metabo-

lism during exercise. American Journal of Physiology-Endocrinology And Me-

tabolism, 278, E316–E329. 

Huslab. 2014. [23. September 2014]. Retrieved from: http://www.huslab.fi/ohjekirja/  

Ihsan, M., Watson, G., Choo, H.C., Lewandowski, P., Papazzo, A., Cameron-Smith, D. 

Abbiss, C.R. 2014. Postexercise Muscle Cooling Enhances Gene Expression of 

PGC-1α. Medicine and Science in Sports and Exercise, 46, 1900–1907. 

Ihsan, M., Watson, G., Lipski, M., & Abbiss, C. R. 2013. Influence of post-exercise 

cooling on muscle oxygenation and blood volume changes. Medicine and Science 

in Sports and Exercise, 45, 876–882. 

Ingalls, C. P., Warren, G., L., Williams, J. H., Ward, C. W. & Armstrong, R. B. 1998. 

E-C coupling failure in mouse EDL muscle after in vivo eccentric contractions. 

Journal of Applied Physiology,  85, 58–67.  

Ingram, J., Dawson, B., Goodman, C., Wallman, K. & Beilby, J. 2009. Effect of water 

immersion methods on post-exercise recovery from simulated team sport exercise. 

Journal of Science and Medicine in Sport, 12, 417–421. 

http://www.huslab.fi/ohjekirja/


 87 

Jentjens, R. & Jeukendrup, A.E. 2003. Determinants of post-exercise glycogen synthe-

sis during short-term recovery. Sports Medicine, 33, 117–144. 

Johnson, J. M. & Kellogg, D. L. 2010. Local thermal control of the human cutaneous 

circulation. Journal of Applied Physiology, 109, 1229–1238. 

Jubrias, S. A., Crowther, G. J., Shankland, E. G., Gronka, R. K., & Conley, K. E. 2003. 

Acidosis inhibits oxidative phosphorylation in contracting human skeletal muscle 

in vivo. The Journal of physiology, 553, 589–599. 

Kakigi, R., Naito, H., Ogura, Y., Kobayashi, H., Saga, N., Ichinoseki-Sekine, N., Yo-

shihara, T. & Katamoto, S. 2011. Heat stress enhances mTOR signaling after re-

sistance exercise in human skeletal muscle. The Journal of Physiological Scienc-

es, 61, 131–140. 

Karatzaferi, C., De Haan, A., Ferguson, R. A., Van Mechelen, W. & Sargeant, A. J. 

2001. Phosphocreatine and ATP content in human single muscle fibres before and 

after maximum dynamic exercise. Pflügers Arch, 442, 467–474.  

Kemp, G. 2005. Lactate accumulation, proton buffering, and pH change in ischemically 

exercising muscle. American Journal of Physiology-Regulatory, Integrative and 

Comparative Physiology, 289, R895–R901. 

Keskinen, K. L., Häkkinen, K. & Kallinen, M. 2007. Kuntotestauksen käsikirja. Liikun-

tatieteellinen Seura ry, Helsinki, Finland. 

Kobayashi, T., Goto, K., Kojima, A., Akema, T., Uehara, K., Aoki, H., Sugiura, T., 

Ohira, Y. & Yoshioka, T. 2005. Possible role of calcineurin in heating-related in-

crease of rat muscle mass. Biochemical and biophysical research communications, 

331, 1301–1309. 

Komi, P. V. 2000. Stretch-shortening cycle: a powerful model to study normal and fa-

tigued muscle. Journal of Biomechanics 33, 1197–1206. 

Kurebayashi N. & Ogawa, Y. 2001. Depletion of Ca
2+

 in the sarcoplasmic reticulum 

stimulates Ca
2+

 entry into mouse skeletal muscle fibres. The Journal of Physiolo-

gy, 533, 185–199. 

Lamb, G. D., Junankar, P. R. & Stephenson, D. G. 1995. Raised intracellular [Ca
2+

] 

abolishes excitation‐contraction coupling in skeletal muscle fibres of rat and toad. 

The Journal of physiology, 489, 349–362. 



 88 

Laver, D. R., Lenz, G. K. E. & Dulhunty, A. F. 2001. Phosphate ion channels in the sar-

coplasmic reticulum of rabbit skeletal muscle. Journal of Physiology, 537, 763–

778. 

