
 

 

 

 

ABSTRACT 
 

Comparison of Post-Exercise Recovery Strategies on Physiological and Biochemical 
Markers of Exercise-Induced Muscle Damage 

 
Carrie M. Nix, M.S.Ed. 

 
Committee Chairperson: Matthew B. Cooke, Ph.D. 

 
 
 From the elite competitor, to the weekend athlete, or as a result of everyday 

activities, muscle injuries are a way of life.  To date, no studies have examined the 

effectiveness of the Alter-G G-Trainer to enhance muscle recovery from injury.  Twenty-

five recreationally active males between 18 and 35 were randomly assigned to one of 

three recovery groups: G-Trainer, treadmill running, static stretching.  Recovery was 

performed 30 minutes, 24, 48, and 72 hours following a 45 minute downhill run.  

Isokinetic strength, creatine kinase, superoxide dismutase, malondialdehyde, muscle 

soreness and mood states were assessed at baseline, 15 minutes, 3, 24, 48, 72, and 96 

hours post-exercise.  Significant time effects were observed for isokinetic knee 

flexion/extension at 60 and 180°/second, muscle soreness (p<0.05), muscle soreness 

(p<0.001) and POMS (p=0.013).  A significant group by time interaction (p=0.027) was 

observed for POMS.  The G-Trainer treadmill was unable to enhance muscle recovery 

following exercise-induced muscle damage.   
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CHAPTER ONE 
 

Introduction 
 
 

Muscle injuries are common, whether in the elite athlete or weekend warrior 

during training or competition, or as a result of everyday activities.  These injuries 

usually occur due to some form of direct trauma such as crush injury or as a result of high 

intensity, unaccustomed exercise, often leading to disruption to the cellular structure of 

the muscle (Proske and Morgan, 2001). 

It has been well-documented that skeletal muscle damage is particularly prevalent 

following eccentric exercise, which involves a lengthening of the active muscles (Gissel 

and Clausen, 2001; Lee, Goldfarb, Rescino, Hegde, Patrick and Apperson, 2002; Nosaka, 

Newton, and Sacco, 2002; Proske and Morgan, 2001; Sorichter, Puschendorf, and Mair, 

1999; and Tidball, 2005).  The most common symptom of muscle damage is delayed 

onset muscle soreness (DOMS) (Armstrong, 1984; Braun and Dutto, 2003; Chen, Nosaka, 

and Wu, 2008; Cleak and Eston, 1992; Lee et al., 2002; Nosaka et al., 2002; Smith, 

McKune, Semple, Sibanda, Steel, and Anderson, 2007; and Takahashi, Ishihara, and 

Aoki, 2006).  Symptoms of DOMS can range from muscle tenderness to severe 

debilitating pain.  These symptoms may last up to 5-7 days, typically peaking between 24 

and 72 hours (Cheung, Hume, and Maxwell, 2003).  Other signs of skeletal muscle 

damage include a decrease in maximal voluntary contraction (Peterson, Hansen, Aagaard, 

and Madsen, 2007) and leakage of myofibrillar proteins such as creatine kinase (CK) and 

lactate dehydrogenase (LDH) into the blood (Nosaka and Clarkson, 1992).  Recently, 
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increased oxidative stress and lipid peroxidation indicated by superoxide dismutase 

(SOD) and malondialdehyde (MDA), respectively, have been implicated in the etiology 

of muscle damage, and more importantly, the recovery process (Malm, Sjödin, Sjöberg, 

Lenkei, Renström, Lundberg and Ekblom, 2004; Neubauer, König, and Wagner, 2008; 

Smith et al,. 2007; and Suzuki, Peake, Nosaka, Okutsu, Abbiss, Surraino, Bishop, Quod, 

Lee, Martin, and Laursen, 2006).  Finally, qualitative measurements such as the Visual 

Analog Pain Scale and Profile of Mood States Assessment (POMS) have also been 

assessed in conjunction to the aforementioned symptoms to provide valuable information 

regarding the ability of recovery strategies to enhance the psychological state (Lorr, 

McNair, Heuchert, Droppleman, 2003; and Scott and Huskisson, 1997).  

It is well established that the accumulation of Ca2+ during and/or following 

eccentric exercise initiates a series of events that ultimately leads to a vicious cycle of 

self-accelerating cell damage, and thus muscle damage (Gissel and Clausen, 2001).   

Additionally, these series of events result in an interaction between protein synthesis and 

degradation (Sorichter et al. 1999).  Though protein synthesis is typically increased after 

exercise, without feeding, protein breakdown ultimately results and leads to muscle 

breakdown and atrophy (Wolf, 2006).  Further, increased free radical production and 

oxidative stress following the exercise-induced muscle damage have been implicated in 

the severity of the muscle degeneration (Malm et al., 2004; Neubauer et al., 2008; Smith 

et al., 2007; and Suzuki et al., 2006).   

Despite the complex network of different mechanisms, including inflammatory 

processes, it can be suggested that increasing blood flow to the injured area without 

causing further injury will improve muscle regeneration and functional capability.  
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Increased blood flow will aid in the delivery of macrophages, which will help to remove 

damaged proteins and promote the regeneration of cells; increase the delivery of trophic 

factors  [such as; Transforming growth factor β (TGF-β), Vascular endothelial growth 

factor (VEGF), Insulin-like growth factor (IGF), etc.] that will aid in the growth and 

differentiation of satellite cells; increase oxygen delivery; and increase the clearance of 

chemicals released during muscle damage and regeneration; thereby reducing the severity 

of delayed onset muscle soreness (Carlson and Faulkner, 1983).  

While the mechanisms of muscle damage, cellular degeneration and regeneration 

have been extensively investigated, there are still many aspects of these processes that 

remain unclear.  Thus, currently accepted mechanisms of treatment for skeletal muscle 

injuries are those that have recognized mechanisms of physiological action, such as ice 

application, massage, or ultrasound post-injury (Järvinen, Järvinen, Kääriäinen, Äärimaa, 

Vaittinen, Kalimo, and Järvinen, 2007).  Popular methods used amongst elite and 

recreational athletes to enhance muscle recovery from damage include low-intensity 

exercise (i.e. active recovery) and static stretching.  Static stretching is thought to be 

beneficial because it increases blood flow to the damaged area, enhancing the recovery 

process and increasing protein synthesis (Cheung et al., 2003; Goldspink, 1999; Loughna, 

Izumo, Goldspink, and Nadal-Ginard, 1990; and Pope, Herbert, Kirwan, and Graham, 

2000).  Similarly, active recovery exercise may be beneficial in improving blood flow to 

the damaged area as well as providing an analgesic effect on the painful symptoms of 

muscle damage (Martin, Millet, Lattier, and Perrod, 2004; Sayers, Clarkson, and Lee, 

2000; and Zainuddin, Sacco, Newtom, and Nosaka,  2006).  Active recovery is perhaps a 
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more preferred method of recovery for athletes, although its efficacy within different 

athletic populations has not been effectively demonstrated in the scientific literature. 

Recently, there has been increasing interest in weight-supported active recovery.  

An example of weight-supported active recovery is deep-water running, which has been a 

popular rehabilitation and recovery tool and has proven effective in enhancing recovery 

when compared with a control group performing no exercise (Takahashi et al., 2006).  

Following a similar mechanism, the G-Trainer treadmill from Alter-G Inc. is a new 

device that allows for weight-supported running on a treadmill.  The incorporation of the 

G-Trainer treadmill may be beneficial in providing a low-impact form of recovery 

exercise, while allowing for an effective cardiovascular workout.  However, minimal 

scientific outcomes are known about the effects of the G-Trainer on muscle recovery 

following injury.   

Developed in 2005, the G-Trainer treadmill enables individuals to reduce their 

body weight during walking and running, making it the first anti-gravity treadmill.  The 

G-Trainer may be used for health and medical benefits, reduction of injury risk, and 

expansion of athletic training and conditioning.  Individuals who have used the G-Trainer 

anecdotally claim to have seen benefits in general conditioning, cross training, and 

performance enhancement.  The G-Trainer may be beneficial for utilization in recovery 

exercise because it reduces the impact on the body, allowing the individual to run longer 

and faster than traditional recovery running.  This allows for a better cardiovascular 

workout with less impact on the working joints and muscles.  Reduced impact may allow 

for physical activity to be performed longer due to the decreased level of discomfort.  The 

air pressure exerted on the legs by the G-Trainer in order to provide weight support may 
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additionally aid in recovery, as it may discourage the pooling of blood in the legs, 

increasing the removal of damaging debris from the injured muscles.  Weight supported 

exercise, as with the G-Trainer, may be beneficial psychologically, since a lower 

perceived exertion will help to reduce the mental stress of exercise.  

To date, no studies have examined the effects of the G-Trainer on muscle 

recovery following exercise-induced muscle damage.  Further, no studies have compared 

traditional modes of recovery such as submaximal running and static stretching to the G-

Trainer anti-gravity treadmill.   

Purpose of the Study 

The purpose of this study was to examine the effects of submaximal running on 

the G-Trainer on recovery from skeletal muscle damage caused by eccentric exercise 

when compared to other popular methods; submaximal treadmill running and static 

stretching.  More specifically, this study aimed to: 

1. Examine the relationship between recovery methods and changes in maximal 
voluntary contraction (MVC) in recreationally active males. 
 

2. Examine the relationship between recovery methods and changes in   
biochemical markers of skeletal muscle damage in recreationally active males. 

 
3. Examine the relationship between recovery methods and changes in serum 

markers of oxidative stress and lipid peroxidation in recreationally active 
males. 

 
4. Examine the relationship between recovery methods and subjective ratings of 

perceived muscle soreness and psychological mood states in recreationally 
active males. 
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Hypotheses 

This study tested three hypotheses: 

H1: There will not be a statistically significant difference in voluntary isokinetic 
force output in the G-Trainer recovery group when compared to the treadmill 
running and static stretching groups following the eccentrically biased downhill 
run.  
 
H2: There will not be a statistically significant difference in serum markers of 
muscle damage [creatine kinase (CK)] in the G-Trainer recovery group as 
compared to the treadmill running and static stretching groups following the 
eccentrically biased downhill run. 
 
H3: There will not be a statistically significant difference in serum levels of 
inflammation and oxidative stress-responsive variables (SOD, MDA) in the G-
Trainer recovery group as compared to the treadmill running and static stretching 
groups following the eccentrically biased downhill run. 
 
H4: There will not be a statistically significant difference in subjective ratings of 
perceived muscle soreness or psychological mood states in the G-Trainer recovery 
group as compared to the treadmill running and static stretching groups following 
the eccentrically biased downhill run. 
 
 

Significance of the Study 
 

 Research has shown that skeletal muscle damage is caused by unaccustomed or 

eccentric exercise.  This muscle damage can be assessed by physiological aspects as well 

as select biochemical markers.  Several different methods of recovery currently exist with 

the aim of enhancing recovery from skeletal muscle damage.  The Alter-G G-Trainer 

treadmill claims to be a useful alternative recovery method.  However, no studies exist to 

support this claim.  If weight supported exercise utilizing the G-Trainer does prove 

effective, this method may be beneficial for all populations from the elderly to the elite 

athlete. 
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Delimitations 

This study was delimited to the following aspects: 

1. Twenty-five recreationally active males completed this study. 
 

2. All participants were determined healthy and met the study criterion 
requirements to be qualified as recreationally active. 

 
3. Height was measured using a standard measuring tape. 

 
4. Weight was measured using a standard balanced scale. 

 
5. VO2 peak was determined through a staged maximal running test, following 

the Bruce protocol, on a treadmill (Quinton, Seattle, WA). 
 

6. Vo2 peak tests were performed by a qualified technician using the same 
metabolic equipment. 

 
7. Skeletal muscle damage was induced using the same downhill running 

protocol for each participant. 
 

8. Participants in the G-Trainer recovery group completed familiarization 
sessions before the recovery sessions began. 

 
9. Treadmill recovery sessions were completed on the same treadmill (Quinton, 

Seattle, WA). 
 

10. Participants were instructed to wear similar clothing and the same footwear to 
each testing session. 

 
11. Participants in the G-Trainer recovery group were instructed to wear the same 

tight-fitting shorts to each testing session. 
 

12. Participants were asked to refrain from nutritional supplementation (excluding 
a daily multi-vitamin) and maintain their normal dietary ingestion 
types/amounts throughout the course of the study.   

 
13. Participants were asked to keep a dietary intake record throughout the course 

of the study. 
 

14. Participants were asked to refrain from any physical activity outside of the 
study throughout the course of the study. 

 
15. Peak torque was measured using a Biodex dynamometer (Biodex Medical 

Systems, Inc., Shirley, NY). 
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16. Blood biochemical markers were measured using a plate reader (Wallac 

Victor-1420, Perkin-Elmer Life Sciences, Boston, MA). 
 
17. Participants were asked to honestly complete Visual Analog Pain Scales and 

Profile of Mood States Assessments daily throughout the course of the study. 
 
 

Limitations 
 

The study was limited by the following aspects: 

1. Sample size was limited to voluntary participants from the Baylor University 
campus and surrounding communities, limiting the ability for results to be 
inferred to a larger population. 

 
2. Daily activities other than training sessions were not controlled. 

 
3. Participants’ diets were not controlled throughout the course of the study. 

 
4. Motivation of participants to be present and put forth appropriate effort during 

all testing sessions. 
 

5. The accuracy and reliability of the technologies and protocols utilized to 
measure dependent variables. 

 
 

Assumptions 
 

The following assumptions were made: 

1. The tests were reliable and valid measures of VO2 peak, maximal voluntary 
contraction, and blood biochemical markers. 

 
2. The subjects completed the VO2 peak test and maximal voluntary contraction 

tests with maximal effort. 
 

3. Participants honestly and completely filled out the medical history 
questionnaire, physical activity questionnaire, muscle soreness assessments, 
POMS evaluations, and dietary intake analysis. 

 
4. Participants refrained from any physical activity outside of the study. 

 
5. Participants refrained from ingesting any nutritional supplementation 

throughout the course of the study. 
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6. Participants refrained from other techniques that aid in recovery from exercise 
induced skeletal muscle damage throughout the course of the study. 

 

Definition of Terms 

For the purpose of consistency of interpretation, the following definitions were 

utilized in a manner specifically related to the purposes of this study: 

1. Acetylcholine (Ach) – A chemical neurotransmitter released into the 
neuromuscular junction, used to convey information from the nerve 
(presynaptically) to the muscle (postsynaptically) across a synaptic cleft.  
Acetylcholine is intimately involved in the contractile process in muscle 
(Lieber, 1992). 
 

2. Adenosinetriphosphate – A nucleotide, adenosine 5-triphosphate, occurring 
in all cells, where it stores energy in the form of high-energy phosphate 
bonds (Dorland, 2007). 

 
3. Basal Lamina – Secreted by the epithelial cells, the basal lamina is 

considered to be of critical importance as a substrate for satellite cell 
proliferation and fusion (Lieber, 1992). 

 
4. Bradykinin – A nonapeptide kinin formed from a plasma protein; it is a 

very powerful vasodilator that increases capillary permeability and, in 
addition, constricts smooth muscle and stimulates pain receptors (Dorland, 
2007). 

 
5. Calpain – Within the sarcomere, closely associated with the I- and Z-band 

regions.  When calpain is activated by elevated calcium, selective 
proteolysis of various contractile, metabolic and/or structural elements 
occurs.  The physiological consequences of calpain activation are 
uncertain, however it is likely that calpain functions in a regulatory 
capacity within muscle by altering intracellular structure, function and 
metabolism, in addition to the general turnover of intracellular proteins 
(Belcastro et al., 1998). 

 
6. Chemotaxis – The migration of cells toward or away from a concentration 

gradient of a soluble chemical attractant (chemoattractant) (Tiidus, 2008). 
 

7. Concentric Muscle Contraction – A contraction which causes a shortening 
of the muscle while it is activated (Lieber, 1992). 

 
8. Creatine Kinase (CK) – An enzyme that catalyzes the reversible reaction of 

creatine and ATP forming phosphocreatine and ADP.  Phosphocreatine is a 
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“high-energy phosphate” which is able to supply ATP on demand.  
Creatine kinase plays a significant role in energy homeostasis of cells with 
intermittently high energy requirements (McLeish and Kenyon, 2005). 

 
9. Cytokine - Soluble extra cellular proteins or glycoproteins that are 

important intercellular regulators of cells engaged in innate as well as 
adaptive inflammatory host defenses, cell growth, differentiation, cell 
death, angiogenesis, and development and repair processes all to provide 
restoration of homeostasis (Oppenheim, 2001). 

 
10. Eccentric muscle contraction – A contraction which produces a 

lengthening of the muscle while it is activated, causing the actin and 
myosin filaments to be pulled in the opposite direction.  This leads to 
overstretching and ultimately “popping” of the sarcomeres (Lieber, 1992). 

 
11. Electromyostimulation – A means of enhancing muscle recovery by 

increasing muscle blood flow, especially with low frequency stimulation 
(Martin et al., 2004). 

 
12. Free radicals – Any molecule that has an odd number of electrons.  Free 

radicals, which can occur in both organic and inorganic molecules, are 
highly reactive and, therefore, transient (Freeman and Crapo, 1982). 

 
13. Growth Factors - Any substance that promotes skeletal or somatic growth; 

usually a mineral, hormone, or vitamin (Dorland, 2007). 
 

14. Hormone – A chemical substance produced in the body that controls and 
regulates the activity of certain cells or organs. 

 
15. Hyperbaric Oxygen Therapy – The therapeutic administration of 100% 

oxygen at environmental pressures greater than one atmosphere (Bennett, 
Wasiak, Schnabel, Kranke, and French, 2005). 

 
16. Interferon - Cytokines that have multiple effects on cell function.  

Functions of interferons include blocking virus replication, exerting 
regulatory effects on lymphocytes, modulating macrophage function, up-
regulating major histocompatability complex class II expression, and 
inhibiting the growth of many different cell types (Lewis, Huq, and 
Najarro, 1996). 

 
17. Interleukin-1 Beta (IL-1β) - IL-1β is a cytokine produced by macrophages, 

monocytes and dendritic cells and forms an important role in 
inflammatory processes. Specifically, IL-1β has been shown to increase 
the expression of adhesion factors on endothelial cells to enable 
transmigration of leukocytes, to sites of infection and to re-set the 
hypothalamus thermoregulatory center (Oppenheim, 2001). 
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18. Interleukin-2 (IL-2) – A pro-inflammatory cytokine, the first shown to 

drive mitosis in activated T cells.  IL-2 is essential in the efficient 
production of effector cytotoxic T cells, the control of regulatory T-cell 
survival, the maintenance of tolerance, the continuance of T-cell expansion, 
and driving protein synthesis (Cornish, Sinclair, and Centrell, 2006). 

 
19. Interleukin-4 (IL-4) – A cytokine that supports a distinct activation 

program leading to alternatively activated macrophages that tune 
inflammatory responses, promote tissue repair, and scavenge debris 
(Gordon, 2003). 

 
20. Interleukin-6 (IL-6) – A pro-inflammatory cytokine secreted by T cells and 

macrophages to stimulate an immune response. IL-6 plays a key role in the 
acute phase response as defined by a variety of clinical and biological 
features such as the production of acute phase proteins (Gabay, 2006). 

 
21. Isokinetic – Maintaining constant torque or tension as muscles shorten or 

lengthen (Dorland, 2007). 
 

22. Lactate Dehydrogenase (LDH) – Lactate dehydrogenase (LDH) is an 
enzyme of carbohydrate metabolism catalyzing one of the key glycolytic 
reactions, interconversion of pyruvic acid (pyruvate) and lactic acid 
(lactate). The activity of LDH is an important biochemical diagnostic index 
that is used to assess the muscle tissue performance and diagnostics of 
some diseases (Butova, O.A. and Masalov, S.V., 2009). 

 
23. Leukocyte – White blood cells of the immune system that serve to defend 

the cell against infectious disease and foreign materials.  An increase in the 
number of circulating leukocytes, or leukocytosis, occurs following muscle 
damage and is important in releasing cytokines and other activators of the 
muscle repair process (Anderson and Wozniak, 2004). 

 
24. Macrophage – any of the large, mononuclear, highly phagocytic cells 

derived from monocytes, occurring in the walls of blood vessels and in 
loose connective tissue (Dorland, 2007). 

 
25. Malondialdehyde (MDA) – A terminal product of lipid peroxidation, which 

can be measured in plasma and serves as an effective lipid perioxidation 
marker and an indirect index of reactive oxygen species (ROS) activity 
(Gutteridge and Halliwell, 1990). 

 
26. Maximal Oxygen Uptake (VO2max) - Refers to the highest value of oxygen 

consumption measured during an exhaustive exercise test.  Researchers can 
be sure that a subject has exercised to exhaustion if their VO2 (as measured 
with an open circuit sampling system) has reached a plateau.  (A plateau is 
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defined as no further increase in VO2 with increasing power outputs, or 
when the rise in VO2 is less than 100 ml/min). 

 
27. Necrosis – A type of cell death that lacks the features of apoptosis and 

autophagy, and is usually considered to be uncontrolled (Golstein and 
Kroemer, 2007). 

 
28. Neutrophil – Any cell, structure, or histologic element readily stainable 

with neutral dyes (Dorland, 2007). 
 

29. Non-Steroidal-Anti-Inflammatory Drugs (NSAIDS) – A class of drugs often 
used to prevent or treat DOMS that inhibit the metabolism of arachidonic 
acid via the cyclo-oxygenase pathway and thus prevent the production of 
endoperoxides and prostaglandins (Cheung et al., 2003). 

 
30. Oxidative Stress – an imbalance between oxidants and antioxidants in favor 

of the oxidants, potentially leading to damage (Sies, 1997). 
 

31. Peak Isokinetic Torque - a measure of strength, evaluated by measuring the 
rotational effect of force generated by a single muscle or group of muscles 
in relation to the considered joint.   

 
32. Peak Oxygen Uptake (VO2peak) - If the criterion for VO2max is not met, a 

VO2peak can be determined by looking at attainment of age-predicted 
maximal heart rate, a rating of perceived exertion at exhaustion of greater 
than 19 and/or a post-exercise blood lactate of greater than eight mmol.   

 
33. Phagocytosis – A process in which phagocytes engulf and digest 

microorganisms and cellular debris (Tiidus, 2008). 
 

34. Protease – Any peptidase that catalyzes the cleavage of internal bonds in a 
polypeptide or protein (Dorland, 2007).  

 
35. Reactive Oxygen Species – A group of chemically reactive ions, radicals 

and molecules derived from oxygen (Rada and Leto, 2008) 
 

36. Recreationally Active - Participating in physical activity for 30 or more 
minutes at least three times per week for at least six months. 

 
37. Rest, Ice, Compression, Elevation (RICE) – A commonly used method of 

treatment thought to reduce the inflammatory process, vascular 
permeability and the formation of oedema (Cheung et al., 2003). 

 
38. Satellite Cells – Skeletal muscle satellite cells are quiescent mononucleated 

myogenic cells, located between the sarcolemma and basement membrane 
of terminally-differentiated muscle fibers.  Normally quiescent in adult 
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muscle, satellite cells act as a reserve population of cells, able to proliferate 
in response to injury and give rise to regenerated muscle and to more 
satellite cells (Morgan and Partridge, 2003).  

 
39. Superoxide Dismutase (SOD) – This enzyme catalyzes the dismutation of 

superoxide into oxygen and hydrogen peroxide. As such, it is an important 
antioxidant defense in nearly all cells exposed to oxygen. Superoxide is one 
of the main reactive oxygen species in the cell and as such, SOD serves a 
key antioxidant role (Qin, Reszka, Fukai, and Weintraub, 2008).  

 
40. Tumor Necrosis Factor Alpha (TNF-α) – A pro-inflammatory cytokine 

implicated in the pathogenesis of autoimmune disease, rheumatoid arthritis, 
septic shock, and other inflammatory disorders.  It is known to exert its 
catabolic effects on infection and cancer (Moller, 2000).   

 
41. Ubiqutin (UB) -  A small protein that occurs in all eukaryotic cells. Its main 

known function is to mark other proteins for destruction via proteolysis 
(Reinstein and Ciechanover, 2006).   

 
42. Ultrasound – A method of recovery that enhances blood flow, increases 

membrane permeability, alters connective tissue extensibility and nerve 
conduction, and stimulates protein synthesis with fibroblast activation; due 
to deep thermal effects as well as non-thermal effects (Binder, Hodge, 
Greenwood, Hazleman, and Thomas, 1985). 
 

43. Vasodilation – an increase in the caliber of the blood vessels (Dorland, 
2007).  
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CHAPTER TWO 
 

Review of Literature 
 
 

 It is clear that muscle damage is caused by unaccustomed, high intensity exercise; 

in particular eccentric exercise, where the muscle is actively lengthened (Gissel and 

Clausen, 2001; Lee et al., 2002; Nosaka et al., 2002; Sorichter et al., 1999; Proske and 

Morgan, 2001; and Tidball, 2005).  Damage caused may lead to various symptoms such 

as muscle soreness (Armstrong, 1984; Braun and Dutto, 2003; Chen et al., 2008; Cleak 

and Eston, 1992; Lee et al., 2002; Nosaka et al., 2002; Smith et al., 2007; and Takahashi 

et al., 2006), decreased maximal voluntary contraction (Peterson et al., 2007), leakage of 

myofibrillar proteins into the blood (Nosaka and Clarkson, 1992), and markers of lipid 

peroxidation and oxidative stress (Malm et al., 2004; Neubauer et al., 2008; Smith et al., 

2007; and Suzuki et al., 2006).  The repair process is complex and involves several 

phases (Allbrook, 2004).  Various methods of recovery exist with the aim of enhancing 

recovery while reducing time away from exercise and/or competition.  To understand the 

physiological premise behind common methods of recovery used among athletes, the 

following chapter will review the etiology of skeletal muscle damage and subsequent 

repair process following eccentric exercise. 

Skeletal Muscle Structure and Function 

 The structure of skeletal muscle is very complex.  Skeletal muscle contains 

several kinds of tissue including: muscle fibers, nerve tissue, blood, and various types of 

connective tissue.  There are three different layers of connective tissue within skeletal 
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muscle: the epimysium, which surrounds the entire muscle; the perimysium, which 

surrounds individual bundles of muscle fibers; and the endomysium, which surrounds 

each muscle fiber.  Muscle fibers are bundled together into what is known as fascicles.  

Just beneath the endomysium lies the external lamina, or the basement membrane.  Each 

individual muscle fiber is a long cylinder surrounded by what is called the sarcolemma.  

Within the sarcolemma is the sarcoplasm, where the cellular proteins, organelles, and 

myfibrils lie (Huard, Li, and Fu, 2002).   The sarcomere contains three important proteins 

that can be categorized into three groups: contractile proteins, regulatory proteins, and 

structural and costameric proteins.  These proteins aid in the contraction of the muscle, 

regulating contraction as well as providing structural support and helping to transfer force 

laterally outside of the fiber (Lieber, 1992). 

 Within the myofibril lie the contractile proteins, actin and myosin, which are 

responsible for the actual contraction of the muscle.  The thick filament myosin is the key 

to the development of muscle force and velocity of contraction.  There are six individual 

proteins that make up myosin, known as myosin heavy chains or myosin light chains 

(Pollard, Doberstein, and Zot, 1991).  Each myosin heavy chain is composed of a tail 

region, a subfragment, and a globular head.  The globular head itself consists of three 

domains: the catalytic domain, which contains the site that is involved in binding to actin; 

the converter domain, which is involved in the transduction of energy; and the lever arm, 

which is responsible for transporting the load (Lieber, 1992).  The actin thin filament has 

two forms: G-actin and F-actin.  Two additional proteins are located on the actin 

molecule itself.  These proteins are known as troponin and tropomyosin and play an 

important role in the regulation of the contractile process.  Each myofibril contains 



16 
 

several segments known as sarcomeres (Huard et al., 2002).  Z-lines, or thin sheets of 

structural proteins, separate each sarcomere.  Alpha actinin is responsible for holding the 

actin filaments in place at the Z-line.  Within the sarcoplasm, several channels run 

parallel to and surround each myofibril.  These channels are called the sarcoplasmic 

reticulum (SR) and are storage sites for calcium (Ca2+), which is released from the 

ryanodine receptors upon stimulation (Korge, Byrd, and Campbell, 1993).  Transverse 

tubules (T-tubules) are another set of channels that run from the sarcolemma through the 

fiber, serving to transport action potential down into the muscle itself.  These two sets of 

channels are very important in the contraction process (Lieber, 1992). 

 Skeletal muscle contraction is an intricate process.  It can be best explained by the 

sliding filament theory.  Muscle fibers contract by a shortening of their myofibrils due to 

actin sliding over myosin, reducing the distance between the Z lines (Metzger and Moss, 

1990).  The previously mentioned heads of the myosin are oriented towards the actin 

molecule and contain an ATP-binding site.  The sliding action of the actin and myosin 

filaments across each other is due to the action of cross-bridging.  Cross bridges are 

formed by the heads of myosin extending toward and interacting with actin (Lieber, 

1992).  At rest, the protein tropomyosin is blocking the binding sites on the actin, so 

interactions between actin and myosin cannot occur. When a nerve impulse reaches the 

end of the motor neuron, acetylcholine is released and binds to the receptors on the motor 

end plate, leading to depolarization of the muscle cell.  Depolarization is then conducted 

down the T-tubules towards the SR.  Activation of the ryanodine receptors leads to the 

release of Ca2+ into the sarcoplasm surrounding the myofibrils (Imagawa, Smith, 

Coronado, and Campbell, 1987), and binding of Ca2+  to troponin causes a conformational 
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change that subsequently moves the tropomyosin and therefore exposes the binding sites 

on the actin (Korge et al., 1993).  Once myosin binds with actin, cross bridge cycling 

occurs.  This strong binding initiates the release of energy, or inorganic phosphate, stored 

in the myosin molecule (Huard et al., 2002).  Upon this release, a conformational change 

in myosin occurs, resulting in an angular movement of the myosin molecule, or the 

“power stroke.”  During the “power stroke,” ADP is released.  Once a new molecule of 

ATP binds to the myosin head, it will detach from the actin.  ATP is then hydrolyzed, 

“energizing” the myosin head and returning it to its original position, allowing it to 

reattach to another actin binding site.  This process can continue as long as Ca2+ is 

present to bind to troponin and ATP is present to “energize” the myosin head (Lieber, 

1992). 

 Skeletal muscle cells require energy to perform functions as well as generate 

forces.  Muscle metabolism can follow three different pathways, depending upon the 

speed and force required by the specific movement.  The first pathway is known as the 

ATP-PC system.  This pathway involves utilizing stored creatine kinase (CK) for very 

strong and brief muscle contractions.  The second pathway, known as glycolysis, 

involves the enzymatic breakdown of glucose molecules into carbon molecules known as 

pyruvate to create energy.  For every molecule of glucose metabolized, two molecules of 

ATP are created through this method of anaerobic metabolism.  The final pathway is 

known as oxidative phosphorylation.  This pathway utilizes glucose and fatty acids to 

produce much larger amounts of ATP (Lieber, 1992). 

 Muscle fibers can be divided into three different types.  Type I fibers are often 

referred to as “slow twitch” fibers, and are primarily used in long, slow activity because 
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of these red fibers’ greater capacity for oxidative phosphorylation (Herbison, Jaweed, and 

Ditunno, 1982).  Type IIb fibers, or “fast twitch” fibers, are predominantly used in shorter, 

faster activities, such as sprinting.  Finally, type IIa fibers lay between the previous two 

classifications (Booth and Thomason, 1991).  While certain muscles contain greater 

percentages of specific fiber types based upon their primary purpose, fiber type 

distribution is determined largely by our genotypic makeup with a large proportion of our 

skeletal muscle composed of a mixture of type I “slow-twitch” and type II “fast-twitch”  

fibers (Lieber, 1992). 

Skeletal Muscle Damage 

 Skeletal muscle damage is well-documented and has been previously reviewed in 

detail elsewhere (Allen, 2001; Huard et al., 2002; Morgan and Allen, 1999; Proske and 

Morgan, 2001; and Tidball, 2005).  Research has consistently proven the ability of 

unaccustomed or intense exercise to induce damage to the muscle fiber and subsequently 

impairment of muscle function (Allen, 2001; Proske and Morgan, 2001; and Tidball, 

2005).  Examples of damaging types of exercise may include prolonged periods of 

running, resistance/strength training, and/or high-intensity sprinting; particularly 

activities that involve repeated eccentric contractions.  While the terms eccentric and 

concentric are currently commonly used to describe the lengthening of an active muscle 

and a shortening muscle contraction respectively, it has been suggested that these terms 

should be replaced by more accurate terms.  Faulkner (2003) has suggested that these 

terms should be replaced by terms utilizing Greek prefixes; pliometric (longer) and 

miometric (shorter) to refer to muscle actions.  However, since these terms have not been 

standardized and previous literature has utilized the term eccentric in reference to the 
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lengthening of an active muscle by which damage is induced, this term will be used 

throughout this thesis. 

The topic of skeletal muscle damage has been largely studied in both animal and 

human models (see reviews Proske and Morgan, 2001, and Tidball, 2005).  Muscle 

damage involves primary or secondary disruption of the sarcolemma; swelling or 

interference to the sarcoplasmic reticulum (SR) and T-tubular system, and disruption of 

the myofiber and cytoskeleton contractile components, leading to extracellular myofiber 

matrix abnormalities and stretching or breaking of intermediate filaments between Z-

disks (Fridén and Lieber, 2001).  The most common symptom of muscle damage is 

delayed onset muscle soreness (DOMS) (Armstrong, 1984; Braun and Dutto, 2003; Chen 

et al., 2008; Cheung et al., 2003; Cleak and Eston, 1992; Connolly, Sayers, McHugh, 

2003; Lee et al., 2002; Nosaka et al., 2002; Rodenburg, Bär, and De Boer, 1993; Smith et 

al., 2007; and Takahashi et al., 2006).  Symptoms of DOMS can range from muscle 

tenderness to severe debilitating pain.  These symptoms may last up to 5-7 days, typically 

peaking between 24 and 72 hours (Cheung et al., 2003).  Within skeletal muscle, there 

are two pathways that are responsible for transmitting the sensation of pain: myelinated 

group III fibers, which transmit sharp pain; and unmyelinated group IV afferent fibers, 

which transmit dull aching pain (Armstrong, 1984).  In regards to the pain sensation 

experienced with DOMS, unmyelinated group IV afferent fibers are typically responsible.  

It is also believed that chemicals released during the event of muscle damage, including 

prostaglandins, bradykinins, serotonin, histamine, and potassium; may directly sensitize 

pain afferent fibers (Armstrong, 1984).  Other common symptoms of exercise-induced 

muscle damage include: muscle inflammation (Tidball, 2005, Smith et al., 2007); muscle 
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swelling and increased circumference of muscle (Howell, Chleboun, and Conatser, 1993; 

and Zainuddin et al., 2006); muscle stiffness (Howell et al., 1993); changes in maximal 

voluntary contraction (Matrin et al., 2004); decrease in ROM (Zainuddin et al., 2006); 

changes in blood biochemical markers (Schwane, Johnson, Vandenakker, and Armstrong, 

1983, Malm et al., 2004, Suzuki et al., 2006); and leakage of myofiber proteins into the 

blood, the most commonly measured being creatine kinase (CK) and lactate 

dehydrogenase (LDH) (Schwane et al., 1983). 

The process of muscle damage can be categorized into four phases: the initial 

event, the autogenic phase, the phagolytic phase, and the regenerative phase (Armstrong, 

1990).  Using this model, the damage and repair process will be discussed.  However, it is 

important to note that these phases overlap, and the exact nature of muscle damage, 

including the mechanisms responsible and processes involved are still not fully 

understood. 

Initial Event 

Though the initial events that result in skeletal muscle damage are controversial, it 

is hypothesized that damage may occur as a result of mechanical and/or metabolic or 

oxidative stress (Armstrong, 1990; Byrne, Twist, and Eston, 2004; Leeuwenburgh and 

Heinecke, 2001).   

Mechanical stress.  It is believed that the damage process begins with an 

overstretching of sarcomeres and damage to the excitation-contraction (E-C) coupling 

system (Morgan and Allen, 1999; and Proske and Morgan, 2001).  Eccentric exercise 

produces a lengthening of the muscle while it is activated, causing the actin and myosin 

filaments to be pulled in the opposite direction.  This leads to overstretching of the 



21 
 

sarcomeres.  The process by which the sarcomeres become overstretched and therefore 

more susceptible to injury during the following contraction is explained by the “popping-

sarcomere” hypothesis.  Morgan (1990) stated that “forced lengthening of a muscle on 

the plateau or descending limb of the length tension curve must take place essentially by 

‘popping’ of sarcomeres, ideally one at a time, in order from the weakest toward the 

strongest.”  In contrast, more recent research has begun to question the “popping 

sarcomere” hypothesis.  Telley and colleagues (2006) examined length changes of 

individual half-sarcomeres during and after stretch in actively contracting, single rabbit 

psoas myofibrils.  Results showed a lengthening of the half-sarcomeres to different 

extents during stretch; however no “popping” of sarcomeres was observed (Telley, Stehle, 

Ranatunga, Pfitzer, Stüssi, and Denoth, 2006).  A response to this study by Morgan and 

Proske (2006) argued that sarcomere popping was not observed because the conditions 

required for the popping of sarcomeres failed to be met.  Clearly, more research is 

warranted.   

Nevertheless, loss of the cytoskeleton protein desmin has been recognized as one 

of the early markers of sarcomere disruption, as well as relating to the decrease in the 

force-generating capacity of the muscle.  Loss of desmin in rabbit muscles subjected to 

cyclic eccentric contraction was noted as early as 5 minutes after initiation of eccentric 

exercise, supporting the representation of desmin loss as an early sign of structural 

muscle injury during this type of exercise (Lieber, Thornell, and Fridén, 1996).  Another 

sign of damage in skeletal muscle is disruption in the E-C coupling process.  This 

disruption could occur due to damage in the connection between the sarcoplasmic 

reticulum and the T-tubules (Proske and Morgan, 2001).   
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Eccentric muscle actions have been shown to result in greater evidence of muscle 

damage than either isometric or concentric actions (Byrne et al., 2004).  One method of 

exercise that involves a great contribution of eccentric contractions, and therefore a 

greater incidence of muscle damage, is downhill running (Byrne et al., 2004).  Bouts of 

downhill running of varying durations, intensities, and grades have shown time and time 

again to result in signs and symptoms of skeletal muscle damage in varying populations 

(Braun and Dutto 2003; Eston, Finney, Baker, and Baltzopoulos, 1996; Martin et al., 

2004; Maughan, Donnelly, Gleeson, Whiting, Walker, and Clough, 1989; Smith et al., 

2007; Schwane et al., 1983; Sorichter, Mair, Koller, Calzolari, Huonker, Pau, and 

Puschendorf, 2001; and Takahashi et al., 2006).  A result of any mechanism of eccentric 

muscle damage will ultimately be the loss of strength.  Several studies have confirmed 

the loss of muscle strength following exercise involving repetitive eccentric contractions 

(Cleak and Eston, 1992; Eston et al., 1996; Malm et al., 2004; and Martin et al., 2004).  

For example, Clarkson et al. (1992) reported that an immediate loss in strength of 50-

60% following maximal eccentric exercise of the elbow flexors was followed by a linear 

recovery to normal by 2 weeks post-exercise (Byrne et al., 2004).  Many studies, utilizing 

various models to induce muscle damage, have found similar results, with some reporting 

a much longer time to complete recovery (Byrne et al., 2004).   