Lin, J., Handschin, C. & Spiegelman, B. M. 2005. Metabolic control through the PGC-1 

family of transcription coactivators. Cell Metabolism, 361–370. 

Lindinger, M. I. 1995. Origins of [H
+
] changes in exercising skeletal muscle. Canadian 

Journal of Applied Physiology, 20, 357–368. 

Lindinger, M. I., Kowalchuk, J. M. & Heigenhauser, G. J. 2005. Applying physico-

chemical principles to skeletal muscle acid-base status. American Journal of Phys-

iology-Regulatory, Integrative and Comparative Physiology, 289, R891–R894. 

MacDonald, W. A. & Stephenson, D. G. 2001. Effects of ADP on sarcoplasmic reticu-

lum function in mechanically skinned skeletal muscle fibres of the rat. Journal of 

Physiology, 532, 499–508. 

MacIntyre, D. L., Sorichter, S., Mair, J., Berg, A. & McKenzie, D. C. 2001. Markers of 

inflammation and myofibrillar proteins following eccentric exercise in humans. 

European journal of applied physiology, 84, 180–186. 

Maroto, R., Raso, A., Wood, T. G., Kurosky, A., Martinac, B. & Hamill, O. P. 2005. 

TRPC1 forms the stretch-activated cation channel in vertebrate cells. Nature Cell 

Biology, 7, 179–185. 

Mason, R. P., Walter, M. F. & Mason, P. E. 1997. Effect of oxidative stress on mem-

brane structure: small-angle X-ray diffraction analysis. Free Radical Biology and 

Medicine, 23, 419–425. 

Maughan, R. J. & Gleeson, M. 2010. The biochemical basis of sports performance. Ox-

ford University Press, Oxford, United Kingdom. 

Mawhinney, C., Jones, H., Joo, C. H., Low, D. A., Green, D. J. & Gregson, W. 2013. 

Influence of cold-water immersion on limb and cutaneous blood flow after exer-

cise. Medicine and science in sports and exercise, 45, 2277–2285. 

McArdle, W. D., Katch, F. I. & Katch, V. L. 2010. Exercise physiology: nutrition, ener-

gy, and human performance. Lippincott Williams & Wilkins Philadelphia, USA. 

McKenna, M. J., Medved, I., Goodman, C. A., Brown, M. J., Bjorksten, A. R., Murphy 

K. T., Petersen, A. C., Sostaric, S. & Gong, X. 2006. N-Acetyl-cysteine attenuates 

the decline in muscle Na+-K+ -pump activity and delays fatigue during prolonged 

exercise in humans. The Journal of Physiology, 576, 279–288. 



 89 

McNaughton, L. & Thompson, D. 2001. Acute versus chronic sodium bicarbonate in- 

gestion and anaerobic work and power output. Journal of Sports Medicine and 

Physical Fitness, 41, 456–462. 

Meeusen, R. & Lievens, P. 1986. The use of cryotherapy in sports injuries. Sports med-

icine, 3, 398–414. 

Merrick, M. A., Rankin, J. M., Andres, F. A. & Hinman, C.L. 1999. A preliminary ex-

amination of cryotherapy and secondary injury in skeletal muscle. Medicine and 

Science in Sports and Exercise, 31, 1516–1521. 

Millar, N. C. & Homsher, E. 1990. The effect of phosphate and calcium on force gener-

ation in glycerinated rabbit skeletal muscle fibers: a steady-state and transient ki-

netic study. The Journal of Biological Chemistry, 265, 20234–20240. 

Moopanar, T. R., & Allen, D. G. 2005. Reactive oxygen species reduce myofibrillar 

Ca
2+

 sensitivity in fatiguing mouse skeletal muscle at 37 C. The Journal of Physi-

ology, 564, 189–199. 

Morgan D. L. 1990. New insights into the behavior of muscle during active lengthen-

ing. Biophysical Journal, 57, 209–221.  

Morrison, S., Sleivert, G. & Cheung, S. 2004. Passive hyperthermia reduces voluntary 

activation and isometric force production. European Journal of Applied Physiolo-

gy, 91, 729–36. 

Muraoka, T., Omuro, K., Wakahara, T., Muramatsu, T., Kanehisa, H., Fukunaga, T. & 

Kanosue, K. 2007. Effects of muscle cooling on the stiffness of the human gas-

trocnemius muscle in vivo. Cells Tissues Organs, 187, 152–160. 

Murase, S., Terazawa, E., Hirate, K., Yamanaka, H., Kanda, H., Noguchi, K., Ota, H., 

Queme, F., Taguchi, T. & Mizumura, K. 2013 Upregulated glial cell line-derived 

neurotrophic factor through cyclooxygenase-2 activation in the muscle is required 

for mechanical hyperalgesia after exercise in rats. The Journal of Physiology, 591, 

3035–3048. 

Murase, S., Terazawa, E., Queme, F., Ota, H., Matsuda, T., Hirate, K., Kozaki, Y., 

Katanosaka, K., Taguchi, T., Urai, H. & Mizumura, K. 2010. Bradykinin and 

nerve growth factor play pivotal roles in muscular mechanical hyperalgesia after 

exercise (delayed-onset muscle soreness). The Journal of Neuroscience, 30, 3752–

3761. 

Murphy, R. M., Larkins, N. T., Mollica, J. P., Beard, N. A., & Lamb, G. D. 2009. 

Calsequestrin content and SERCA determine normal and maximal Ca2+ storage 



 90 

levels in sarcoplasmic reticulum of fast‐and slow‐twitch fibres of rat. The Journal 

of Physiology, 587, 443–460. 

Murphy, R. M., Stephenson, D. G. & Lamb, G. D. 2004. Effect of creatine on contrac-

tile force and sensitivity in mechanically skinned single fibers from rat skeletal 

muscle. American Journal of Physiology – Cell Physiology, 287, C1589–C1595. 

Nakamura, J., Tajima, G., Sato, C., Furukohri, T. & Konishi, K. 2002. Substrate regula-

tion of calcium binding in Ca2+-ATPase molecules of the sarcoplasmic reticulum. 

I. Effect of ATP. The Journal of Biological Chemistry. 277, 24180–24190. 

Nemet, D., Meckel, Y., Bar-Sela, S., Zaldivar, F., Cooper, D. M. & Eliakim, A. 2009. 

Effect of local cold-pack application on systemic anabolic and inflammatory re-

sponse to sprint-interval training: a prospective comparative trial. European Jour-

nal of Applied Physiology, 107, 411–417. 

Nguyen, H. X. & Tidball, J. G. 2003a. Interactions between neutrophils and macro-

phages promote macrophage killing of rat muscle cells in vitro. Journal of Physi-

ology, 547, 125–132. 

Nguyen, H. X. & Tidball, J. G. 2003b. Null mutation of gp91phox reduces muscle 

membrane lysis during muscle inflammation in mice. Journal of Physiology, 553, 

833–841. 

Ohno, Y., Yamada, S., Sugiura, T., Ohira,Y., Yoshioka, T. & Goto, K. 2010. A possible 

role of NF-kappaB and HSP72 in skeletal muscle hypertrophy induced by heat 

stress in rats. General Physiology and Biophysics, 29, 234–242.  

Palmer, S. & Kentish, J. C. 1994. The role of troponin C in modulating the Ca
2+

 sensi-

tivity of mammalian skinned cardiac and skeletal muscle fibres. The Journal of 

Physiology, 480, 45–60.  

Patterson, S. M., Udermann, B. E., Doberstein, S. T. & Reineke, D. M. 2008. The ef-

fects of cold whirlpool on power, speed, agility, and range of motion, Journal of 

Sports Science and Medicine, 7, 387–394. 

Peake, J., Nosaka, K. & Suzuki, K. 2004. Characterization of inflammatory responses to 

eccentric exercise in humans. Exercise Immunology Review, 11, 64–85. 

Peiffer, J. J., Abbiss, C. R., Watson, G., Nosaka, K. & Laursen, P. B. 2009. Effect of 

cold-water immersion duration on body temperature and muscle function. Journal 

of Sports Sciences, 27, 987–993. 



 91 

Philp, A., Hamilton, D. L. & Baar, K. 2011. Signals mediating skeletal muscle remodel-

ing by resistance exercise: PI3-kinase independent activation of mTORC1. Jour-

nal of Applied Physiology, 110, 561–568. 