Metabolic/oxidative stress.  Damage has also been suggested to occur as a result 

of metabolic insufficiency in contracted muscles.  During exercise, there is an elevation 

in mitochondrial respiration to match ATP synthesis with ATP hydrolysis.  This ratio is 

held fairly constant during low to moderate intensity exercise, allowing near resting level 

ATP concentrations to be maintained.  However, there is always a slight reduction in 
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concentration of the high energy phosphates during muscular activity (Krisanda, 

Moreland, and Kushmerick, 1988).  Due to the possibility that these reductions occur 

within compartments of the fibers, this is a viable hypothesis for oxidative stress to be the 

initiating event in muscle fiber injury (Armstrong, Warren, and Warren, 1991).  An 

imbalance between oxidant and antioxidant levels generated during exercise may be 

implicated in the damage process; specifically causing damage to enzymes, protein 

receptors, lipid membranes, and DNA (Leeuwenburgh and Heinecke, 2001).  Reactive 

oxygen species (ROS) are created during oxidative phosphorylation, with the 

mitochondria being a major source (Leeuwenburgh and Heinecke, 2001).  The free 

radicals produced by the body are neutralized by an elaborate antioxidant defense system 

that consists of enzymes such as catalase and superoxide dismutase (Urso and Clarkson, 

2003).  Maughan et al. (1989) suggest that there is evidence for increased free radical 

generation during exercise, which may be capable of reactions that result in the increased 

permeability of membranes.  Close and colleagues (2004) examined of the role of 

reactive oxygen species in skeletal muscle damage resulting from eccentric exercise.  

Results of the study led the authors to conclude that ROS was indeed produced during 

downhill running, and that ROS was not responsible for the production of DOMS, but 

may play a key role in the removal of damaged cells that is necessary for regeneration 

(Close, Ashton, Cable, Doran, and MacLaren, 2004).   

Regardless of whether the initial stimulus is mechanical or metabolic in nature, 

the next step in the injury process is an elevation in intracellular Ca2+ concentration, loss 

of [Ca2+] homeostasis and thus a rapid activation of autogenic destructive processes that 

originate in the muscle fibers (Armstrong, 1990). 



24 
 

Autogenic Phase: Calcium Elevation 

 The role of intracellular cytosolic calcium [Ca2+]I in skeletal muscle cell damage 

is gaining interest (for review see Gissell and Claussen, 2001).  It is understood that low 

levels of Ca2+ are necessary for muscle cell function and high Ca2+ levels are associated 

with cell dysfunction and necrosis.  Therefore, it has been suggested that Ca2+ is the 

primary factor in the degenerative mechanisms characteristic of the autogenic phase of 

the injury and repair process (Armstrong, 1990). 

During the autogenic phase, the proteolytic and lipolytic systems start the process 

of degrading cellular structures such as myofibrils and the muscle membrane (Armstrong, 

1990).  As mentioned, the autogenic phase consists of Ca2+ elevation and subsequent loss 

of [Ca2+] homeostasis.  This elevation occurs as a result of an influx of Ca2+ at a rate that 

cannot be buffered quickly enough by the reabsorption of Ca2+ by the SR.  Both 

metabolic and mechanical stress may lead to Ca2+ elevation that may result in Ca2+ 

overload and cell death (Allbrook, 2004).  These high levels of Ca2+ will activate Ca2+ 

sensitive proteases, including calpain (Belcastro, Shewchuk, and Raj, 1998).  Calpain has 

been shown to degrade proteins within the skeletal muscle, causing further damage.  

Belcastro and colleagues (1998) have proposed that calpain initiates the exercise-induced 

changes in myofibrillar turnover and organelle disassembly, as well as proposing that 

calpain may be involved in the adaptation response to muscle injury (Belcastro et al., 

1998). 

Phagocytic Phase: Inflammatory Process in Muscle Injury and Repair 

Tidball (2005) and others have examined the relationship between inflammatory 

cell functions and the skeletal muscle injury and repair process.  Research has developed 
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a general view in which inflammatory cells dominate both injury and repair processes, 

through the combined actions of free radicals, growth factors, and chemokines (Tidball, 

2005).   

The acute inflammatory phase involves a widening of the blood vessels known as 

vasodilation (Dorland, 2007).  Vasodilation increases the delivery of proteins and 

leukocytes to the area.  An increased permeability of the capillaries and venules also 

occurs, ensuring that the proteins can enter the interstitial fluid.  Leukocytes play an 

important role in the inflammatory process.  Neutrophils and macrophages serve to 

breakdown and remove cellular debris, and macrophages are important in the 

regeneration of cells.  Certain cytokines and growth factors cause chemotaxis, and 

phagocytosis will begin during this phase.  Some of the important cytokines involved 

include Interleukin-1, interferon, Interleukin-2, Interleukin-6 and tumor necrosis factor 

alpha.  These cytokines help to regulate the growth, differentiation and functional 

activities of T and B lymphocytes.  Tissue necrosis factor alpha, a cytokine, has been 

shown to activate nuclear factor which will then activate the ubiqutin-proteosome 

pathway.  This pathway will lead to protein breakdown, occurring in two steps.  

Ciechanover (1998) describes this two step process as first a covalent attachment of 

multiple ubiquitin molecules to the target protein and then degradation of the tagged 

protein by the 26S proteasome.     

Oxidative stress refers to the imbalance between oxidant and antioxidant levels in 

favor of oxidants during exercise, and can potentially lead to damage (Sies, 1997).  

Reactive species and oxidants are produced during and/or following exercise and can 

result in an imbalance between oxidant production and antioxidant defenses, thus leading 
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to oxidative stress and inflammation (Leewenburgh and Heinecke, 2001).  Superoxide 

dismutase is one of the enzymes that provide the primary defense against reactive oxygen 

species produced during exercise, and is known to increase in response to exercise in 

both humans and animals (Ji, 1999).  However, following muscle damage, such defenses 

become overwhelmed by the elevated free radical production [free radicals are highly 

reactive molecules with an odd number of electrons, occurring in both organic and 

inorganic molecules (Freeman and Crapo, 1982)], and thus lead to oxidative stress.  

Oxidative stress can induce lipid peroxidation of the skeletal proteins via calcium 

activated proteases (Maughan et al., 1989).  Increased lipid peroxidation [indicated by an 

increase in malondialdehyde (MDA)] eventually leads to further damage to muscle, 

resulting in greater Ca2+ influx, leading to further activation of proteases and eventually 

leading to muscle degeneration and necrosis (Sen, Packer, Hänninen, 2000).  

Skeletal Muscle Regeneration 

The complex regeneration process of repairing muscle tissue damage and 

subsequent formation of new muscle fibers has been examined for several years (for 

review see Chargé and Rudnicki, 2004).  Muscle is composed of long cells containing 

several nuclei.  Skeletal muscle cells are incapable of division; therefore additional nuclei 

for repair from injury must come from another source.  Located in close proximity to 

muscle cells are satellite cells.  Following injury, whether due to exercise or trauma, these 

satellite cells rapidly replicate and become active to prepare for the formation of 

completely new muscle cells or new portions of surviving muscle fibers.  Satellite cell 

activation begins the regeneration process simultaneously with the inflammatory process 

(as previously described).  The regeneration process itself may be divided into four 
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stages: satellite-cell activation, myoblast or precursor proliferation, differentiation, and 

return to resting state (Wozniak, Kong, Bock, and Anderson, 2004).  Satellite cell 

activation following injury is not limited to the local area of damage, but is widespread.  

Proliferation and differentiation are then mediated by myogenic regulatory factors, which 

are able to directly bind to DNA and initiate DNA transcription, thereby regulating gene 

expression.  Myoblasts then either organize themselves beneath the old basal lamina and 

fuse together to form myotubes to replace damaged fibers; or can span the gaps between 

the healthy portions of the surviving muscle fibers.  The myotubes then synthesize their 

own contractile protein filaments and the arrangement of myofilaments occurs.  

Eventually, the myotubes will produce their own basal lamina and mature into 

functioning myofibers (Allbrook, 2004).  Additionally, subsequent nerve innervation and 

formation of scar tissue will occur, and optimal recovery of contractile function will be 

achieved (Järvinen et al., 2007).  In order for these regenerative processes to occur, 

adequate blood flow is essential in delivering nutrients and the other factors that will aid 

in this process.  Increasing blood flow during the regeneration process will not only aid in 

delivering necessary factors but will also aid in removing waste products that may be 

harmful (Carlson and Faulkner, 1983).   

Models of Muscle Damage: Quantitative and Qualitative Measurements of 
Muscle Damage 

Muscle injuries can occur through various mechanisms including: direct trauma, 

lacerations and crush injury, or internal causes such as muscle tears, ischemia and 

neurological dysfunction (Armstrong, 1990 and Huard et al., 2002).  Regardless of the 

cause, however, all injuries eventually lead to the same process of cellular degeneration 

and regeneration, ultimately resulting in restoration of muscle structure and function.   
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The ability of unaccustomed or high intensity exercise, in particular exercise 

involving repeated eccentric contractions, to cause skeletal muscle damage in individuals 

has been well documented (Gissel and Clausen, 2001; Lee et al., 2002; Nosaka et al., 

2002; Sorichter et al., 1999; Proske and Morgan, 2001; and Tidball, 2005).  Consequently, 

various types of eccentric exercise protocols (i.e. downhill running, stepping, and 

repeated maximal eccentric contractions) have been used in research to induce mild to 

severe forms of muscle injury in both human and animal models. 

Despite the diversity of these protocols, all share the end result of inducing 

alterations in muscle ultrastructure; thus sharing similar indicators of muscle injury, 

including reductions in muscle strength (maximum voluntary contraction; MVC), muscle 

soreness (DOMS), release of myocellular proteins in the plasma (CK and LDH), 

increased presence of markers of oxidative stress and lipid peroxidation (SOD and MDA), 

increases in muscle soreness, and alterations in mood states (POMS).  Over the past 

several years, more than 130 human studies have been published utilizing eccentric 

exercise protocols, confirming the popularity and relative safety of this method of 

exercise-induced muscle damage (Sayers and Clarkson, 2001). 

Functionally, the most universal method to examine muscle recovery following 

exercise-induced muscle damage is the measurement of isometric strength with a Cybex 

dynamometer (Warren, Lowe, and Armstrong, 1999).  This method involves the 

participant holding a maximal voluntary contraction (MVC) of a muscle group at a fixed 

angle for two to five seconds to determine muscle strength.  Maximal voluntary 

contraction (MVC) is a measure of strength, and research has established that MVC is 

affected by skeletal muscle damage (Martin et al., 2004).  Strength is typically reduced 
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immediately post-exercise and recovery can be prolonged, lasting for hours, days, or even 

weeks (Byrne et al., 2004).  Longer lasting effects seem to occur more in relatively 

inactive locations, such as the elbow flexors and typically are seen following exercise 

with which the individual is unaccustomed.  However, the magnitude and time course of 

strength loss is dependent upon the type of exercise and training history of specific 

muscle group involved (Byrne et al., 2004).  Reduction in MVC is likely the result of the 

initial damaging event, such as mechanical disruption to the muscle fiber caused by 

lengthening contractions.  Furthermore, in the days following damaging exercise, a 

secondary response occurs, likely due to a loss of Ca2+ homeostasis or the inflammatory 

response.  This secondary response will exacerbate the initial damage to the muscle, 

further contributing to force reduction (Clarkson and Sayers, 1999).   

Endurance activities, such as marathon running or Ironman triathlon races may 

result in a reduction of MVC (Peterson et al., 2007 and Suzuki et al., 2006).  Eccentric 

exercise, including downhill running, has also shown to result in decreases in muscle 

strength (Cleak and Eston, 1992; Eston et al., 1996; Malm et al., 2004; and Martin et al., 

2004).  Malm et al. (2004) compared the effects of uphill and downhill running on MVC 

in twenty-five healthy male and three healthy female subjects between the ages of 18 and 

58, all physically active on a regular basis.  Researchers found greater declines in MVC 

in the downhill 8 degree group versus the downhill 4 degree and the uphill 4 degree 

running groups (Malm et al., 2004).  Similarly, following a 40 minute intermittent 

downhill run, a decrease in peak torque by 10-23% was observed immediately and lasted 

up to seven days in healthy students (Eston et al., 1996). 
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The leakage of creatine kinase and other cytoplasmic proteins into the blood 

stream may be a result of either temporary muscle fiber damage accompanied by 

membrane leakage, or final death of the muscle fiber (Sorichter et al., 2001).  Eston et al. 

(1995) suggest that high levels of CK reflect changes in the muscle fiber; suggesting 

either damage to, or increased permeability of, the membrane.  Following intense or 

unaccustomed exercise, CK leakage will develop slowly and typically peak within three 

to four days (Rodenburg et al., 1993).   

Research has demonstrated consistent increases in CK activity following 

prolonged exercise such as marathons and triathlons (Lippi, Schena, Salvagno, 

Montagnana, Gelati, Tarperi, Banfi, and Guidi, 2008; Neubaur et al., 2008; and Suzuki et 

al., 2006). 

As with muscular strength, downhill running has been show to increase levels of 

CK.  Eston et al. (1995) suggest that creatine kinase levels peak earlier, such as between 

24-48 hours, following downhill running than other eccentric exercise modes.  There 

have been several studies that have examined levels of CK to determine muscle damage 

(Eston et al., 1996; Malm et al., 2004; Smith et al., 2007; and Sorichter et al., 2001).  

Sorichter et al. (2001) found a significant increase in CK in healthy subjects following a 

20 minute downhill run at 70% of VO2 max.  Similarly, CK levels were significantly 

increased in subjects following a 60 minute run down a -13.5% grade at 75% of VO2 max 

(Smith et al., 2007).  Despite the discrepancies between these studies in regards to 

intensity, duration, and grade of the downhill run, increases in CK were consistently 

found.  These findings support the ability of downhill running to produce muscle damage 

as indicated by increases in circulating CK.   
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Though consistently found to increase following damaging exercise in research, 

CK values have been found to be widely variable in individuals, likely related to the 

variability in exercise-induced muscle damage (Nosaka and Clarkson, 1996).  Another 

theory is that CK is widely variable because it is a measure of enzyme activity and not 

concentration, therefore other factors that influence activity of enzymes in the blood may 

have an impact on CK levels (Lee and Clarkson, 2003). 

The use of CK as an indicator of muscle damage is common.  However, some 

research exists to question its reliability.  Plasma CK was found to be a poor indication of 

muscle damage in older men by Manfredi and colleagues (1991).  Ultrasturctural changes 

in skeletal muscle were examined to determine the reliability of CK as an indicator of 

muscle damage following intense eccentric exercise comparing young and older men.  

Five 20-30 year old men were compared with five 59-63 year old men, and results 

showed that there was no relationship between CK activity and the corresponding amount 

of muscle damage in each subject (Manfredi, Fielding, O’Reilly, Meredith, Lee, and 

Evans, 1991).  Fridén and Lieber (2002) similarly disproved the use of CK as an indicator 

of skeletal muscle function after eccentric exercise, finding no correlation between the 

two in research using animal models.  However, CK is still widely used as a qualitative 

rather than quantitative marker of muscle damage.   

Increased oxidative stress and lipid peroxidation have also been implicated in the 

muscle damage and subsequent repair process (Maughan et al., 1989; Leeuwenburgh and 

Heinecke, 2001, Close et al., 2004).  During exercise, oxidative stress is caused by an 

imbalance between oxidant and antioxidant levels.  This has been proposed to damage 

enzymes, protein receptors, lipid membranes, and DNA (Leeuwenburgh and Heinecke, 
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2001).  Mitochondria and phagocytic white blood cells can both be producers of reactive 

species and oxidants.  Reactive oxygen species may be generated by the mitochondria 

during oxidative phosphorylation.  Additionally, in response to exercise, white blood 

cells, or leukocytes invade the damaged area.  These leukocytes also produce oxidants, 

resulting in an inflammatory response as well as oxidative stress (Leeuwenburgh and 

Heinecke, 2001).  Duarte and colleagues (1993) examined the contribution of xanthine 

oxidase, a source of ROS located in the capillary endothelium, to oxidative stress-induced 

muscle damage.  By inhibiting xanthine oxidase with allopurinol, researchers were able 

to determine the contribution of xanthine oxidase to muscle damage.  Results led the 

authors to conclude that endothelium-derived ROS do in fact contribute to oxidative 

stress to exercised muscle (Duarte, Appell, Carvalho, Bastos, and Soares, 1993).      

 Oxidant production and oxidative damage can be measured by looking at various 

markers of lipid peroxidation or antioxidant or enzyme levels.  Two examples of these 

measures include malondialdehyde (MDA), an indirect marker of lipid peroxidation; and 

superoxide dismutase (SOD), an antioxidant enzyme.  Aldehydes, such as 

malondialdehyde, are frequently used as markers of oxidative stress in response to 

exercise (Urso and Clarkson, 2003).  Malondialdehyde is commonly measured with the 

thiobarbituric acid (TBARS) assay, and is commonly found to be increased following 

single bouts of exercise.  However, not all studies have reported increases in MDA in 

response to exercise.  Some research has found no significant increases in MDA 

following exhaustive bouts of exercise, or exercise lasting for extended periods.  

Furthermore, MDA levels have been reported to decrease following exercise to 

exhaustion in highly trained individuals (Urso and Clarkson, 2003).  Results following 
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eccentric exercise have been mixed as well, with some reporting increased levels of 

MDA that were accompanied by increases in markers of muscle damage (such as CK).  

Others reported no change in MDA levels following eccentric exercise, despite an 

inflammatory response (Urso and Clarkson, 2003).  The variance in findings may be due 

to the different levels of training of subjects, different exercises and exercise intensities 

used, and/or different techniques of measurement of MDA.  A study performed in 2004 

examined the presence of reactive oxygen species in downhill running compared with flat 

running (Close et al., 2004).  Eight physically active males completed two 30-minute 

runs.  Both were performed at 65% of VO2 max, one on a treadmill with no incline and 

the other on a treadmill with a -15% incline.  In addition to significantly elevated levels 

of creatine kinase following the downhill run, MDA levels were significantly elevated.  

Peak CK levels were found at 24 hours post-exercise; while peak MDA levels were found 

at 78 hours post-exercise (Close et al., 2004).  Another study examined lipid peroxide 

concentration via total thiobarbituric acid reactive substances (TBARS) as well as 

creatine kinase levels following a 45-minute downhill run of -12° at 75% of maximum 

heart rate.  Authors found no change in concentrations immediately following exercise; 

however, elevations were seen in all variables at six hours post-exercise.  Peak TBARS 

values were observed at six hours post-exercise and returned to normal by 72 hours post-

exercise, while CK values remained elevated at 72 hours post-exercise (Maughan et al., 

1989).   

Changes in antioxidant enzyme activity have also been used to document 

oxidative stress.  Catalase, glutathione peroxidase, and superoxide dismutase (SOD) are 

among those used most commonly.  SOD is a metalloenzyme that produces a hydrogen 
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peroxide by the dismutation of superoxide, a free radical (Bowling, Schulz, Brown, and 

Beal, 1993).  This process prevents the danger Haber-Weiss reaction, which generates 

hydroxyl radical (Hollander, Fiebig, Gore, Ookawara, Ohno, and Ji, 2001).  Powers and 

Lennon (1999) have cited SOD as one of the primary enzymatic antioxidant defenses 

against superoxide radicals (Urso and Clarkson, 2003).  Further, Fielding and Meydani 

(1997) claim that increases in resting SOD enzyme activity correspond with enhanced 

resistance to oxidative stress (Urso and Clarkson, 2003).  Similar to MDA activity, results 

of SOD activity following exercise are mixed.  An acute bout of exercise has been shown 

to increase SOD activity in a number of tissues, including skeletal muscle (Ji, 1999).  

SOD activity has been found to increase following exercise (Childs, Jacobs, Kaminski, 

Halliwell, and Leeuwenburgh, 2001; and Khassaf, Child, McArdle, Brodie, Esanu and 

Jackson, 2001).  However, some research has failed to find significant increases in SOD 

activity following an acute bout of exercise (Urso and Clarkson, 2003).  Once again, 

differences in training status of participants as well as exercise modality and intensity 

utilized between studies may be responsible for the varied results.   