Piitulainen, H., Holobar, A. & Avela. J. 2012. Changes in motor unit characteristics af-

ter eccentric elbow flexor exercise. Scandinavian Journal of Medicine and Science 

in Sports, 22, 418–429.  

Posterino, G. S., Dutka, T. L. & Lamb, G. D. 2001. L(+)-lactate does not affect twitch 

and tetanic responses in mechanically skinned mammalian muscle fibres. Europe-

an Journal of Physiology, 442, 197–203. 

Powers, S. K., Kavazis, A. N. & McClung, J. M. 2007. Oxidative stress and disuse 

muscle atrophy. Journal of Applied Physiology, 102, 2389–2397. 

Proske, U. & Morgan, D. L. 2001. Muscle damage from eccentric exercise: mechanism, 

mechanical signs, adaptation and clinical applications. The Journal of Physiology, 

537, 333–345. 

Proske, U., Morgan, D. L., Brockett, C. L. & Percival, P. 2004. Identifying athletes at 

risk of hamstring strains and how to protect them. Clinical and Experimental 

Pharmacology and Physiology, 31, 546–550. 

Raastad, T., Roberts, L. A., Egner, I. M., Coombes, J. S. & Peake, J. M. 2014. Cold wa-

ter immersion reduces the acute satellite cell response to a standardized strength 

training session. European Journal of Sport Studies, 9
th

 International Conference 

of Strength Training, Abano Terme, Italy, Conference Proceedings, 83. 

Ramer Mikkelsen, U., Fredsted, A., Gissel, H. & Clausen, T. 2004. Excitation‐  induced 

Ca
2+

 influx and muscle damage in the rat: loss of membrane integrity and im-

paired force recovery. The Journal of physiology, 559, 271–285. 

Robergs, R. A., Ghiasvand, F. & Parker, D. 2004. Biochemistry of exercise-induced 

metabolic acidosis. American Journal of Physiology – Regulatory, Integrative and 

Comparative Physiology, 287, R502–R516. 

Robergs, R. A., Ghiasvand, F. & Parker, D. 2005. Lingering construct of lactic acidosis. 

American Journal of Physiology-Regulatory, Integrative and Comparative Physi-

ology, 289, R904–R910. 

Roberts, L. A. 2014. Cellular, molecular and physiological effects of post-resistance 

exercise cold water immersion: Implications for subsequent performance. The 

University of Queensland, Australia. PhD Thesis. 



 92 

Roberts, L. A., Nosaka, K., Coombes, J. S. & Peake, J. M. 2014. Cold water immersion 

enhances recovery of submaximal muscle function after resistance exercise. 

American Journal of Physiology-Regulatory, Integrative and Comparative Physi-

ology, 307, R998–R1008. 

Rossi, A. E. & Dirksen, R. T. 2006. Sarcoplasmic reticulum: The dynamic calcium gov-

ernor of muscle. Muscle & Nerve, 33, 715–731. 

Rowsell, G. J., Coutts, A. J., Reaburn, P. & Hill-Haas, S. 2009. Effects of cold-water 

immersion on physical performance between successive matches in high-

performance junior male soccer players. Journal Of Sports Sciences, 27, 565–573. 

Russell, A. P., Feilchenfeldt, J., Schreiber, S., Praz, M., Crettenand, A., Gobelet, C., 

Meier, C. A., Bell, D.R., Kralli, A., Giacobino, J-P. & Dériaz, O. 2003. Endurance 

training in humans leads to fiber type-specific increases in levels of peroxisome 

proliferator-activated receptor-γ coactivator-1 and peroxisome proliferator-

activated receptor-α in skeletal muscle. Diabetes, 52, 2874–2881. 

Saeki, Y. 2002. Effect of local application of cold or heat for relief of pricking pain. 

Nursing and Health Sciences, 4, 97–105. 

Schönfeld, B. J. 2010. The mechanisms of muscle hypertrophy and their application to 

resistance training. The Journal of Strength & Conditioning Research, 24, 2857–

2872. 

Semark, A., Noakes, T. D., Gibson, A. S. C. & Lambert, M. I. 1999. The effect of a 

prophylactic dose of flurbiprofen on muscle soreness and sprinting performance 

in trained subjects. Journal of Sports Sciences, 17, 197–203. 