Delayed onset muscle soreness, or DOMS, is perhaps the most significant and 

well-known marker of skeletal muscle damage.  DOMS is commonly experienced 

following unaccustomed eccentric exercise.  Symptoms of DOMS may include 

significant discomfort, inflammation, swelling, decreased muscular function, and reduced 

maximal force-generating capacity (Braun and Dutto, 2003).  Symptoms of DOMS are 

variable and may be experienced differently by different individuals.  Most develop 

within 24 hours and last up to 10 days, with compromise in muscle function suggested to 

occur within two hours of damaging exercise (Braun & Dutto, 2003).  While DOMS is a 
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subjective symptom, it can be assessed by various functional tests as well as through the 

use of subjective scales.  Cleak and Eston (1992) investigated the time course of 

decreases in performances and DOMS as well as the interrelationships between them.  

Twenty-six women performed 70 maximal eccentric contractions of the elbow flexors, 

with measurements of soreness, tenderness, swelling, joint angle, and isometric strength 

taken before and after exercise as well as every 24 hours for 11 days following exercise.  

Results found significant changes in all factors, with a non-significant correlation 

between pain and strength loss, as well as no relationship between pain, swelling, and 

joint angle.  The authors concluded from these results that repair to damaged tissue is a 

slow process, and that strength loss is an important factor, as it continued after other 

symptoms had returned to baseline (Cleak and Eston, 1992).  

Downhill running has also been found to induce DOMS.  Six males reportedly 

experienced DOMS upon completion of repeated bouts of downhill running.  Bouts 

consisted of treadmill running at -13.5% for 60 minutes on two separate occasions (Smith 

et al., 2007).  Similarly, other studies have found the presence of DOMS following 

downhill running in populations ranging from students to trained long-distance runners 

(Braun and Dutto, 2003, Chen et al., 2008, and Takahashi et al., 2006). 

Along with muscle soreness, pain may be also considered a subjective indicator of 

muscle damage.  There are different ways to assess pain.  Many visual analogue and 

graphic rating scales exist for such purpose.  A visual analogue scale, which has been 

proven satisfactory in the subjective measurement of pain, is a straight line, the ends of 

which are defined as the extreme limits of the sensation or response to be measured 

(Scott and Huskisson, 1997).  Though pain or soreness are subjective phenomenons and 
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therefore their measurement will always be subjective, this scale serves as an adequate 

means of measuring the severity of these symptoms by the patient.  

Psychological effects are an important aspect of recovery to consider.  Though 

this measure is subjective, as it can only be felt and described by the subject, the Profile 

of Mood States (POMS) assessment is a widely used and standardized measure of 

affective status (McNair, Loor, and Droppleman, 1992).  A high score indicates great 

emotional disturbance.  The POMS measures emotional disturbance, anxiety, confusion, 

depression, anger, and fatigue.  Even in cases where physiological significance is not 

found in research, the findings of significant psychological results may prove valuable.  

Positive psychological benefits may result in a more positive work attitude during 

recovery, therefore enhancing quality of training during recovery.   

Treatment of Skeletal Muscle Injury 

 Although the area of muscle damage and regeneration has been extensively 

studied, there are many questions that remain unanswered.  This is likely due to the 

complex interactions occurring between processes throughout each stage of the damage 

and repair cycle.  However, it is evident that lack of blood flow to the injured area may 

inhibit the arrival and removal of factors critical for optimal recovery.  Further, lack of 

physical activity following injury may result further loss of muscle mass, and thus muscle 

strength and range of motion.   

 Therefore, enhancing the rate at which muscles recover following injury may 

consist of methods that promote blood flow to the injured site, thus removing cellular 

debris and increasing nutrient delivery (Martin et al., 2004).  More importantly, recovery 
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should allow the individual to continue exercising without causing further damage and 

therefore minimizing loss in muscle mass, strength, and flexibility (Järvinen et al. 2007).  

Three recovery techniques that may theoretically enhance the rate at which 

muscles recover from injury based on proposed mechanisms are static stretching, active 

recovery using submaximal treadmill running, and weight supported exercise using the 

Alter-G G-Trainer treadmill.  All of these modes are well known and utilized by athletes, 

but no scientific studies have compared their efficacy in recovery from muscle injury.   

 There are many treatments of skeletal muscle damage that are currently utilized 

by elite and recreational athletes.  Some of the more common treatments include ice, 

NSAIDS, ultrasound, the RICE principle, massage, electromyostimulation, hyperbaric 

oxygen therapy, stretching, and running or other light concentric exercise; also known as 

active recovery. 

Alternative Treatments for Skeletal Muscle Injury 

Given that stretching, active recovery, and weight supported exercise are the 

focuses of this thesis, other recovery methods will just be briefly reviewed.  Among these 

popular and widely used methods are ice, NSAIDS, the RICE principle, massage, and 

ultrasound.  The effectiveness of these methods has varied in research.  For example, 

though all four components of the RICE principle (rest, ice, compression, and elevation) 

are based on physiology, it should be noted that according to Järvinen (2007), there are 

no clinical trials that validate its effectiveness.  The beneficial effects of ice alone are 

only evident immediately after treatment and do not necessarily lead to longer duration 

effects (Connolly et al., 2003).  Another popular recovery method, NSAIDS, may act to 

reduce the inflammatory response, therefore reducing the amount of muscle oedema and 
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intramuscular pressure (Cheung et al., 2003).  However, long-term use of NSAIDS is 

discouraged because of its possible damaging effects on regeneration of skeletal muscle 

(Järvinen, 2007).  Ultrasound is another increasingly utilized method of recovery.  

Though ultrasound appears to promote the proliferation phase of healing, it does not seem 

to have a positive effect on the final outcome of muscle healing (Järvinen, 2007).  

Similarly, studies concerning the effectiveness of massage as a recovery technique have 

shown varied results.  Some studies have shown increased blood flow while others 

reported no difference in blood flow to the injured area (Cheung et al., 2003).   

Less popular methods of recovery include electromyostimulation and hyperbaric 

oxygen therapy.  Cheung et al. (2003) found some studies show that stimulation of the 

injured muscle with electrical currents can reduce the signs and symptoms of DOMS, 

while other studies show no statistically significant difference between electrical 

stimulation and control groups.  Cheung et al. (2003) also reviewed hyperbaric oxygen 

therapy, finding again that studies have shown mixed results, some finding no significant 

difference between hyperbaric oxygen therapy and control groups, and others finding no 

difference in pain-scores but improved torque values in hyperbaric oxygen therapy 

groups.  As you can see, some of these methods may still show promise in the aid of 

recovery, but none has shown consistent results in research. 

Stretching  

 Passive stretching is one of the most commonly used treatments of skeletal 

muscle injury and DOMS (Van Wyk and Lambert, 2008).  Stretching may help to reduce 

oedema (Cheung et al., 2003), stimulate protein synthesis (Goldpink, 1999 and Loughna 

et al., 1990), and reduce perceived muscle soreness (Herbert and Gabriel, 2002).  Current 
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literature shows varied results in regards to the effectiveness of stretching as a recovery 

modality (Barnett, 2006). 

Static stretching up to 60 minutes prior to performance has shown to have a 

negative effect on explosive power (Barnett, 2006), and 20 minutes of static stretching of 

the legs prior to testing resulted in a decrease in MVC (Viale, Nana-Ibrahim, and Martin, 

2007).  The negative effect of pre-event stretching on strength measures may be due to 

the increased compliance that occurs with stretching, leading to decreased force 

production and velocity of contraction for at least part of the range of motion (Shrier, 

2004).  Although static stretching prior to exercise may lead to decrements in 

performance, whether static stretching can be used as a preventative measure for muscle 

injury and/or a treatment method for muscle soreness remains unclear.  Pope and 

colleagues (2000) recruited fifteen hundred thirty-eight army recruits undergoing basic 

training and randomized them into control and stretch groups.  The control performed 

warm-up exercises only, where as the stretch group performed warm-up exercises in 

addition to stretching prior to exercise.  Of these individuals, a total of three hundred 

thirty-three lower-limb injuries were reported throughout training.  Findings indicated 

that a typical pre-exercise stretching protocol was not clinically useful in reducing 

injuries (Pope, Herbert, Kirwan, and Graham, 2000).   

The efficacy of stretching as a method of enhancing recovery has not yet been 

validated (Barnett, 2006).  Thirty-six hours following eccentric exercise-induced muscle 

damage, a stretching protocol was incorporated to determine its effect on recovery as 

indicated by isometric strength testing, pain ratings, and multi-echo magnetic resonance 

imaging (MRI) of the thigh.  Results showed that static stretching did not promote 
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recovery from muscle damage (Jayaraman, Reid, Foley, Prior, Dudley, Weingand, and 

Meyer, 2004).  Similarly, Gulick and colleagues (1996) recruited 73 individuals that were 

randomly assigned to one of seven groups: ant-inflammatory medication ingested 

immediately after exercise, exercise on an ergometer for 10 minutes, ice massage for 20 

minutes, static stretching for 10 minutes, application of a homeopathic remedy in the 

form of ointment, ingestion of the same homeopathic remedy in pellet form, and a 

placebo that was identical to the anti-inflammatory tablet.  DOMS was produced in the 

forearm extensor muscles via 15 sets of 15 eccentric contractions on an isokinetic 

dynamometer.  Symptoms of DOMS measured included active and passive wrist flexion, 

forearm girth, limb volume, visual analogue pain scale, muscle soreness index, isometric 

strength, and concentric and eccentric wrist total work, average peak torque, and angle of 

peak torque.  The exercise selected was deemed successful at inducing DOMS, as the 

dependent variable data differed from time point one to two.  The authors found no 

significant differences between the treatment groups, concluding that none of the 

treatments were effective in reducing the signs and symptoms of DOMS (Gulick, Kimura, 

Sitler, Paolone, and Kelly, 1996).  The effects of static stretching following eccentric 

exercise of the quadriceps muscle on DOMS, dynamic muscle strength, plasma CK 

concentration and ratio of phosphocreatine to inorganic phosphate was examined in 1998 

(Lund, Vestergaard-Poulsen, and Sejrsen, 1998).  Static stretching was performed 

immediately before and after eccentric exercise on the first day of testing, and only prior 

to testing on subsequent testing days.  Authors did not find significant differences 

between the two groups, concluding that passive stretching did not have any significant 

influence on the dependent variables measured (Lund et al., 1998).   Barnett (2006) has 
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concluded that there is no apparent short- or long-term benefit from stretching as a 

recovery modality.  A systematic review of the effects of stretching on muscle soreness 

found that stretching may reduce soreness within 72 hours following exercise by an 

average of less than 2 mm on a 100 mm scale (Herbert and Gabriel, 2002).  The great 

variance in stretching routine used, length of each stretch, and total time of stretching 

routines used may lead to the discrepancy of results in research on static stretching as a 

mode of recovery from exercise-induced muscle damage.   

Despite conflicting research results, stretching remains to be a popularly used 

training and recovery method, perhaps because it is easily implemented by individuals or 

large groups.  According to a survey completed by the medical support staff of rugby 

teams who attended the inaugural Rugby Medical Association conference in 2007, 74% 

reported utilizing stretching as a recovery strategy after every training session while 52% 

reported utilizing stretching following every match (Van Wyk and Lambert, 2008).  

Bobbert et al. proposed that the static stretching of sore muscles post-exercise may force 

the dispersion of oedema that accumulates following tissue damage (Cheung et al., 2003).   

According to research, stretching is also known to induce hypertrophy in skeletal muscle 

by stimulating protein synthesis (Loughna et al., 1990).  Goldspink and colleagues as 

well as Loughna and colleagues have done extensive research on the effect of stretching 

on muscle mechanical characteristics, reporting that stretch is a powerful stimulant of 

muscle protein synthesis and muscle growth, and mature muscles have shown capabilities 

of adapting by adding or removing sarcomeres in series (for review see Goldspink, 1999).  

Static stretching may also help to alleviate the sensation of pain as it may alter the 
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response of the afferent group IV nerve fibers, which conduct pain impulses (Armstrong, 

1984). 

There are still many unanswered questions in regards to the use of stretching as a 

training and/or recovery modality.  The type, timing and length of stretches are a few of 

the reasons why stretching is so variable and difficult to research.  In the aforementioned 

study by Jayaraman and colleagues (2004), stretches were held for 20 seconds for three 

repetitions with a 30 second rest period in between.  This is consistent with other research 

that typically suggests a 20-30 second hold of a stretch for three repetitions with a rest 

period in between (Jayaraman et al., 2004 and Lund et al., 1998).  Cited research 

supports the extensive use of stretching as a recovery modality, and suggests that it may 

be effective as a control method in research, as it has not been found to aid or hinder the 

recovery process. 

Active Recovery 

 Another common practice of recovery from exercise-induced muscle damage is 

exercise itself, otherwise known as active recovery.  Active recovery not only prevents 

individuals from missing valuable training sessions, it helps to increase blood flow, 

aiding in recovery of muscle; and maintain strength as well as preventing extensibility 

loss (Järvinen et al., 2007, Martin, Zoeller, Robertson, and Lephart, 1998).   

In 2008, Chen et al. examined the effects of 30-minutes of running performed 

daily after a downhill run and its effects on recovery of muscle function and running 

economy.  Fifty individuals were divided into groups that completed 30-minutes of 

running at 40%, 50%, 60%, and 70% of VO2 max for six days following downhill 

running induced muscle damage, as well as a control group that performed no exercise.  



43 
 

Results showed no significant difference between groups in regards to muscle soreness, 

changes in MVC, and plasma creatine kinase and lactate dehydrogenase activities.  No 

information was given regarding the training status of the participants, however, mean 

VO2 max was given at 55.3±6.3 ml·kg-1·min-1.  Also, it is important to note that in this 

study, even the control group performed stretching and 10 minutes of running on days 

two and five after downhill running in order to perform running economy testing.  

Therefore, since no true control group was included in the study, the effects of the 

running economy testing protocol on recovery are unknown and thus may influence such 

observations.  However, results may also suggest that exercise itself is more important 

than the specific sub-maximal intensity at which recovery exercise is performed (Chen et 

al. 2008).  Similarly, Zainuddin et al. (2006) examined the effect of light concentric 

exercise on DOMS induced by maximal voluntary eccentric actions of the elbow flexors 

against a dynamometer.  Each subject performed maximal eccentric exercise with both 

arms, but only performed light concentric exercise for the following four days in one arm.  

Subjective muscle soreness based on palpation pressure to elicit muscle pain was found 

to decrease significantly immediately after light concentric exercise, while no difference 

was seen between the groups in muscle strength, plasma CK activity, and overall muscle 

tenderness and soreness (Zainuddin et al., 2006).    In another study, activity and 

immobilization following eccentric exercise were examined.  Twenty-six participants 

were assigned to one of three groups: immobilization at 90 degrees; control, which 

consisted of no exercise; or light exercise which consisted of 50 bicep curls with a 5-lb 

dumbbell.  Activity was found to have a positive effect on muscle soreness and increased 

recovery of maximal isometric force (Sayers et al., 2000).   
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Active recovery has also been studied in athletic settings.  Active versus passive 

recovery have been examined by Tessitore et al. in 2008.  Ten male athletes were divided 

into one of four 20-minute recovery groups: seated rest, low-intensity dry aerobic 

exercises, shallow water aerobic exercises, or electrostimulation. While no effect was 

seen on anaerobic performance, hormone concentrations, or ratings of muscle pain, it was 

discovered that the athletes perceived significantly increased benefits from 

electrostimulation and shallow water aerobic exercise (Tessitore, Meeusen, Pagano, 

Benvenuti, Tiberi and Capranica, 2008).  The use of light eccentric exercise as opposed 

to concentric exercise as a form of active recovery has been studied less.  However, 

Donnelly et al. did examine the use of light eccentric exercise as a mode of recovery in 

1992.  Nine college age volunteers, both men and women, performed a heavy eccentric 

exercise bout using the elbow flexors and extensors, with one group performing 

additional light eccentric exercise on the following day.  Results showed that light 

eccentric exercise had no effect on muscle soreness, strength, or elbow flexibility, but 

was effective in reducing or delaying CK activity (Donnelly, Clarkson, and Maughan, 

1992).   

Typically, the positive effects of exercise on muscle soreness seem to be 

immediate and short-lived.  However, due to the wide discrepancy between exercise 

protocols, and variation in training status of participants, it is difficult to draw 

conclusions on the effectiveness of active recovery on muscle damage and soreness 

following injury.  
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Weight-Supported Exercise 

 Recently, the use of weight-supported exercise has gained popularity.  Weight-

supported exercise may be beneficial for several populations including obese individuals, 

cardiovascular or stroke patients, and injured athletes.  Treadmill training with partial 

body weight support has been studied in the gait rehabilitation of stroke patients, showing 

promising results and advantages as opposed to other types of rehabilitation (Hesse, 

Bertelt, Jahnke, Schaffrin, Baake, Malezic, and Mauritz, 1995).  Another study conducted 

by Hesse et al. (2003), examined the effectiveness of treadmill training with partial body 

weight support when compared with conventional physical therapy in patients with hip 

arthroplasty.  Results showed significant differences between the two 40-person groups, 

in favor of the treadmill training group, leading the authors to conclude that treadmill 

training with partial body weight support is more effective than physical therapy in the 

restoration of symmetrical independent walking following hip replacement (Hesse, 

Werner, Seibel, von Frankenburg, Kappel, Kirker, and Käding, 2003).  Neither of these 

studies, however, provided information as to the method or amount of weight support 

provided to participants.   

Weight supported exercise, particularly water exercise, has also gained popularity 

in an effective method of recovery from skeletal muscle damage (Reilly, Cable, and 

Dowzer, 2002).  Water exerts a compressive force upon the body when immersed in 

water.  This force is known as hydrostatic pressure.  Hydrostatic pressure can cause the 

displacement of fluids within the body from the extremities to the central cavity, perhaps 

aiding in the translocation of substrates from the muscles thereby aiding in recovery.  The 

reduction of oedema via the reabsorption of interstitial fluids as well as decreased 
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peripheral resistance may also be contributing factors in the enhanced recovery 

experienced with water exercise (Fridén and Lieber, 2001).   

Takahashi and colleagues (2006) examined the effect of aqua exercise on the 

recovery of lower limb muscles following downhill running.  Ten male long distance 

runners were divided into an aqua exercise group and a control group.  Both groups 

participated in high-intensity downhill running consisting of three 5-minute runs with a 5-

minute rest interval at -10% on a treadmill.  During recovery, the aqua exercise group 

performed walking, jogging, and jumping in the water for thirty minutes for three days 

following the downhill run; while the control group rested passively. Results showed that 

aqua exercise facilitated the recovery of physiological functioning of the leg muscles.  

Muscle power, muscle stiffness, and muscle soreness all showed quicker recovery in the 

aqua exercise group versus the control group (Takahashi et al. 2006).  However, due to 

the small number of subjects and above average training status, these results cannot be 

applied to a normal population.  Similarly, Reilly and colleagues (2002) found that deep-

water running was an effective method of reducing muscle soreness and restoring muscle 

strength following plyometric exercise in 30 untrained individuals.  Deep-water running 

for 30 minutes at 70-80% of heart rate reserve for three days following DOMS inducing 

exercise did not prevent DOMS from occurring, however, leg strength and perceived 

soreness recovered to baseline more quickly than in other recovery groups.  Forty-eight 

hours following plyometric exercise, leg strength was reduced by an average of 20%, but 

only by 7% with deep-water running.  CK levels also peaked 24 hours earlier in the deep-

water running group.  It was also observed that perceived soreness was eliminated during 

deep-water running, though it returned after exercise was completed.  Based on these 



47 
 

results, the authors concluded that deep-water running is effective in providing relief 

from DOMS, as well as proving beneficial in the recovery process (Reilly et al., 2002).   

Reilly et al. (2002) also examined the efficacy of a water-running program on 

muscle strength, aerobic, and anaerobic measures, in comparison with treadmill running 

and a combination of water-running and treadmill running.  Eighteen untrained males 

completed respective training programs three times a week for six weeks, slowly 

progressing to 45 minutes of exercise at 80% of VO2 peak.  The greatest improvements in 

aerobic capacity were noted in the mode of training performed, while mean and peak 

power was significantly increased in all groups, with no significant difference noted 

between groups.  Authors concluded that deep-water running is effective in enhancing 

physiological measures, including anaerobic performance, muscle performance, and 

oxygen transport (Reilly et al., 2002).   

Low-intensity exercise in the water as a recovery method was used in a sports 

setting, in comparison with no exercise following a rugby match in college age rugby 

players.  Water exercise included slow breaststroke, walking, running, and sidestepping 

for an hour for two days after the match.  Results showed no differences between the two 

groups in regards to leukocyte and neutrophil levels.  However, a decreased POMS score 

was only seen in the subjects participating in the low-intensity water exercise, leading the 

authors to suggest that incorporating low-intensity exercise into the rest period after a 

rugby match may lead to better psychological recovery (Suzuki, Umeda, Nakaji, 

Shimoyama, Mashiko and Sugawara, 2004).   

Similar to the principle of aqua exercise, the G-Trainer treadmill was recently 

developed to be utilized as a way to enhance recovery from skeletal muscle damage.  
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Developed in 2005 by Alter G, Inc., the G-Trainer anti-gravity treadmill enables 

individuals to reduce their body weight during walking and running, making it the first 

anti-gravity treadmill.  The G-Trainer utilizes differential air pressure for body weight 

support.  Initially developed by Dr. Robert Whalen as part of an attempt to design 

effective exercise options for astronauts, the treadmill became a tool useful for training 

and rehabilitation as well. The G-Trainer may be used for health and medical benefits, 

reduction of injury risk, and expansion of athletic training and conditioning.  Individuals 

who have used the G-Trainer claim to have seen benefits in general conditioning, cross 

training, and performance enhancement.  To date, only one study has been conducted 

utilizing the G-Trainer treadmill.  Results showed that net metabolic power decreased 

linearly with weight support, in less than direct proportion to weight support.  It was also 

found that the G-Trainer allowed subjects to retain the stance-phase timing of normal 

weight walking and did not apply resistive forces such as those experienced in water 

immersion therapy, proving it a potentially effective rehabilitation or post-surgery tool 

(Grabowski and Kram, 2008). 

The G-Trainer may be beneficial for utilization in recovery exercise because it 

reduces the impact on the body, allowing the individual to run longer and faster than 

traditional recovery runs.  This allows for a better cardiovascular workout with less 

impact on the working muscles.  Because the positive pressure applied to the lower body 

does not alter the heart rate and workload relationship, workouts can be designed based 

on heart rate while using the G-Trainer.  This pressure may also have effects similar to 

water exercise, proving beneficial in discouraging the pooling of blood in the legs, 

swelling and oedema.  These factors may prove valuable in recovery workouts in 
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enhancing circulation and reducing the occurrence of inflammation.  Since exercise is 

already a commonly utilized method of recovery, the G-Trainer may prove to be an 

appealing option for recovery exercise.  Another appeal of the G-Trainer is that it utilizes 

walking or running as the mode of exercise; both of which are primary movements in 

many exercise and sporting activities.   

For athletes, whether elite or recreational, optimizing recovery without hindering 

subsequent performance during training is always a goal.  The G-Trainer allows 

individuals to recover from injury, but also continue to exercise; hence, maintaining 

cardiovascular fitness and muscle function.  Furthermore, increasing blood flow to the 

injured site will help remove cellular debris but also increase nutrient and oxygen 

delivery; components necessary for optimal muscle regeneration and recovery.  
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CHAPTER THREE 
 

Methodology 
 
 

Participants 
 
 Twenty-five apparently healthy, recreationally active males between the ages of 

18-35 were recruited to participate in the study.  Recreationally active was defined as 

performing regular, structured exercise at least three times weekly for at least six months 

prior to the study.  Participants were recruited from the metropolitan area of Waco, TX.  

All participants underwent a mandatory medical screening by an ESNL qualified 

professional.  Passing this screening as well as being considered either low or moderate 

risk with no contraindications to exercise as outlined by the American College of Sports 

Medicine (ACSM) was required.  Participants were required to have not consumed any 

nutritional supplements (excluding multi-vitamins) within one month prior to the study.  

Oral and written consent were obtained from eligible participants based on university-

approved documents, as well as approval granted by the Institutional Review Board for 

Human Subjects of Baylor University.  All experimental procedures involved in the study 

conformed to the ethical consideration of the Helsinki Code.  Participants were explained 

the purpose of the research, the protocol to be followed, and the experimental procedures 

used.  

 Participants were instructed to wear similar clothing and footwear during testing 

and training sessions.  Participants assigned to the G-Trainer recovery group were 

instructed to wear the same tight fitting shorts to each training session.  Testing and 
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training sessions were performed at the same time of day in the same facilities and 

administered by the same technicians. 

Selection Criteria 

Participants were males between the ages of 18 and 35.  In order to qualify as 

recreationally active, individuals must have participated in at least 30 minutes of 

continuous activity at least three days a week for at least six months prior to the study.  

Possible participants completed a health history form and activity level questionnaire to 

determine if they were fit to participate in the study.  All participants read and signed an 

approved consent form that met Baylor University IRB guidelines prior to their first 

testing session.   

Independent and Dependent Variables 

 Independent variables were the randomly assigned mode of recovery (static 

stretching, submaximal jogging on treadmill, and submaximal jogging on G-Trainer, 

Biodex), the five-day testing period, and the age and activity level of the participants.  

Dependent variables included the information collected on the onset of muscle soreness 

(DOMS) scale, Profile of Mood States Inventory (POMS), isokinetic strength testing, 

four day dietary intake records, markers of myofibrillar damage (CK), and oxidative 

stress-responsive plasma variables (SOD and MDA).   

Study Site 

 All familiarization, testing, and training sessions took place in the Exercise and 

Sport Nutrition Laboratory (ESNL) and Exercise Biochemical Nutrition Laboratory 

(EBNL) at Baylor University. 
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Figure 1. Overview of Study Design 
 
 

Familiarization Session 
 

 Following a telephone interview and/or e-mail communication to determine 

entrance level criterion requirements, interested individuals reported to the ESNL 

following 8-12 hours of fasting, where they met with one of the research team members 

of the study.  The Informed Consent was verbally explained to and read by the participant.  

All procedures and methods utilized throughout the study were also explained.  The 

participant filled out a medical history questionnaire as well as an activity history 

questionnaire.  Height was measured using a standard measuring tape and weight was 

measured using a standard balanced scale.  Resting heart rate and blood pressure were 

taken.  Participants then performed an incremental load exercise test to determine their 

aerobic capacity (VO2 peak) on a treadmill ergometer (Quinton, Seattle, WA) (Please see 

Aerobic Capacity Testing subheading located at the end of Chapter 3 for specific testing 

protocol). 
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Baseline Testing Session 

Approximately seven days following familiarization session, each participant 

reported to the laboratory at a specified time following an 8-12 hour fast and at least 48 

hours of refraining from exercise.  Participants completed a perceived muscle soreness 

evaluation as well as a profile of mood states inventory prior to further testing (please see 

Muscle Soreness Assessment and Profile of Mood States Inventory subheadings located at 

the end of Chapter 3 for specifics of evaluations).  Body weight, heart rate and blood 

pressure were then recorded.  Participants donated 3-4 teaspoons of fasting venous blood 

(10-12 ml) through an antecubital vein.  Participants then performed a 5-minute warm-up 

on a stationary bicycle at a self-selected speed.  Following warm-up, patients completed 

warm-up sets followed by baseline testing of peak isokinetic torque production with a 

concentric knee extension/flexion protocol using a Biodex-System 3 Isokinetic 

Dynamometer (Biodex Medical Systems, Inc., NY, USA).  (Please see Biodex 

subheading for specific testing protocol).  The eccentrically biased downhill run then 

followed.  After a warm-up, participants completed a 45-minute downhill run at 60% of 

VO2 peak (please see Eccentrically Biased Downhill Run for specific information).  

Following the downhill run, participants rested for 30 minutes, and donated another blood 

sample at approximately 15 minutes.  Water was given ad libitum during rest period.  

Participants then completed 30 minutes of their assigned mode of recovery.  Participants 

were randomly assigned to one of three modes of recovery after being matched according 

to VO2 peak.  Recovery modes included: 1) static stretching, 2) submaximal jogging on a 

treadmill, and 3) submaximal jogging on the G-Trainer treadmill.  Static stretching 

consisted of a series of commonly used static stretching techniques.  Both submaximal 
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jogging groups exercised at the same intensity and relative percentage of their VO2 peak 

(please see Recovery Modes subheading for specific recovery protocols).  Three hours 

following recovery, a blood draw was taken once again.  A standard snack consisting of 

one Kashi TLC chewy granola bar (Kashi Company, La Jolla, CA) was then given to 

participants (please see Standardized Snack for nutritional information). 

Testing Sessions 

Testing sessions occurred at 24, 48, 72, and 96 hours following the eccentrically 

biased downhill run.  Participants were instructed to report to the laboratory at a specified 

time, following an 8-12 hour fast.  Upon arrival, assessment of muscle soreness and 

mood state were completed.  Body weight and resting heart rate and blood pressure were 

then recorded, followed by a blood draw.  Peak isokinetic torque production was then 

assessed on the Biodex, utilizing the same protocol as used during baseline testing.  

During 24, 48, and 72 hour testing sessions, 30 minutes of assigned recovery mode 

followed.      

Height, Weight, Heart Rate, and Blood Pressure Measurements 

 Height and weight of participants were measured using a standard balanced scale.  

A digital scale accurate to ±0.02 kg was used.  Resting and exercise heart rate were 

determined by palpitation of the radial pulse or by attaching a heart rate monitor to the 

wrist and/or a chest sensor strap.  Blood pressure was assessed by auscultation of the 

brachial artery with a mercurial sphygmomanometer using standard clinical procedures. 
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Aerobic Capacity Testing (VO2 peak) 

Incremental load test was performed on a Trackmaster TMX425C treadmill 

(Newton, KS) using Parvo Medics 2400 TrueMax metabolic measurement system.  The 

treadmill started at a velocity of 1.7mph and 0% grade and followed a standard Bruce 

treadmill maximal exercise test protocol using the following speeds and grades: 

 
Table 1 

Bruce Treadmill Test 
 

    Stage   Speed (mph)  Grade (%)         Duration (min.) 
     1    1.7   10    3 
     2    2.5   12    3 
     3    3.3   14    3 
     4    4.2   16    3 
     5    5.0   18    3 
     6    5.5   20    3 
     7    6.0   22    3 
 
 

Oxygen uptake (VO2) was measured every 15 seconds via an open-circuit 

sampling system (Parvo Medics, Provo, UT), and the highest level of VO2 was defined as 

VO2 peak.  Heart rate was calculated from a continuously monitored heart rate monitor 

(Polar Electro, Lake Success, NY), with measures recorded at the beginning of each stage. 

Isokinetic Torque Testing 

Peak isokinetic torque production was assessed throughout the study with a 

concentric knee extension/flexion protocol using a Biodex-System 3 Isokinetic 

Dynamometer (Biodex Medical Systems, Inc., Shirley, NY).  The Biodex System 3 has 

been found to be a valid and reliable instrument when used to measure isokinetic torque 

at velocities lower than 300°/s (Drouin et al., 2004).  Measures for validity determined intra-

class correlation coefficients (ICC), mean difference (Meand), standard deviation of mean 
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difference scores (SDd), method error (ME), and coefficient of variation of method error 

(CVME) as a percentage.  For Trial 1, torque vs. software scores were 0.99, 2.91, 0.82, 0.58, and 

1, respectively.  For Trial 2, torque vs. software scores were 0.99, 2.79, 0.56, 0.40, and 0, 

respectively.  For Trial 1, velocity vs. software scores were 0.99, 2.94, 11.93, 8.44, and 4, 

respectively.  For Trial 2, velocity vs. software scores were 0.99, 3.16, 10.67, 7.54, and 3, 

respectively.  Drouin and colleagues (2004) have also determined reliability measures for the 

Biodex System 3.  Reliability measures determined the criterion measures for torque to have ICC 

and standard error of the mean (SEM) to be 1.00 and 0.00 for Trial 1 and 1.00 and 0.00 for Trial 2.  

Reliability measures of ICC and SEM for velocity were determined to be 0.99 and 10.86 for Trial 

1 and 0.99 and 12.89 for Trial 2 (Drouin et al., 2004).  During the familiarization session, 

participants were instructed on Biodex testing procedures and allowed familiarization 

repetitions at each testing speed.  During subsequent testing sessions, participants 

completed five warm-up repetitions at an estimated effort of 25%, 50%, 75%, 100% and 

100%.  A one-minute rest period was then followed by five maximal (100% effort) 

concentric repetitions at 60 degrees/second, then 10 maximal repetitions (100% effort) at 

180 degrees/second.  The concentric contractions were performed over an 80 degree 

range of motion.  A coin-flip was used to determine starting side for each testing session 

to ensure randomization. 

Blood Collection Procedure 

Venous blood samples were obtained from the antecubital vein into a 10 milliliter 

collection tube using a standard vacutainer apparatus.  Participants donated 

approximately 3-4 teaspoons of fasting venous blood (10-12 ml) during each blood draw.  

Blood samples were obtained using standard phlebotomy procedures by standard sterile 

venipuncture of an antecubital vein performed by a qualified ESNL technician trained in 
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phlebotomy in compliance with guidelines established by the Texas Department of 

Health and Human Services.  The phlebotomists and lab technicians wore personal 

protective clothing (gloves, lab coats, etc.) when handling blood samples.  Subjects were 

seated in a phlebotomy chair, and their arm was cleaned with a sterile alcohol wipe and 

sterile gauze.  A standard rubber tourniquet was then placed on the brachium.  An 

antecubital vein was palpated and then a 23 gauge sterile needle attached to a plastic 

vacutainer holder was inserted into the vein using standard procedures.  Two serum 

separation vacutainer tubes were inserted into the vacutainer holder for blood collection 

in succession using multiple sample phlebotomy techniques.  Once samples were 

obtained, the vacutainer holder and needle were removed.  The needle was then discarded 

as hazardous waste in an appropriately-labeled plastic sharps container.  The site of the 

blood draw was cleaned with a sterile alcohol wipe and gauze and a sterile Band-Aid was 

placed on the site.  The alcohol wipe and gauze then were discarded in an appropriately-

labeled biohazard waste receptacle.  The blood collection tubes were labeled and placed 

in a test tube rack inverted for 20 minutes to allow for coagulation.  Laboratory 

technicians then centrifuged the serum samples, transferred serum into labeled serum 

storage containers, and stored the samples at -20°C for later analysis.  A total of seven 

blood samples were taken throughout the study. 

Assessment of Serum Markers of Muscle Damage and Oxidative Stress 

 The serum levels of indirect markers of muscle damage (CK) were assessed using 

the Dade Dimensional RXL Analyzer (Dade Behring, Newark, DE).  Serum levels of 

oxidative stress (SOD, MDA) were assessed using enzyme-linked immunoabsorbent 

assays (ELISA) with a microplate reader (Wallac Victor-1420, Perkin-Elmer Life 
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Sciences, Boston, MA).  CK, SOD, and MDA levels were calculated for the following 

timepoints: baseline, 15 minutes following downhill run, 3 hours following downhill run, 

and at 24, 48, 72 and 96 hours following downhill run.  Test to test reliability (within and 

between) of performing these assays ranged from 3 to 6% for individual assays with an 

average CV of ± 4%. 

 For CK, serum samples were analyzed by a 2-step enzymatic colorimetric process 

using a VITROS Chemistry System (VITROS 750 System, Quest Pathology, Irving, TX).  

Creatine kinase activity was determined according to the method of Horder et al. (1979).  

The presence of CK in the serum sample ensures that the reaction moves from left to 

right.  In the reaction, CK catalyses the conversion of creatine phosphate and ADP to 

creatine and ATP.  In the presence of glycerol kinase (GK), glycerol is phosphorylated to 

L-alpha-glycerophosphate by ATP.  Oxidation of L-alpha-glycerophosphate to 

dihydroxyacetone phosphate and hydrogen peroxide oxxurs in the presence of L-alpha-

glycerophosphate oxidase (alpha-GPO).  Finally, leuco dye is oxidized by hydrogen 

peroxide in the presence of peroxidase to form a dye.  Reflection densities are monitors 

during incubation.  The rate of change in reflection density is then converted to enzyme 

activity.  The creatine kinase assay was run for five minutes at 37°C and at a wavelength 

of 670nm.  Serum samples were analyzed for each time point.  Normal reference values 

for creatine kinase are 44-196 U/L. 

 For SOD, the principle of the enzyme immunoassay was based on multiple steps.  

After the preparation of the SOD standards, 10 µl of the standards were loaded onto the 

plate in duplicate followed by 200 µl of diluted radical detector.  Samples were diluted 

1:5 with sample buffer, and 10 µl of the serum samples were then loaded in duplicate 
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onto the plate followed by 200 µl of diluted radical detector.  The reaction was then 

initiated by adding 20 µl of diluted xanthine oxidase to all wells being used.  The plate 

was then covered and incubated on a plate shaker for 20 minutes, after which the 

absorbance was read at 450 nm on a plate reader (Wallac Victor-1420, Perkin-Elmer Life 

Sciences, Boston, MA) and used to calculate SOD activity.   

 For MDA, a measurement of Thiobarbituric Acid Reactive Substances (TBARS) 

was used to monitor lipid peroxidation.  After preparation of the MDA standards, 100 µl 

of standards and each sample were added to a labeled 5ml vial.  100µl of the SDS 

solution was then added to the vial and swirled to mix.  After adding 4 ml of the color 

reagent to each vial, vials were capped and placed in a holder for boiling.  Vials were 

added to vigorously boiling water and boiled for one hour.  After boiling, vials were 

removed and placed in an ice bath for 10 minutes to stop the reaction.  Vials were then 

centrifuged for 10 minutes at 1,600 x g at 4°C.  150 µl of each vial was then loaded onto 

a plate in duplicate, and absorbance was read at 540 nm using a plate reader (Wallac 

Victor-1420, Perkin-Elmer Life Sciences, Boston, MA). 

Eccentrically Biased Downhill Run 

Participants were instructed to refrain from physical exercise for 48 hours prior to 

the exercise session.  A warm-up (-10% grade and 2.0 mph speed) was performed on the 

treadmill prior to the 45 minute downhill running exercise.  The treadmill was then 

accelerated and participants were instructed to jog/run at 60% of VO2 peak for 45-

minutes.  The American College of Sports Medicine metabolic guidelines were used to 

determine the initial speed that elicits an oxygen uptake of an approximate equivalent 

intensity of 60% VO2 max for each participant.  However, during the exercise protocol, 
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60% of maximal oxygen uptake was maintained by measuring oxygen uptake every 10 

minutes and adjusting treadmill speed accordingly.  After the exercise session, 

participants donated a blood sample and remained rested until the recovery exercise 

session.   Water was given ad libitum after exercise.   

Muscle Soreness/Mood States Assessments 

Perceived muscle soreness was assessed throughout the course of the study as a 

subjective indicator of the severity of muscle injury.  A 13-cm scale (0=no soreness, 

13=extreme soreness) was utilized.  Participants rated their level of soreness by drawing 

an intersecting line across the continuum line extending from 0-13.  The distance of each 

mark was measured from zero and the measurement utilized as the perceived soreness 

level (Willoughby, Taylor, and Taylor, 2003). Muscle soreness was assessed at the 

following time points: baseline testing prior to isokinetic testing and eccentrically biased 

downhill run, and during testing sessions at 24, 48, 72, and 96 hours, prior to 30-minutes 

of assigned recovery mode.  Please refer to Appendix F for Muscle Soreness Rating Scale. 