Slivka, D. R., Dumke, C. L., Tucker, T. J., Cuddy, J. S. & Ruby, B. 2012. Human 

mRNA response to exercise and temperature. International Journal of Sports Med-

icine, 33, 94–100. 

Smith, W. L., DeWitt, D.L. & Garavito, R. M. 2000. Cyclooxygenases: structural, cellu-

lar, and molecular biology. Annual review of Biochemistry, 69, 145–182. 

Sostaric, S. M., Skinner, S. L., Brown, M. J., Sangkabutra, T., Medved, I., Medley, T., 

Selig, S. E., Fairweather, I., Rutar, D. & McKenna, M. J. 2006. Alkalosis increas-

es muscle K+ release, but lowers plasma [K+] and delays fatigue during dynamic 

forearm exercise. The Journal of Physiology, 570, 185–205. 



 93 

Šrámek, P., Šimečková, M., Janský, L., Šavlíková, J. & Vybiral, S. 2000. Human phys-

iological responses to immersion into water of different temperatures. European 

Journal of Applied Physiology, 81, 436–442. 

Statland, B. E., Winkel, P. & Killingsworth, L. M. 1976. Factors contributing to intra-

individual variation of serum constituents: Physiological day-to-day variation in 

concentrations of 10 specific proteins in sera of healthy subjects. Clinical Chemis-

try, 22, 1635–1638. 

Stephens, D. P., Aoki, K., Kosiba, W. A., & Johnson, J. M. 2001. Nonnoradrenergic 

mechanism of reflex cutaneous vasoconstriction in men. American Journal of 

Physiology-Heart and Circulatory Physiology, 280, H1496–H1504.  

Stephens, D. P., Saad, A. R., Bennett, L.A.T., Kosiba, W. A., & Johnson, J. M. 2004. 

Neuropeptide Y antagonism reduces reflex cutaneous vasoconstriction in humans. 

American Journal of Physiology-Heart and Circulatory Physiology, 287, H1404–

H1409. 

Suzuki, Y., Ito, O., Mukai, N., Takahashi, H. & Takamatsu, K. 2002. High level of 

skeletal muscle carnosine contributes to the latter half of exercise performance 

during 30-s maximal cycle ergometer sprinting. The Japanese Journal of Physiol-

ogy, 52, 199–205. 

Svensson, P., Cairns, B. E., Wang, K. & Arendt-Nielsen, L. 2003. Injection of nerve 

growth factor into human masseter muscle evokes long-lasting mechanical allo-

dynia and hyperalgesia. Pain, 104, 241–247. 

Takekura, H., Fujinami, N., Nishizawa, T., Ogasawara, H. & Kasuga, N. 2001. Eccen-

tric exercise-induced morphological changes in the membrane systems involved 

in excitation-contraction coupling in rat skeletal muscle. Journal of Physiology, 

533, 571–583.  

Terjung, R. L., Clarkson, P., Eichner, E. R., Greenhaff, P. L., Hespel, P. J., Israel, R. G., 

Kraemer, W. J., Meyer, R. A., Spriet, L. L., Tarnopolsky, M. A., Wagenmakers, 

A. J. & Williams, M. H. 2000. American College of Sports Medicine roundtable. 

The physiological and health effects of oral creatine supplementation. Medicine 

and Science in Sports and Exercise, 32, 706–717. 

Thompson, H. S., Maynard, E. B., Morales, E. R. & Scordilis, S. P. 2003. Exercise‐

induced HSP27, HSP70 and MAPK responses in human skeletal muscle. Acta 

physiologica scandinavica, 178, 61–72. 



 94 

Thompson, D., Nicholas, C. W., & Williams, C. 1999. Muscular soreness following 

prolonged intermittent high-intensity shuttle running. Journal of Sports Sciences, 

17, 387–395. 

Totsuka, M., Nakaji, S., Suzuki, K., Sugawara, K. & Sato, K. 2002. Break point of se-

rum creatine kinase release after endurance exercise. Journal of Applied Physiol-

ogy, 93, 1280–1286. 

Tseng, C. Y., Lee, J. P., Tsai, Y. S., Lee, S. D., Kao, C. L., Liu, T. C., Lai, C. H., Harris, 

M. B. & Kuo, C. H. 2013. Topical cooling (icing) delays recovery from eccentric 

exercise-induced muscle damage. The Journal of Strength and Conditioning Re-

search, 27, 1354–1361. 

Uehara, K., Goto, K., Kobayashi, T., Kojima, A., Akema, T., Sugiura, T., Yamada, S., 

Ohira, Y., Yoshioka, T. & Aoki, H. 2004. Heat-stress enhances proliferative po-

tential in rat soleus muscle. The Japanese Journal of Physiology, 54, 263–271.  

Vaile, J., O'Hagan, C., Stefanovic, B., Walker, M., Gill, N. & Askew, C. D. 2011. Ef-

fect of cold water immersion on repeated cycling performance and limb blood 

flow. British journal of sports medicine, 45, 825–829. 

Valtion ravitsemusneuvottelukunta 2005. Suomalaiset ravitsemussuositukset – ravinto 

ja liikunta tasapainoon. Edita Publishing Oy, Helsinki, Suomi. 

Vatanen, M., Autioniemi, M., Hämäläinen, T. & Uusipulkamo, M. 2012. Unpublished 

study. Rovaniemen ammattikorkeakoulu, Arctic Power laboratory.  

Verburg, E., Murphy, R. M., Stephenson, D. G. & Lamb, G. D. 2005. Disruption of ex-

citation–contraction coupling and titin by endogenous Ca
2+‐activated proteases in 

toad muscle fibres. The Journal of Physiology, 564, 775–790. 

Vijayan, K., Thompson, J. L., Norenberg, K. M., Fitts, R. H. & Riley, D. A. 2001. Fi-

ber-type susceptibility to eccentric contraction-induced damage of hindlimb-

unloaded rat AL muscles. Journal of Applied Physiology, 90, 770–776. 

Warren, G. L., Lowe, D. A. & Armstrong, R. B. 1999. Measurement tools used in the 

study of eccentric contraction-induced injury. Sports Medicine, 27, 43–59. 

Weerakkody, N. S., Whitehead, N. P., Canny, B. J., Gregory, J. E. & Proske, U. 2001. 

Large-fiber mechanoreceptors contribute to muscle soreness after eccentric exer-

cise. The journal of Pain, 2, 209–219. 



 95 

Westerblad, H. & Allen, D. G. 1992. Myoplasmic free Mg
2+

 concentration during repet-

itive stimulation of single fibres from mouse skeletal muscle. Journal of Physiolo-

gy, 453, 413–434. 

Westerblad, H., Allen, D. G. & Lännergren, J. 2002. Muscle fatigue: lactic acid or inor-

ganic phosphate the major cause?. Physiology, 17, 17–21. 

Wilcock, I. M., Cronin, J. B. & Hing, W. A. 2006. Physiological response to water im-

mersion. Sports Medicine, 36, 747–765. 

Wolosker, H., Rocha, J., Engelender, S., Panizzutti, R., Miranda, J. & Meis, L. D. 1997. 

Sarco/endoplasmic reticulum Ca
2+

-ATPase isoforms: diverse responses to acido-

sis. Biochemical Journal, 321, 545–550. 

Wu, J., Ruas, J. L., Estall, J. L., Rasbach, K. A., Choi, J. H., Ye, L., Boström, P., Tyra, 

H. M., Crawford, R. W., Campbell, K. P., Rutkowski, D. T., Kaufman, R. J. & 

Spiegelman, B. M. 2011. The unfolded protein response mediates adaptation to 

exercise in skeletal muscle through a PGC-1alpha/ATF6alpha complex. Cell Me-

tabolism, 13, 160–169. 

Yamane, M., Teruya, H., Nakano, M., Ogai, R., Ohnishi, N. & Kosaka, M. 2006. Post-

exercise leg and forearm flexor muscle cooling in humans attenuates endurance 

and resistance training effects on muscle performance and on circulatory adapta-

tion. European Journal of Applied Physiology, 96, 572–580. 

Yanagisawa, O., Kudo, H., Takahashi, N. & Yoshioka, H. 2004. Magnetic resonance 

imaging evaluation of cooling on blood flow and oedema in skeletal muscles after 

exercise. European Journal of Applied Physiology, 91, 737–740. 