 Participant’s mood states were evaluated throughout the course of the study to 

determine the psychological effects of the different modes of recovery.  Mood states were 

assessed by way of the Profile of Moods States (POMS) inventory.  The POMS is a 

validated, standardized self-rating scale consisting of 65 items that measure six 

identifiable mood states; Tension-Anxiety; Depression-Dejection; Anger-Hostility; 

Vigor-Activity; Fatigue-Inertia; Confusion-Bewilderment.  A five-point scale is used 

from 0=not at all to 4=extremely (McNair et al., 1992). Mood states were assessed at the 

following time points: baseline testing prior to isokinetic testing and eccentrically biased 

downhill run, immediately following 30-minutes of assigned recovery mode, and during 
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testing sessions at 24, 48, 72, and 96 hours, prior to 30 minutes of assigned recovery 

mode.  Please refer to Appendices G and H for POMS evaluation and scoring sheets. 

Dietary Intake Record 

 Participants were asked to record dietary intake three days prior to and throughout 

the course of the study in an attempt to exclude dietary factors as a cause of differences in 

recovery.  Participants were instructed to record all food and fluid intake on dietary 

intake record forms throughout the study.  Dietary intake was assessed using the Food 

Processor III Nutrition Software.  Please refer to Appendix C for dietary record form. 

Standardized Snack 

 The standardized snack consisted of one Kashi TLC Trail Mix chewy granola bar 

(Kashi Company, La Jolla, CA).  The bar consisted of whole, roasted almonds, sun-dried 

fruit, toasted sunflower seeds, and wildflower honey.  The bars contained 20g of 

carbohydrates, 4g of fiber and 6g of protein. 

Modes of Recovery 

 Participants assigned to the static stretching recovery group participated in 

recovery sessions consisting of standard, passive, lower-body stretches for approximately 

30-minutes.  Stretches consisted of a protocol modified from standardized protocols 

(Power, Behm, Cahill, Carroll, and Young, 2004; Guissard and Duchateau, 2004; and 

Mcnair and Stanley, 1996). Please refer to Appendix I for specific stretching protocol. 

Participants assigned to the treadmill recovery group performed recovery sessions 

on a standard treadmill (Quinton, Seattle, WA).  Recovery sessions consisted of 30 

minutes of submaximal jogging at 60% of VO2 peak and 0° incline.  To ensure that 
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participants were exercising at 60% of VO2 peak, oxygen uptake (VO2) was sampled 

approximately every 5-10 minutes via an open-circuit sampling system (Parvo Medics, 

Provo, UT). 

 Participants assigned to the G-Trainer treadmill recovery group performed 

recovery sessions on an Alter-G G-Trainer Treadmill (Alter-G, Menlo Park, CA).  

Recovery sessions consisted of 30 minutes of submaximal jogging at 60% of VO2 peak, 

0° incline, and 75% of body weight.  To ensure that participants were exercising at 60% 

of VO2 peak, oxygen uptake (VO2) was sampled approximately every 5-10 minutes via 

an open-circuit sampling system (Parvo Medics, Provo, UT). 

Statistical Analyses 

 Statistical analyses were performed by utilizing a repeated-measures, two-factor 

[treatment groups (3) x time point (7)] analysis of variance (ANOVA) for blood variables 

and a 3 x 5 ANOVA for peak isokinetic torque variables.  Significant differences in mean 

values for main effects or interactions were determined using a Tukey’s post hoc test.  All 

statistical procedures were performed using SPSS Statistics 17.0 software and a 

probability level of <0.05 was adopted throughout. 
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CHAPTER FOUR 
 

Results 
 
 

Participants 
 
 Twenty-six healthy males started this study.  One participant completed the 

familiarization session, but could not complete the study due to scheduling conflicts.  

Therefore, twenty-five participants successfully completed the study.  Baseline 

demographical information for the 25 participants is displayed in Table 2.  At baseline, 

there were no significant differences between groups with regard to age (p=0.773), 

weight (p=0.712), height (p=0.801), systolic blood pressure (p=0.550), diastolic blood 

pressure (p=0.541), heart rate (p=0.200), and VO2 peak (p=0.705). 

Dietary Analysis 

 All participants were instructed to maintain their typical diet throughout the 

duration of the study.  Participants recorded their dietary intake for three days prior to, 

and four days following the downhill run.  Three (Before) and four (After) day dietary 

intake records were analyzed for total calories, major macronutrients (Carbohydrate, 

Protein, and Fat) and micronutrients (Vitamins A,C,E, and selenium), and omega 3 fatty 

acids (please refer to Table 2).  Dietary intake information can be found in Table 3.  One-

way ANOVA analysis revealed no significant differences between groups for total 

kilocalories (p=0.829), protein (p=0.644), carbohydrates (p=0.480), fat (p=0.347),  
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Table 2 
Participant Demographics 

 

Variable 
G-Trainer 

Group Treadmill Group Stretching Group 

(n=8) (n=8) (n=9) 

 
Age (yrs) 

 
22.62±4.87 

 
21.38±1.77 

 
22.44±3.94 

 
Weight (kg) 

 
77.18±15.16 

 
77.15±13.78 

 
72.92±6.79 

 
Height (cm) 

 

 
180.82±7.09 

 
181.53±6.32 

 
179.22±8.36 

Systolic Blood Pressure 
(mmHg) 

110.13±5.96 114.00±8.94 113.33±7.35 

Diastolic Blood Pressure 
(mmHg) 

 

67.75±8.03 70.38±8.68 65.56±9.58 

Heart Rate 
 

VO2 peak (ml·kg-1·min-1) 

61.38±9.33 
 

52.46±7.37 

70.13±9.66 
 

55.19±6.31 

64.00±9.95 
 

53.84±6.29 
    

 Note: Data are presented as means ± standard deviations. 

vitamin A (p=0.484), vitamin C (p=0.714), vitamin E (p=0.464), selenium (p=0.796), and 

omega 3 fatty acids(p=0.645) during the three days prior to testing.  Similarly, no 

significant difference between groups for total kilocalories (p=0.726), protein (p=0.997), 

carbohydrates (p=0.907), fat (p=0.748), vitamin A (p=0.600), vitamin C (p=0.856), 

vitamin E (p=0.123), selenium (p=0.537), and omega 3 fatty acids (p=0.827), during the 

four days of recovery post-exercise. 
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Table 3 
Dietary Intake 

 

Variable G-Trainer Group Treadmill Group  Stretching Group 
(N=9) 

  
(N=8) (N=8)   

 Before After Before After Before After   

Calories 2111.78 2316.62 2183.71 2226.05 2268.31 2091.72 
  

(kcal/d) ±341.63 ±671.72 ±605.62 ±177.44 ±588.08 ±710.04   
 

Carbohydrates  240.64 286.63 293.54 290.04 296.86 270.17 
  

(g/d) ±33.36 ±54.98 ±106.46 ±52.26 ±135.05 ±148.89   
 

Protein  89.79 89.81 86.68 89.03 98.78 88.98 
  

(g/d) ±31.76 ±28.93 ±13.86 ±12.43 ±29.49 ±27.86   
 

Fat 89.28 86.70 71.59 79.46 80.11 76.41 
  

 (g/d) ±22.31 ±42.02 ±25.38 ±17.19 ±21.57 ±19.37   
 

Vitamin A 3846.02 4160.90 6559.39 4690.58 8434.60 7369.08 
  

(IU) ±1874.31 ±3832.63 ±6670.41 ±3801.25 ±1.10 ±1.04   
 

Vitamin C 57.10 63.90 94.08 90.31 108.49 86.92 
  

 (mg/d) ±53.66 ±52.42 ±128.78 ±76.19 ±172.63 ±148.07   
 

Vitamin E 3.25 4.21 4.13 2.26 7.44 7.44 
  

 (mg/d)  ±4.43 ±4.63 ±3.73 ±1.52 ±10.46 ±7.00   
 

Selenium 49.23 53.54 55.24 45.29 56.57 63.82 
  

 (μg/d) ±28.11 ±47.32 ±14.60 ±21.31 ±24.06 ±28.20   
 

Omega-3 0.86 0.49  0.38 0.36 0.47 0.43 
  

(g/d) ±1.77 ±0.44 ±.097 ±0.33 ±0.43 ±0.46   
         
         

         
Note: Data are presented as means ± standard deviations for 3 days prior to testing (Before) and 4 days (T1-
T4) post-downhill run (After). 
 
 

Isokinetic Knee Flexion and Extension Analysis 
 

 A three by five [group (3) x time (5)] repeated measures ANOVA was conducted 

to evaluate the effects of the different recovery treatments on muscle function and 

strength following exercise-induced muscle damage.  Peak isokinetic torque at 60°/sec 

and 180°/sec for both right and left knee extension/flexion was analyzed using a Biodex-
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System 3 Isokinetic Dynamometer (Biodex Medicaal Systems, Inc., Shirley, NY).  The 

within subjects factor was time with five levels (baseline=T1, 24 hours post-exercise=T2, 

48 hours post-exercise=T3, 72 hours post-exercise=T4, and 96 hours post-exercise=T5).  

The between-subjects factor was group with three levels (G-Trainer, treadmill, and 

stretching).  Mauchly’s test was used to test for sphericity.  If violated, Huynh-Feldt test 

was used to determine significance. 

Isokinetic Knee Flexion at 60°/second  

Univariate analysis revealed a significant main effect for time for left leg 

(p=0.004), with only a trend towards significance observed in the right leg (p=0.071).  

Subsequent pairwise comparison for the left leg indicated a significant decrease in peak 

isokinetic torque from baseline (T1) to T2 (p=0.004), and to T3 (p=0.017).  No group 

main effect was evident for left (p=0.963) or right (p=0.910) legs.  Additionally, no group 

by time interactions were evident for left (p=0.992) or right (p=0.838) legs.  Data for left 

and right knee flexion at 60°/second are presented in Figures 2 and 3. 

Isokinetic Knee Extension at 60°/second 

 Univariate analysis revealed a significant main effect for time for both left 

(p<0.001) and right (p<0.001) legs.  Pairwise comparison analysis for the left leg 

indicated a significant decrease in peak isokinetic torque from T1 to T2 (p=0.019); where 

as a significant increase was evident from T2 to T4 (p=0.019), and T5 (p<0.001), and 

from T3 to T5 (p<0.001).  Pairwise comparison analysis for the right leg indicated a  
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Figure 2. Time Course of Left Leg Flexion at 60°/second.  Data (mean ± SD) represents left leg flexion at 
60°/second in three recovery groups (G-Trainer, treadmill, and stretching) prior to, and following exercise-
induced muscle damage.  * Significantly different from baseline (p<0.05).  

Figure 3. Time Course of Right Leg Flexion at 60°/second.  Data (mean±SD) represents right leg flexion at 
60°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and following exercise-
induced muscle damage.  
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Significant decrease in peak isokinetic torque from T1 to T2 (p<0.001) and T3 (p=0.010); 

while a significant increase was evident from T2 to T4 (p=0.031), and to T5 (p<0.001), 

and from T3 to T4 (p=0.021), and T5  (p<0.001).  No group main effect was evident for 

left (p=0.943) or right (p=0.946) legs.  Additionally, no group by time interactions were 

evident for left (p=0.227) or right (p=0.558) legs.  Data for left and right leg extension at 

60°/second are presented in Figures 4 and 5.  

Figure 4. Time Course of Left Leg Extension at 60°/second.  Data (mean ± SD) represents left leg 
extension at 60°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and 
following exercise-induced muscle damage. * Significantly different from baseline (p<0.05).  ** 
Significantly different from T2 (p<0.05).  ***Significantly different from T3 (p<0.05). 
 
 
Isokinetic Knee Flexion at 180°/second 
 

Univariate analysis revealed a significant main effect for time for both left 

(p=0.026) and right (p=0.048) legs.  Pairwise comparison analysis for the left leg  
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Figure 5.  Time Course of Right Leg Extension at 60°/second.  Data (mean ± SD) represents right leg 
flexion at 60°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and following 
exercise-induced muscle damage.  * Significantly different from baseline (p<0.05).  **Significantly 
different from T2 (p<0.05).  ***Significantly different from T3 (p<0.05). 
 
 
indicated a trend towards significance from T3 to T5 (p=0.059).  Pairwise comparison 

analysis for the right leg indicated a trend towards significance from T3 to T5 (p=0.050), 

and a moderate trend towards significance from T3 to T4 (p=0.084).  No group main 

effect was evident for left (p=0.715) or right (p=0.723) legs.  Additionally, no group by 

time interactions were evident for left (p=0.300) or right (p=0.782) legs.  Data for left and 

right knee flexion at 180°/second are presented in Figures 6 and 7. 

Isokinetic Knee Extension at 180º/second 

 Univariate analysis revealed a significant main effect for time for both the left 

(p<0.001) and right (p<0.001) legs.  Pairwise comparison analysis for the left leg 

indicated a significant increase from T2 to T4 (p=0.013), and T5 (p<0.001), and from T3 

to T5 (p=0.001), and from T4 to T5 (p=0.002).  A strong trend was also found for an 
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Figure 6. Time Course of Left Leg Flexion at 180°/second.  Data (mean ± SD) represents left leg flexion at 
180°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and following exercise-
induced muscle damage.   
 

 
Figure 7. Time Course of Right Leg Flexion at 180°/second.  Data (mean ± SD) represents right leg flexion 
at 180°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and following 
exercise-induced muscle damage.   
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increase from T1 to T5 (p=0.051).  Pairwise comparison analysis for the right leg 

indicated a significant increase from T2 to T4 (p=0.003), and T5 (p=0.001), and from T3 

to T4 (p=0.008), and T5 (p=0.002). No group main effect was observed for left (p=0.598) 

or right (p=0.891) legs.  Additionally, no group by time interaction was evident for left 

(p=0.736) or right (p=0.891) legs.  Data for left and right knee extension at 180°/second 

are presented in figures 8 and 9. 

Figure 8.  Time Course of Left Leg Extension at 180°/second.  Data (mean ± SD) represents left leg 
extension at 180°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and 
following exercise-induced muscle damage.  * Significantly different from baseline (p<0.05).  
**Significantly different from T2 (p<0.05).  ***Significantly different from T3 (p<0.05).  
****Significantly different from T4 (p<0.05). 
 
 
 Hypothesis one stated that there will be no statistically significant difference in 

the voluntary isokinetic force output in the G-Trainer group when compared to the  

treadmill running and passive stretching groups following the eccentrically biased 

downhill run.  Thus, the hypothesis was failed to be rejected. 
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Figure 9.  Time Course of Right Leg Extension at 180°/second.  Data (mean ± SD) represents right leg 
extension at 180°/second in three recovery groups (G-Trainer, treadmill and stretching) prior to, and 
following exercise-induced muscle damage.  **Significantly different from T2 (p<0.05).  ***Significantly 
different from T3 (p<0.05). 
 
 

Blood Serum Analysis 
 

 A three by seven [group (3) x time (7)] repeated measures ANOVA was 

conducted to evaluate the effects of the different recovery on serum markers of muscle 

damage (CK), lipid peroxidation (MDA), and oxidative stress (SOD).  The within-

subjects factor was time with seven levels (baseline=T1, immediately post-exercise=T2, 

three hours post-exercise=T3, 24 hours post-exercise=T4, 48 hours post-exercise=T5, 72 

hours post-exercise=T6, and 96 hours post-exercise=T7).  The between-subjects factor 

was group with three levels (G-Trainer, treadmill and stretching).  Mauchly’s test was 

used to test for sphericity.  If violated, Huynh-Feldt was used to determine significance.   

It should be noted that a total of 21 samples (3 participants) were lost due to freezer 

malfunction, and thus a sample size of six and seven in the treadmill and G-Trainer 

groups, respectively, were used for subsequent analysis. 
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Creatine Kinase Activity 

 Serum CK data is represented in Table 4.  Univariate analysis revealed no 

significant main effect for time (p=0.233), group (p=0.522), or group by time interaction 

(p=0.562).  

Table 4 
 

Serum CK Activity 
 

Recovery T1 T2 T3 T4 T5 T6 T7 
Group 

 
G-Trainer 

(n=7)   

 
170.00 211.86 331.00 421.43 237.14 180.71 179.91 

±102.47 ±111.45 ±104.03 ±132.75 ±81.13 ±52.75 ±72.60 
 

Treadmill 
(n=6) 

 
193.33 234.83 442.00 421.17 264.50 195.17 178.33 

±167.40 ±178.85 ±202.82 ±111.09 ±82.90 ±89.41 ±74.99 

        

Stretching 182.89 443.11 916.44 1589.67 1069.89 606.56 374.11 

(n=9) ±118.60 ±617.62 ±1681.06 ±3662.30 ±2512.34 ±1250.61 ±607.95 

        
Note:  Data are presented as means ± standard deviations.  All CK activity values are expressed as 
IU/L.   

 
 
Hypothesis two stated that there will be no statistically significant difference in serum 

markers of muscle damage (CK) in the G-Trainer recovery group as compared to the 

treadmill running and passive stretching groups following the eccentrically biased 

downhill run.  Thus, hypothesis two failed to be rejected.   

Superoxide Dismutase Activity 

 Serum SOD data is presented in Table 5.  Univariate analysis revealed no 

significant main effect for time (p=0.322), group (p=0.522), or group by time interaction 

(p=0.423).   
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Table 5 
 

Serum SOD Activity 
 

Recovery T1 T2 T3 T4 T5 T6 T7 
Group 

 
G-Trainer 

(n=7)  

 
9.85 9.87 8.90 9.42 12.87 8.90 9.26 

±3.93 ±4.73 ±2.36 ±1.53 ±8.49 ±2.21 ±0.97 
 

Treadmill 
(n=6) 

 
16.43 11.87 12.91 18.17 14.03 18.59 15.51 

±8.84 ±5.08 ±7.56 ±12.48 ±9.81 ±21.00 ±10.10 

        

Stretching 15.53 12.32 12.72 13.14 14.51 13.45 19.67 
(n=9) ±10.16 ±6.06 ±5.92 ±7.66 ±7.38 ±5.17 ±10.61 

        
Note: Data are presented as means ± standard deviations.  All SOD activity values are expressed as 
U/ml. 
 
 

Malondialdehyde Activity 
 

 Data for serum MDA is presented in Table 6.  Univariate analysis revealed no 

significant main effect for time (p=0.329), with a moderate trend for main group effect 

(p=0.096), and group by time interaction (p=0.072).   

 
 

Table 6 
 

                Serum MDA Activity 

Recovery T1 T2 T3 T4 T5 T6 T7 
Group 

G-Trainer  
 

16.47 21.02 44.78 16.37 17.28 14.86 17.10 
±2.03 ±6.71 ±47.37 ±2.93 ±5.54 ±3.16 ±4.42 

Treadmill 
 

20.64 17.66 13.91 14.25 18.45 14.05 15.87 
±8.13 ±4.23 ±5.72 ±2.82 ±6.19 ±3.25 ±7.10 

        
Stretching 24.22 25.20 19.44 25.21 22.61 21.87 22.19 

 ±10.52 ±9.13 ±5.45 ±19.82 ±7.30 ±11.76 ±8.32 
        

       Note: Data are presented in means ± standard deviations.  All MDA activity are expressed as nm/mM. 
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Hypothesis three stated that there will not be a statistically significant difference 

in serum levels of inflammation and oxidative stress-response variables (SOD, MDA) in 

the G-Trainer recovery group following the eccentrically biased downhill run.  Thus, 

hypothesis three failed to be rejected. 

Analysis of Subjective Indicators of Muscle Damage 

Muscle Soreness Ratings Analysis 

A three by five [groups (3) x time (5)] repeated measures ANOVA was conducted 

to evaluate the effects of the different recovery treatments on perceived muscle soreness 

following exercise-induced muscle damage.  The within-subjects factor was time with 

five levels (baseline=T1, 24 hours post-exercise=T2, 48 hours post-exercise=T3, 72 hours 

post-exercise=T4, and 96 hours post-exercise=T5).  The between-subjects factor was 

group with three levels (G-Trainer, treadmill, and stretching).  Mauchly’s test was used to 

test for sphericity.  If violated, Huynh-Feldt test was used to determine significance.  