Yanagisawa, O., Niitsu, M., Takahashi, H, Goto, K. & Itai, Y. 2003a. Evaluations of 

cooling exercised muscle with MR imaging and 31P MR spectroscopy. Medicine 

and Science in Sports and Exercise, 35, 1517–1523. 

Yanagisawa, O., Niitsu, M., Yoshioka, H., Goto, K., Kudo, H. & Itai, Y. 2003b. The use 

of magnetic resonance imaging to evaluate the effects of cooling on skeletal mus-

cle after strenuous exercise. European Journal of Applied Physiology, 89, 53–62. 

Yeung, E. W., Balnave, C. D., Ballard, H. J., Bourreau, J-P. & Allen, D. G. 2002a. De-

velopment of T-tubular vacuoles in eccentrically damaged mouse muscle fibres. 

Journal of Physiology, 540, 581–592. 

Yeung, E. W., Bourreau, J. P., Allen, D. G. & Ballard, H. J. 2002b. Effect of eccentric 

contraction-induced injury on force and intracellular pH in rat skeletal muscles. 

Journal of Applied Physiology, 92, 93–99. 



 96 

Yeung, E. W., Whitehead, N. P., Suchyna, T. M., Gottlieb, P. A., Sachs, F. & Allen, 

D.G. 2005. Effects of stretch-activated channel blockers on [Ca
2+

]i and muscle 

damage in the mdx mouse. The Journal of Physiology, 562, 367–380. 

Yoshihara, T., Naito, H., Kakigi, R., Ichinoseki‐ Sekine, N., Ogura, Y., Sugiura, T. & 

Katamoto, S. 2013. Heat stress activates the Akt/mTOR signalling pathway in rat 

skeletal muscle. Acta Physiologica, 207, 416–426. 

Zhang, B. T., Whitehead, N. P., Gervasio, O. L., Reardon, T. F., Vale, M., Fatkin, D., 

Dietrich, A., Yeung, E. W. & Allen, D. G. 2012. Pathways of Ca
2+

 entry and cyto-

skeletal damage following eccentric contractions in mouse skeletal muscle. Jour-

nal of Applied Physiology, 112, 2077–2086. 

Zhang, B. T., Yeung, S. S., Allen, D. G., Qin, L. & Yeung, E. W. 2008. Role of the cal-

cium-calpain pathway in cytoskeletal damage after eccentric contractions. Journal 

of Applied Physiology, 105, 352–357.  

  



 97 

APPENDIX 1 – HEALTH QUESTIONNAIRE (IN FINNISH) 

 

 

Terveyskysely        

Lue kysymykset huolellisesti ja vastaa niihin rehellisesti kyllä tai ei.  

 

1. Onko lääkäri suositellut Sinulle liikuntaa vain tietyn ohjeistuksen mukaan sydän-, verenkier-
to- tai hengityselimistön sairauden vuoksi? 

 Kyllä 

 Ei 
2. Onko Sinulla ollut rintakipua liikunnan aikana? 

 Kyllä 

 Ei 
3. Onko Sinulla ollut rintakipua viimeksi kuluneen kuukauden aikana levossa? 

 Kyllä 

 Ei 
4. Oletko menettänyt tajuntasi tai oletko kaatunut huimauksen takia yhden tai useamman ker-
ran? 

 Kyllä 

 Ei 
5. Onko Sinulla luustossa tai nivelissä ongelmia, jotka saattaisivat pahentua liikunnan aikana? 

 Kyllä 

 Ei 
6. Onko Sinulle koskaan suositeltu tai määrätty lääkitystä kohonneen verenpaineen tai sydän-
sairauden vuoksi? 

 Kyllä 

 Ei 
7. Onko sinulla mielestäsi mitään sellaista terveydellistä ongelmaa, joka vaatisi lääkärin ohjeita 
liikuntaa varten? 

 Kyllä 

 Ei 
8. Oletko viimeisen kahden viikon aikana ollut flunssassa/kuumeessa? 

 Kyllä 

 Ei 
 

 

Allekirjoitus, nimenselvennys     Jyväskylä, ___/___ 2013 
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APPENDIX 2 – INFORMED CONSENT DOCUMENT (IN 

FINNISH) 

 

 

KYLMÄSUMUSUIHKUTUKSEN VAIKUTUKSET PALAUTUMI-

SEEN AKUUTISTA FYYSISESTÄ KUORMITUKSESTA JA VII-

KON HARJOITTELUJAKSOSTA NUORILLA KUNTOILIJAMIE-

HILLÄ  

 

TUTKITTAVAN SUOSTUMUS TUTKIMUKSEEN OSALLISTUMISESTA  

Olen perehtynyt tämän tutkimuksen tarkoitukseen ja sisältöön, tutkittaville aiheutuviin 

mahdollisiin haittoihin sekä tutkittavien oikeuksiin ja vakuutusturvaan. Suostun osallis-

tumaan mittauksiin ja toimenpiteisiin annettujen ohjeiden mukaisesti. En osallistu mit-

tauksiin flunssaisena, kuumeisena, toipilaana tai muuten huonovointisena. Voin halutes-

sani peruuttaa tai keskeyttää osallistumiseni tai kieltäytyä mittauksista missä vaiheessa 

tahansa. Tutkimustuloksiani saa käyttää tieteelliseen raportointiin (esim. julkaisuihin) 

sellaisessa muodossa, jossa yksittäistä tutkittavaa ei voi tunnistaa.  

 

NIMI: ______________________ Puh no:____________ Jyväskylässä ________ 2013.  

Tutkittavan allekirjoitus:   

______________________________________________________  

Tutkijan allekirjoitus:  

_________________________________________________________  
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APPENDIX 3 – BREAKFAST 

 

 

Rye bread 1 piece 

Margarine 6 g 

Cheese 15 g 

Ham 12g  

Cucumber 20 g 

Yoghurt 150 g 

Apple 150 g or mandarin 70 g 

 

Total of xxx kcal 
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APPENDIX 4 – TRAINING PROGRAMMES 

 

 

A. Gym programme 

 

** Warm-up:  7 min cycling with increasing tempo + arm circles 

 

 

1. Leg press  

4 x 10, rest 2 min 

1st training session  ___/___ 2013, weights: ___________________________________ 

2nd training session ___/___ 2013, weights: ___________________________________ 

3rd training session ___/___ 2013, weights: ___________________________________  

 

2. Bench press 

4 x 10, rest 2 min 

1st training session  ___/___ 2013, weights: ___________________________________ 

2nd training session ___/___ 2013, weights: ___________________________________ 

3rd training session ___/___ 2013, weights: ___________________________________  

 

3. Lever seated leg curl 

4 x 10, rest 2 min 

1st training session  ___/___ 2013, weights: ___________________________________ 

2nd training session ___/___ 2013, weights: ___________________________________ 

3rd training session ___/___ 2013, weights: ___________________________________  

 

4. Biceps curl with a barbell 

4 x 10, rest 2 min 

1st training session  ___/___ 2013, weights: ___________________________________ 

2nd training session ___/___ 2013, weights: ___________________________________ 

3rd training session ___/___ 2013, weights: ___________________________________  

 

5. Lever leg extension 

4 x 10, rest 2 min 

1st training session  ___/___ 2013, weights: ___________________________________ 

2nd training session ___/___ 2013, weights: ___________________________________ 

3rd training session ___/___ 2013, weights: ___________________________________  
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Sit-ups 4x25 with fast tempo 

Hyperextension 2x25 with slow tempo 

 

** Cool-down: cycling 5 min + short stretches < 20s 

 

B. Interval running programme 

 

** Warm-up: Jogging 5-7 min, dynamic stretching, coordination drills (e.g. high knees), 

few sprints  

 

5x100m, with 70%, rest 1 min 

1st training session  ___/___ 2013, time: 

_______________________________________________________________________ 

2nd training session ___/___ 2013, time:  

_______________________________________________________________________ 

3rd training session ___/___ 2013, time:  

_______________________________________________________________________ 

 

** 3min break ** 

 

4x5x60m, with 80%, rest between the intervals 2min, between the sets 4min 

1st training session  ___/___ 2013, time: 

_______________________________________________________________________ 

2nd training session ___/___ 2013, time:  

_______________________________________________________________________ 

3rd training session ___/___ 2013, time:  

_______________________________________________________________________ 

 

** Cool-down: jogging 5min + short stretches < 20s 

 

 

 

 

 