Univariate analysis revealed a significant main effect for time (p<0.001).  

Subsequent pairwise comparison confirmed a significant increase from T1 to T2 

(p<0.001), T3 (p<0.001), and T 4 (p<0.001), and significant decrease from T2 to T4 

(p<0.001), and T5 (p<0.001), and from T3 to T4 (p<0.001), and T5 (p<0.001), and from 

T4 to T5 (p<0.001).  No group (p=0.185) or group by time interaction (p=0.279) was 

evident.  Muscle soreness data is presented in Figure 10. 
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Figure 10.  Time Course of Perceived Muscle Soreness.  Data (mean ± SD) represents perceived muscle 
soreness in three recovery groups (G-Trainer, treadmill and stretching) prior to, and following exercise-
induced muscle damage.  * Significantly different from baseline (p<0.001).  **Significantly different from 
T2 (p<0.05).  ***Significantly different from T3 (p<0.05).  ****Significantly different from T4 (p<0.05). 
 
 
Profile of Mood States Analysis 
 

A three by six [group (3) x time (6)] repeated measures ANOVA was conducted 

to evaluate the effects of the different recovery treatments on mood states following 

exercise-induced muscle damage.  The within-subjects factor was time with five levels 

(baseline=T1, immediately following first recovery session=T2, 24 hours post-

exercise=T3, 48 hours post-exercise=T4, 72 hours post-exercise=T5, and 96 hours post-

exercise=T6).  The between-subjects factor was group with three levels (G-Trainer, 

treadmill, and stretching).  Mauchly’s test was used to test for sphericity.  If violated, 

Huynh-Feldt test was used to determine significance. 

Univariate analysis revealed a significant main effect for time (p=0.013).  

Subsequent pairwise comparison analysis indicated a significant decrease from T4 to T6 

(p=0.016).  A significant group by time interaction was evident (p=0.027) with post hoc 
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analysis revealing  significantly higher POMS global scores in the treadmill recovery 

group compared to the G-Trainer group at T2 (p=0.035), and a trend towards 

significantly higher POMS global scores at T3 (p=0.078).  No group main effect was 

observed (p=0.399).  POMS global score data is presented in Figure 11. 

 
 
 
 
Figure 11.  Time Course of Profile of Mood States.  Data (mean ± SD) represents profile of mood states in 
three recovery groups (G-Trainer, treadmill and stretching) prior to, and following exercise-induced muscle 
damage.  ****Significantly different from T4 (P<0.05).  #Significantly different between treadmill and G-
Trainer groups (p=0.035). 
 
 

Hypothesis four stated that there will not be a statistically significant difference in 

subjective ratings of perceived muscle soreness and mood states in the G-Trainer 

recovery group as compared to the treadmill running and passive stretching groups 

following the eccentrically biased downhill run.  Thus, the hypothesis was rejected.  

 

-30

-20

-10

0

10

20

30

40

50

60

G
lo

ba
l S

co
re G-Trainer

Treadmill

Stretching

**** 

             1 2   3            4      5        6 

 

# 

Testing Session 

 



78 
 

 
 
 

CHAPTER FIVE 
 

Discussion 
 
 

 The overall purpose of this study was to determine if weight-supported exercise 

utilizing the G-Trainer treadmill would enhance muscle recovery following exercise-

induced muscle damage in aerobically trained males.  To date, no controlled scientific 

studies exist examining the efficacy of the G-Trainer in recovery.  More specifically, no 

studies have compared the G-Trainer to commonly used recovery methods; submaximal 

running and static stretching; on isokinetic muscle strength; systemic markers of muscle 

damage (CK), oxidative stress (SOD), and lipid peroxidation (MDA); and perceived 

muscle soreness and mood states (POMS) following exercise-induced muscle damage.  

With this in mind, the current study was the first to demonstrate that 30 minutes of 

weight-supported submaximal running on the G-Trainer treadmill was unable to enhance 

muscle recovery following exercise-induced muscle damage.  Given the limited research 

examining the effects of the G-Trainer, it is clear that further research is necessary to 

validate these observations, and further, to examine the effects of the G-Trainer under 

various conditions and in different populations. 

Knee Flexion and Extension Isokinetic Strength 

 It has been well established that muscle strength is decreased following muscle 

damaging eccentric exercise, with decrements in force normally lasting for three to four 

days (Martin et al., 2004).  Reduction in strength may be due to inhibition of voluntary 

contraction that results from muscle soreness, swelling, and stiffness; with decrements 
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developing immediately and typically lasting for three to four days or longer (Byrne et al., 

2004).  Further, the mechanical disruption to the muscle fiber that typically occurs during 

repeated bouts of eccentric contractions may lead to damage to the E-C coupling system, 

and thus contribute to the reductions in strength in the days following exercise.  

Additionally, the secondary response (due to the inflammatory response or a loss of Ca2+ 

homeostasis) that occurs within the days following muscle damage can aggravate the 

initial damage and contribute to the force reductions (Clarkson and Sayers, 1999).   

 In the current study, isokinetic knee extension and flexion peak torque measured 

at 60°/second was significantly reduced in both right and left leg following downhill 

running and remained lower than baseline values for approximately 72 hours or longer.  

However, when peak torque was measured at 180°/second, isokinetic knee extension and 

flexion for both right and left leg remained lower than baseline levels up to 48 hours post-

exercise.  Since velocity-dependent strength loss may be affected to a greater extent at 

low angular velocity torque compared to a higher angular velocity torque or vice versa 

(Deschenes, Brewer, Bush, McCoy, Volek, and Kraemer 2000 and Byrne et al., 2004); it 

is likely that the different magnitude of strength loss and rate of recovery observed in the 

current study was due to the differing angular velocities of movement used (60°/ second 

versus 180°/second). 

 Regardless, 30 minutes of weight-supported submaximal running on the G-

Trainer treadmill was unable to enhance the rate of isokinetic force recovery following 

exercise-induced muscle damage when compared to submaximal treadmill running and 

static stretching.  Since limited research has examined the effects of weight-supported 

exercise via increased air pressure (i.e. G-Trainer treadmill), the only comparable weight-



80 
 

supported research is underwater exercise.  When compared to combinations of passive 

resting and treadmill running, underwater exercise (i.e. deep-water running) has 

previously shown muscle strength to return to baseline values at a faster rate following 

damaging plyometric exercise (Reilly et al., 2002).  Additionally, Takahashi et al. (2006) 

found muscle power was maintained following downhill running when aqua exercise was 

performed, while significant decrements in muscle power were observed in a  control 

group (no treatment/exercise) at 24 hours post-exercise.  The authors suggested that deep 

water running is effective in enhancing physiological measures, including oxygen 

transport, anaerobic and muscle performance, though a specific physiological mechanism 

was not suggested (Reilly et al., 2002).  Additionally, Takahashi et al. (2006) suggested 

that a massage effect with mild water flow may have increased peripheral blood flow 

volume and increased tissue fluid flow in the damaged area as well as promoting blood 

circulation, and perhaps inhibited the decline of muscle power in the aqua exercise group.   

 It should be noted that the downhill running protocol used by Takahashi and 

colleagues (2006) consisted of three short intervals on a treadmill, whereas the current 

study utilized one continuous bout of running on a treadmill at a slower pace, and thus 

may have induced varying degrees of muscle damage.  Indeed, muscle power decrements 

seen in the study by Takahashi and colleagues were approximately 16% in the control 

group, in contrast to our results of between 1 and 12% decrements in peak torque.  

Additionally, muscle power was measured via dynamic leg press movement rather than 

Biodex peak force (Takahashi et al., 2006).  The movement patterns vary between these 

two types of tests, as well as the muscle groups involved in those movements.  

Additionally, the speed of movement was controlled in the current study (60º/second and 
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180º/second), whereas the leg press movement was not.  Thus, these measurements may 

be comparable, but should not be considered equal.     

 Moreover, although aqua exercise and the G-Trainer treadmill both utilize the 

concept of “weight-supported” exercise, it is clear that these methods differ from one 

another.  First, the G-Trainer treadmill can provide weight support within a wide range, 

providing a great number of varying options.  Conversely, the weight support provided 

by aqua exercise depends on water volume, temperature, etc., and remains fairly 

consistent.  Secondly, the G-Trainer treadmill uses air pressure to reduce body weight, 

while aqua exercise uses buoyancy of the body in the water. Finally, exercise performed 

in the water is performed against water resistance, based on the velocity of the moving 

object, while no such resistance is present in the G-Trainer treadmill.  These factors may 

contribute to the contrasting results in recovery from muscle injury.  However, given that 

no research has been conducted on the G-Trainer treadmill, and no research has 

compared the mechanisms of action behind aqua exercise and the G-Trainer, this is 

highly speculative and requires further investigation.   

Serum Creatine Kinase Activity 

 In the present study, CK activity was increased at 15 minutes (172%), and three 

(331%), 24 (495%), 48 (322%), 72 (198%), and 96 (143%) hours following the downhill 

running protocol.  Though elevations in CK were observed, these changes were not 

deemed statistically significant.  Contrasting results have been demonstrated in previous 

studies with significant increases in CK activity observed using similar (Close et al., 

2004; Maughan et al., 1989 and Sorichter et al., 2001) and different (Lee et al., 2002) 

damaging protocols.  It could be suggested that the downhill running protocol 
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implemented in the current study was unable to induce major muscle damage to the 

muscle architecture, due to the lack of statistically significant findings.  CK is one of the 

most widely used indirect markers of skeletal muscle damage (Eston et al., 1996; Malm 

et al., 2004; Smith et al., 2007; Sorichter et al., 2001).  However, despite its popularity in 

research, post-exercise plasma or serum CK activity does not seem to reflect the 

magnitude of muscle damage, rather indicating that some form of muscle damage has 

occurred (Nosaka and Clarkson, 1992).  In the present study, CK response to the 

damaging protocol was quite variable, with the largest standard deviation being 3662.30 

IU/L.  This variability in addition to a small sampling size possibly contributed to a lack 

of statistically significant findings.  Regardless, despite non-significant increases in CK 

activity, with decrements in muscle force and elevations in lipid peroxidation and 

perceived muscle soreness, it could be suggested that muscle damage was induced in the 

current study. 

 Similar to recovery of isokinetic peak torque, the G-Trainer treadmill had no 

significant impact on the appearance of CK in the serum following the downhill running 

protocol.  In contrast, Reilly and colleagues (2002) found lower CK activity with an 

earlier peak following deep-water running when compared to combinations of passive 

rest and treadmill running for three days after damaging plyometric exercises.  Further, 

but in contrast to weight-supported exercise, research by Gill and colleagues (2006) 

found CK activity to be lower following active recovery (i.e. low intensity exercise) 

when compared to passive recovery (i.e. no exercise) following muscle damage induced 

by a rugby match.  These observations have also been confirmed by others (Donnelly et 

al., 1992 and Saxton and Donnelly, 1995).  It could be suggested that light exercise 
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increases blood flow to the damaged area and thus increases clearance of metabolic 

wastes, free radicals and proteases which contribute to further damage of the muscle 

tissue (Sayers et al., 2000).   Further, weight-supported exercise may be effective in 

reducing CK activity following exercise-induced muscle damage as it may limit further 

damage by decreasing the amount of eccentric contraction during active recovery 

(Takahashi et al., 2006).  In the current study, it is interesting to note that at 24 hours 

post-exercise, a much larger spike in CK activity was seen in the stretching group (869% 

increase) compared to both treadmill running (218% increase) and G-Trainer running 

(248% increase).  It could be speculated that both treadmill running and G-Trainer 

running reduced the extent of muscle damage (possibly via aforementioned mechanisms).  

However, further research is needed to validate such observations.   

Serum Superoxide Dismutase and Malondialdehyde Levels 

 An imbalance between oxidant and antioxidant levels leads to oxidative stress 

during and/or following exercise.  This oxidative stress may potentially damage enzymes, 

protein receptors, lipid membranes, and DNA (Leeuwenburgh and Heinecke, 2001).  The 

activity of certain antioxidant enzymes [e.g., superoxide dismutase (SOD)] can be 

assessed as indicators of the oxidative stress, while malondialdehyde (MDA) is 

commonly used as a marker of lipid peroxidation.  In the present study, conflicting results 

were observed for SOD and MDA, with SOD levels decreasing shortly after exercise and 

remaining lower than baseline for up to 96 hours; whereas MDA levels increased shortly 

after exercise, peaking at three hours and returning to baseline levels by 96 hours.  

Despite these changes, no statistical significance was found.  Elevated MDA levels 

suggest increased lipid peroxidation to the muscle and support the observed changes in 
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muscle force and perceived muscle pain.  Previous research has also shown significant 

increases in MDA up to six (Sacheck, Milbury, Cannon, Roubenoff, and Blumberg, 

2003) and 72 hours post-exercise (Close et al., 2004).  In regards to SOD, it is not readily 

apparent to the authors as to why SOD levels decreased following exercise-induced 

muscle damage.  Conflicting research exists with regards to SOD, with investigators 

noting increases (Childs et al., 2001; Jenkins, 1988; Lee and Clarkson, 2003; and 

Miyazaki, Oh-ishi, Ookawara, Kizaki, Toshinai, Ha Haga, Ji and Ohno, 2001) or no 

change (Alessio and Goldfarb, 1988, Ji, 1992 and Subudhi, Davis, Kipp, and Askew, 

2001) immediately post-exercise.  However, recent studies have shown that the 

antioxidant defense system may be reduced temporarily in response to increased ROS 

production, thus reducing its increase during the recovery period as a result of the pro-

oxidant conditions (Watson, MacDonald-Wicks, and Garg, 2005).  Despite conflicting 

observations, recovery on the G-Trainer treadmill had no significant impact on markers 

of oxidative stress and lipid peroxidation following downhill running.  Recently, the role 

of reactive oxygen species (ROS) and thus oxidative damage in the etiology of muscle 

damage has been questioned; with some researchers suggesting ROS to be a by-product 

as opposed to a cause of muscle damage (Peake, Suzuki, and Coombes, 2007).  Therefore, 

given the non-significant elevations in both systemic markers, it could be suggested that 

the therapeutic ability of the G-Trainer treadmill to reduce the extent of oxidative damage 

and lipid peroxidation may have been masked.   

Rating of Perceived Muscle Soreness and Profile of Mood States 

Delayed onset muscle soreness is possibly the most significant and well-known 

marker of skeletal muscle damage.  Common symptoms of DOMS include significant 
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discomfort, inflammation and swelling, decreased muscular function, and reduced 

maximal force-generating capacity (Braun and Dutto, 2003).  These symptoms typically 

develop within 24 hours and can last up to 10 days (Braun and Dutto, 2003).  Eccentric 

exercise, such as downhill running, has been found to induce DOMS (Braun & Dutto, 

2003, Chen et al., 2008, and Takahashi et al., 2006).  This subjective indicator of muscle 

damage can be assessed via a visual analogue scale (Scott and Huskisson, 1976).  

Psychological effects may also be affected following muscle damage and during recovery.  

Though another subjective phenomenon, mood states can also be assessed using the 

standardized and widely used Profile of Mood States assessment (McNair-Douglas, 

1992).   

 In the present study, muscle soreness was evident, with peak muscle soreness 

observed at 24 and 48 hours and remaining elevated up to 96 hours post-exercise.  These 

observations support previous research, with DOMS occurring following downhill 

running, normally peaking between 24 and 48 hours post-exercise (Braun and Dutto, 

2003; Chen et al., 2008; Schwane et al., 1983; Smith et al., 2007; and Takahashi et al., 

2006).  Deep-water running has shown to speed the process of recovery for muscle 

soreness during the three days following plyometric exercise (Reilly et al., 2002).  In fact, 

Reilly and colleagues (2002) discovered a complete elimination of the sensation of 

soreness during deep-water running that returned following the cessation of activity.  

However, since perceived muscle soreness ratings were not assessed during recovery 

exercise in the present study, no such comparisons can be made.  Authors suggested that 

deep-water running may provide temporary relief from DOMS while benefitting the 

recovery process, and noted a possible link between lower muscle soreness ratings and a 
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smaller decline in leg strength that occurred in the deep-water running group (Reilly et al., 

2002).  Takahashi and colleagues (2006) suggested that aqua exercise performed with 

water immersion to a level providing a 10-35% body weight reduction was sufficient to 

reduce the load supported by the legs enough to provide benefits.  Additionally, the 

authors suggested that the mild massaging effects from water resistance resulting from 

wave and viscous resistance was effective in reducing muscle soreness post-exercise, as 

well as an increase of peripheral blood flow volume and an increase of tissue fluid flow 

in the damaged area to promote the healing process (Takahashi et al., 2006).  In contrast, 

the present study demonstrated no effect from weight-supported exercise in reducing the 

rating of muscle soreness experienced following exercise-induced muscle damage.  As 

previously mentioned, the amount and means of weight-support differ between aqua 

exercise and the G-Trainer treadmill.  It may be suggested that not enough weight support, 

and consequently not enough pressure exerted on the lower body, was utilized with 

weight-supported exercise on the G-Trainer, possibly reducing the beneficial effects.   

Additionally, the beneficial massaging effect of water experienced in aqua exercise is not 

experienced in exercise on the G-Trainer treadmill.  The subjective nature of muscle 

soreness and the many unknown factors regarding weight-supported exercise with the G-

Trainer treadmill may have contributed to the non-significant effects.   

 Since a global score was used for the POMS analysis, a lower score indicates a 

more positive mood state.  Therefore, a decrease in score indicates an improvement in 

mood states.  The current study observed an increase in global score indicating a decrease 

in mood states from baseline at 1 hour, 24, 48, 72, and 96 hours post-exercise, with a 

peak at 72 hours post-exercise.  The only statistically significant finding was a decrease 
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from 48 to 96 hours post-exercise.  Additionally, a significant difference between the G-

Trainer and treadmill groups was found immediately following the first recovery bout, 

indicating that participants recovering on the G-Trainer had a more positive mood state 

than those recovering on the treadmill.  Previous research has shown increases in POMS 

scores following muscle damage, with a subsequent decline to below baseline levels 

throughout two days of recovery (Suzuki et al., 2004).  The method of muscle damage, 

however, was a rugby match as opposed to a specific exercise protocol.  Therefore, it 

should be suggested that the physiological effects of competition may have played a large 

role in mood states before and immediately after exercise, potentially altering results.  

Similarly to perceived muscle soreness, POMS was unaltered by recovery using the G-

Trainer.  Suzuki and colleagues (2004) found a lower POMS score following low-

intensity exercise in the days after injury; indicating that moderate exercise may help 

individuals to achieve better psychological recovery following exercise-induced muscle 

damage.  Research has also shown improved mood immediately following an acute bout 

of exercise (McGowan, Ralton, and Thompson, 1996; Roth, 1989; Russell, Pritschet, 

Frost, Emmett, Pelley, Black, and Owen, 2003).  Due to the finding of a more positive 

mood state immediately following recovery in the G-Trainer group, it may be suggested 

that exercise on the G-Trainer was perceived as less strenuous than exercise on the 

treadmill.  However, since mood states were assessed prior to exercise rather than 

following exercise on test days two through five, the immediate effects of each of the 

recovery modes on mood states cannot be determined and thus, more research is clearly 

warranted. 
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Conclusions and Future Directions 

 Overall, the present study does not support the notion that recovery exercise 

utilizing the G-Trainer treadmill can attenuate the recovery of muscle damage.  When 

compared to submaximal running on a treadmill and static stretching, exercise performed 

on the G-Trainer treadmill was unable to minimize decrements in isokinetic muscle 

strength and function; lower systemic markers of muscle damage (CK), oxidative stress 

(SOD), and lipid peroxidation (MDA); and reduce perceived muscle soreness in the days 

following muscle injury.  However, recovery on the G-Trainer treadmill did prove more 

effective in improving mood states immediately following a bout of exercise in 

comparison to treadmill recovery.  

 Despite this, the present study significantly contributes to the literature, as it is the 

first study to examine the effects of recovery exercise using the G-Trainer treadmill as a 

recovery method.  Further, it is the first study to compare the effects of the G-Trainer 

treadmill to submaximal treadmill running and static stretching. 

 It should be noted that a number of limitations exist in the study.  Firstly, due to 

the novelty of the study, the G-Trainer recovery protocol could not be based on previous 

research.  For example, intensity and amount of weight support during recovery exercise 

was determined based on suggestions by Alter-G, Inc., without previous research 

references to refer to.  Additionally, amount of pressure exerted on the legs by the G-

Trainer was not determined; therefore this information could not be presented.  Also, 

sample size was fairly small (N=25), perhaps serving as an explanation for the lack of 

statistically significant results.  Finally, no true control group was used in the present 

study (i.e. no exercise or stretching).  Therefore, it is difficult to determine whether the 
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G-Trainer may improve muscle recovery when compared to the other experimental 

groups, as all groups could theoretically be beneficial.  Future research should explore the 

use of the G-Trainer treadmill in recovery exercise at differing intensities and percentages 

of weight support.  Furthermore, understanding the mechanism of action for the G-

Trainer treadmill will also benefit future study design.  Taken together, despite the lack of 

significant findings in the current investigation, the results observed will provide a 

foundation to be built upon for future research into the effectiveness of weight-supported 

exercise using the G-Trainer treadmill. 
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APPENDIX A 

Medical History Inventory 

 

Directions.

  

  The purpose of this questionnaire is to enable the staff of the Exercise and Sport Sciences 
Laboratory to evaluate your health and fitness status.  Please answer the following questions to the best 
of your knowledge.  All information given is CONFIDENTIAL as described in the Informed Consent 
Statement. 

Name:____________________________________________ Age _____Date of Birth_______________ 

 

Name and Address of Your Physician:_____________________________________________________ 

 

MEDICAL HISTORY 

Do you have or have you ever had any of the following conditions? (Please write the date when you had 
the condition  in blank). 

 

____ Heart murmur, clicks, or other cardiac findings? ____ Asthma/breathing difficulty?  

____       Frequent extra, skipped, or rapid heartbeats?  ____ Bronchitis/Chest Cold? 

____ Chest Pain of Angina (with or without exertion)? ____  Melanoma/Suspected skin Lesions? 

____ High cholesterol?     ____ Stroke or Blood Clots? 

____ Diagnosed high blood pressure?   ____ Emphysema/lung disease? 

____ Heart attack or any cardiac surgery?  ____ Epilepsy/seizures? 

____ Leg cramps (during exercise)?   ____ Rheumatic fever? 

 ____ Chronic swollen ankles?    ____ Scarlet fever? 

____ Varicose veins?     ____ Ulcers? 

____ Frequent dizziness/fainting?                 ____ Pneumonia? 

____ Muscle or joint problems?    ____ Anemias? 

____ High blood sugar/diabetes?   ____ Liver or kidney disease? 

____ Thyroid Disease?     ____ Autoimmune disease? 

____ Low testosterone/hypogonadism?   ____ Nerve disease? 

____ Gluacoma?     ____ Psychological Disorders? 
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Do you have or have you been diagnosed with any other medical condition not listed?  

____________________________________________________________________________________ 

 

Please provide any additional comments/explanations of your current or past medical history.  

____________________________________________________________________________________ 

 

Please list any recent surgery (i.e., type, dates etc.).  

____________________________________________________________________________________ 

 

List all prescribed/non-prescription medications (i.e. hormone replacement therapy) and nutritional 
supplements you have taken in the last 3 months.  

 

 

What was the date of your last complete medical exam?  

 

 
Do you know of any medical problem that might make it dangerous or unwise for you to participate in 
this study? 
(Including strength and maximal exercise tests)  ____ If yes, please explain:  

 

Recommendation for Participation 

 

____ No exclusion criteria presented. Participant is cleared to participate in the study. 

____ Exclusion criteria is/are present. Participant is not cleared to participate in the study. 

 

Signed: ___________________________________ Date: ________________________ 
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APPENDIX B 

               Activity History Inventory 

 Personal Information 

 

Name:                                                                                                                                                   

 

Address:                                                                                                                                                   

 

City:                                State:                  Zip Code                

 

Home Phone:     (      )                      Work Phone: (      )                                                     

 

Beeper:  (      )                             Cellular   (      )                              

 

Fax:  (      )                             email address: ___________________ 

 

Birth date:            /            /                Age:                  Height:                Weight: ______                

 

 

Exercise & Supplement History/Activity Questionnaire 
 

1. Describe your typical occupational activities. 
 

 

2. Describe your typical recreational activities 
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3. Describe any exercise training that you routinely participate.  
 

 

4. How many days per week do you exercise/participate in these activities? 
 

 

5. How many hours per week do you train? 
 

 

6. How long (years/months) have you been consistently training? 
 

 

7.  When was the last time you ingested an anti-inflammatory medication or 
supplement? 

 

 

8. What was the reason you were taking an anti-inflammatory product? 
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APPENDIX C 

DIETARY INTAKE RECORD 

NAME __________________________________ Date __________________________________ 

INSTRUCTIONS 

1.     Record everything you eat for “4 days/24 hours” prior to the testing session.  If you eat 
pretzels, record how many.  If you eat a bag of chips, record the number of ounces.  For 
drinks, record the number of cups or ounces. Record everything you drink except water. 

2.     Record the Food, Amount, Brand Name, and Preparation Methods. For example:  baked vs. fried 
chicken; 1 cup of rice; 2 teaspoons of margarine; 1 cup of 2% milk; McDonald’s, Healthy Choice, 
or Frosted Flakes.   

3.     Record immediately after eating.  Waiting until that night may make it difficult to 
remember all foods and quantities. 

Food (include brand)      Method of Preparation  Quantity (cups, oz., no.)  

BREAKFAST: 

                                                                                                                 _________________________                                                                                                            

 ____________________    ________________________                _________________________ 

                                                                                                                   _________________________                                             

LUNCH: 

                                                                                                        _________________________                                             

                                                                                                    _________________________                                             

                                                                                                        _________________________                                                                                   

DINNER: 

                                                                                                     _________________________   

                                                                                                     _________________________                                             

                                                                                                     _________________________                                             

SNACKS: 

                                                                                                                    _________________________   
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APPENDIX D 
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APPENDIX E 

IRB PROPOSAL 

 
Application to the Baylor IRB  

For Review of Research/Activity Proposal  
 

Part 1: Signature Page  
 

 
 
 

1. Name:  
 
2. Complete Mailing  

Address:  
 

3. Position:  
 
4. Faculty Advisor  
 
5. Department/School:  
 
6. Telephone Number:  

 

 
 
 
Carrie Nix, BS  
 

 
 
2201 S University Parks Dr. Apt 10101 Waco, TX 76706  
 
Master's Student HHPR  
 
Mike Greenwood, PhD, CSCS*D, FACSM  
 
Health, Human Performance, and Recreation/Education  
 
(307) 331-3411  

 
7. Are you using subjects in research (Y or N) Yes  
 
8. Title of the research project: Comparison of Post-Exercise Recovery Strategies on  
Physiological and Biochemical Markers of Exercise-Induced Muscle Damage  
 
9. Please return this signed form along with all the other parts of the application and  

other documentation to the University Committee for Protection of Human Subjects  
in Research; Dr. Matt Stanford, Associate Professor of the Psychology &  
Neuroscience, P.O. Box 97334, Waco, TX 76798-7304, phone number 254-710- 
2236.  
 

 
 
 
Signature of Principal Investigator  Date  
 
Signature of Faculty Advisor  
 

 
 

10. Departmental Review:  
      Department Chair or the Chair's Designate  
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Part 2: Introduction & Rationale  
 

It has been documented that exercise, specifically unaccustomed or eccentric exercise, 
induces skeletal muscle damage. This muscle damage can be assessed by various 
physiological and biochemical markers. There are currently several different methods for 
the treatment of skeletal muscle injury and its symptoms. A popular method, especially 
amongst athletes, is the use of recovery exercise. Recovery exercise is thought to be 
beneficial in improving blood flow to the damaged area as well as providing an analgesic 
effect on the painful symptoms of muscle damage (Sayers et al. 2000, Martin et al. 2004, 
and Zainuddin et al. 2006). One of the latest treatments of DOMS involves weight- 
supported recovery exercise. The G-Trainer treadmill of Alter-G is a device that allows 
for weight-supported running.  
 
Unfamiliar damage, predominantly eccentric exercise such as downhill running, causes 
exercise-induced muscle damage and resulting symptoms. Mechanical damage causes 
inflammation and swelling and leads to pain or delayed onset muscle soreness(DOMS). 
Symptoms of DOMS can range from muscle tenderness to severe debilitating pain. 
These symptoms are experienced by novice and even elite athletes and may last up to 5-7 
days, typically peaking between 24 and 72 hours (Cheung, Hume, & Maxwell, 2003). 
Other signs of skeletal muscle damage include changes in maximal voluntary contraction, 
changes in range of motion, and changes in biochemical factors. Some of the 
biochemical indicators include changes in hormones, proteins, cytokines, enzymes, and 
antioxidants (Smith et al. 2007, Suzuki et al. 2006, Malm et al. 2004, Neubauer et al. 
2008).  
 
Developed in 2005, the G-Trainer anti-gravity treadmill enables individuals to reduce 
their body weight during walking and running, making it the first anti-gravity treadmill. 
The G-Trainer may be used for health and medical benefits, reduction of injury risk, and 
expansion of athletic training and conditioning. Individuals who have used the G-Trainer 
claim to have seen benefits in general conditioning, cross training, and performance 
enhancement. The G-Trainer may be beneficial for utilization in recovery exercise 
because it reduces the impact on the body, allowing the individual to run longer and 
faster than traditional recovery runs. This allows for a better cardiovascular workout with 
less impact on the working muscles.  
 
To date, there has been little research conducted on the effects of the G-Trainer. By 
inducing muscle damage in a group of recreationally trained individuals and monitoring 
physiological and biochemical markers of skeletal muscle damage throughout recovery 
utilizing three different methods of recovery, it can be better determined if weight- 
supported exercise may be a beneficial alternative in the recovery of skeletal muscle 
damage.  
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Part 3: Methodology  
 

Methods  
 
Subjects  
Forty-five apparently healthy, recreationally active males between the ages of 18-35 will 
be recruited to participate in the study. Recreationally active will be defined as a regular, 
structured exercise program at least three times weekly. Participants will be recruited 
from the metropolitan area of Waco, TX. All participants will undergo a mandatory 
medical screening by the ESNL research nurse. Passing this screening as well as being 
considered either low or moderate risk with no contraindications to exercise as outlined 
by the American College of Sports Medicine (ACSM). Participants will be required to 
have not consumed any nutritional supplements (excluding multi-vitamins) within one 
month prior to the study. Oral and written consent will be obtained from eligible 
participants based on university-approved documents, as well as approval granted by the 
Institutional Review Board for Human Subjects of Baylor University. All experimental 
procedures involved in the study will conform to the ethical consideration of the Helsinki 
Code. Participants will be explained the purpose of the research, the protocol to be 
followed, and the experimental procedures to be used.  
 
Study Site  
 
All supervised testing and training will be conducted under the direct supervision of 
investigators in the Exercise and Sport Nutrition Laboratory (ESNL) in the Department of 
Health, Human Performance, and Recreation at Baylor University, in Waco, TX.  
 
Independent and Dependent Variables  
 
The independent variables of this study will be the recovery techniques utilized: passive 
stretching, submaximal jogging on a treadmill, and submaximal jogging on the G-Trainer 
treadmill. Other independent variables will include the eccentric exercise session, and the 
number of blood sampling times during the course of the study. Dependent variables will 
include information collected on the dietary logs, subjective ratings of muscle soreness 
and stiffness, serum markers of muscle damage including creatine kinase (CK) and 
lactate dehydrogenase (LDH), and serum markers of oxidative stress including 
superoxide dismutase (SOD) and 8-isoprostane (8-ISO), and serum inflammatory 
markers including TNF-α, IL-1β, IL-6, IL-8, IL-10, IL-12, COX-2, PGE2 and the muscle strength 
assessments (isometric and isokinetic).  
 
Entry/Familiarization Sessions  
 
Participants expressing interest in participating in this study will be interviewed via 
phone to determine whether they appear to qualify to participate in the study. Those 
determined to meet the criteria will then be invited to attend an entry/familiarization 
session. Upon reporting to the lab, participants will complete a medical history 
questionnaire and undergo a general physical examination to determine whether they  



105 
 

meet eligibility criteria. Those who meet the criteria will be familiarized to the study  
protocol verbally and in written explanation. Study protocol, potential risks, and 
procedures will be included in the informed consent document. An informed consent 
questionnaire will be utilized that will demonstrate the participant's understanding of 
these documents. The informed consent process will include witnessing and signing of 
these forms. A copy of the consent form will be retained by the participant. Following the 
consent process, each participant's height and total body mass will be determined using a 
standard dual beam balance scale. Participants will be requested to not perform any 
strenuous or unaccustomed activity other than testing for the study for the duration of the 
study.  
 
Assessment of Maximum Oxygen Uptake (VO2 Max)  
 
Approximately one week prior to the initial eccentric exercise bout, participants will 
perform an incremental load exercise test of their maximal oxygen uptake (VO2 max) on  
a treadmill ergometer (Quinton, Seattle, WA). After baseline measurements at rest are  
completed, the treadmill test will start at a velocity of 8 km/h and an incline of 0%. 
Running speed will be increased by 2 km/h every 3 minutes until exhaustion. Oxygen  
uptake (VO2) will be measured every 30 seconds via an open-circuit sampling system  
(Parvo Medics, Provo, UT), and the highest level of VO2 will be defined as VO2 max.  
Heart rate will be calculated from a continuously monitored heart rate monitor (Polar  
Electro, Lake Success, NY) and blood pressure determined with a mercurial 
sphygmomanometer.  
 
Dietary Records  
 
Participants diets will not be standardized throughout the course of the study and subjects 
will be asked to not change their dietary habits during the course of the study. In attempt 
to determine the average daily macronutrient consumption of fat, carbohydrate, and 
protein in the diet throughout the duration of the study, participants will be asked to 
maintain a food diary reporting food/drink intake of all items consumed. Dietary records 
will be evaluated with the Food Processor dietary assessment software program (ESHA 
Research Inc., Salem, OR).  
 
Blood Collection Procedure  
 
Venous blood samples will be obtained from the antecubital vein into a 10 ml collection 
tube using a standard vacutainer apparatus for both plasma and serum separation. Blood 
samples will be allowed to stand at room temperature for 10 minutes and then 
centrifuged. A total of six blood samples will be obtained. For each sample, the serum 
will be removed and frozen at -80ºC for later analysis. Blood samples will be obtained at 
the following time points: 1) baseline/pre-exercise, 2) immediately post-exercise, 3) 3 
hours post-exercise, 4) 24 hours post-exercise, 5) 48 hours post-exercise, 6) 72 hours 
post-exercise, 7) 96 hours post-exercise, and 8) 120 hours post-exercise. All blood 
samples will be obtained after a 12-hour fast and standardized to the same time of day for 
each sample.
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Eccentric Exercise Session  
 
Each participant will report to the laboratory between 8 and 10 am and will be instructed 
to eat a light breakfast (and record the meal) not later than two hours prior to the exercise 
session. Water will be given ad libitum during exercise. A 10 minute warm-up on the 
treadmill will first be performed at a 0º incline and at a self-selected speed. The 
eccentrically biased downhill run will consist of a 45-minute downhill run at 60% of  
participant's VO2 max with the treadmill grade set at an established -10 degrees.  
Between 20 and 23 minutes and 42 and 45 minutes of exercise VO2 and heart rate will be  
recorded.  
 
Recovery Technique  
 
After being matched according to VO2, participants will be randomly assigned to one of  
three recovery groups: 1) passive stretching, 2) submaximal jogging on a treadmill, and  
3) submaximal jogging on the G-Trainer treadmill. Passive stretching will consist of a 
series of commonly used passive stretching techniques. Both submaximal jogging groups  
will exercise at the same intensity and relative percentage of their VO2 max.  
 
Assessment of Muscle Strength  
 
Maximal isokinetic dynamic strength and peak isometric torque will be assessed with a 
concentric knee extension/flexion protocol using a Biodex-System 3 (Biodex Medical 
Systems, Inc., NY, USA). Each of these strength assessment sessions will consist of 
participants performing three sub-maximal trial repetitions at an estimated effort of 25%, 
50%, 75%, and two maximal (100% effort) repetitions, a rest period of one minute, 
followed by five maximal (100% effort) concentric or eccentric repetitions at 30 and 60 
degrees/second, then 10 maximal repetitions at 180 degrees/second. The concentric 
contractions will be performed over an 80 degree range of motion and the eccentric 
contractions will be performed over a 75 degree range of motion. Muscle strength testing 
will occur at the following time points: 1) baseline/pre-exercise, 2) immediately post- 
exercise, 3) 3 hours post-exercise, 4) 24 hours post-exercise, 5) 48 hours post-exercise, 6) 
72 hours post-exercise, 7) 96 hours post-exercise, and 8) 120 hours post-exercise.  
 
Assessment of Muscle Soreness  
 
Perceived muscle soreness will be assessed throughout the course of the study as a 
subjective indicator of the severity of muscle injury. A 10-cm scale (0=no soreness, 
10=extreme soreness) will be utilized. Participants will rate their level of soreness by 
drawing an intersecting line across the continuum line extending from 0-10. The distance 
of each mark will be measured from zero and the measurement utilized as the perceived 
soreness level. Muscle soreness will be assessed at the following time points: 1) 
baseline/pre-exercise, 2) immediately post-exercise, 3) 3 hours post-exercise, 4) 24 hours 
post-exercise, 5) 48 hours post-exercise, 6) 72 hours post-exercise, 7) 96 hours post- 
exercise, and 8) 120 hours post-exercise.  
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Assessment of Serum Markers of Muscle Damage  
 
Using a Dade Dimension clinical chemistry analyzer (Dade-Behring, Inc., Newark, DE) 
blood samples from the five different sampling points will be assayed for the serum 
levels of CK and LDH. In particular, this assay will help evaluate the effects of the 
different recovery techniques on attenuating exercise-induced muscle injury.  
 
Assessment of Serum Pro- and Anti-Inflammatory and Oxidative Stress Markers  
 
In an attempt to determine the effects of the different recovery techniques on the systemic 
inflammatory response, the levels of serum oxidative stress markers, SOD, 8-ISO, serum 
pro-inflammatory markers (TNF-α, IL-1β, IL-6, IL-8, IL-12, IFNg, COX-2, PGE2), and serum 
anti-inflammatory markers (IL-2, IL-4, IL-5, IL-10, IL-13) will be determined by way of 
enzyme-linked immunoabsorbent assay (ELISA) using commercially available ELISA 
kits. The serum levels of each marker will be determined with a Wallac Victor- 1420 
micoplate reader (Perkin-Elmer Life Sciences, Boston, MA). The assays will be 
performed at a 450 nm wavelength against a known standard curve.  
 
Statistical Analyses  
 
A multivariate ANOVA will be used to test for the significance difference between 
sample means. The p value will be set at p ≤ .05. A t-test will be used to test the difference 
between treatment groups.  
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Ronald Wilson, MD. Dr. Wilson serves as medical supervisor for the ESNL, EBNL, and 
Center for Exercise, Nutrition & Preventive Health Research (CENPHR).  
 
Research Assistants Research faculty and assistants may be assigned to assist in data 
collection and analysis as needed.  
 
Equipment  
(1) Standard dual beam balance scale, (2) treadmill ergometer (Quinton, Seattle, WA), (3) 
open-circuit sampling system (Parvo Medics, Provo, UT), (4) heart rate monitor (Polar 
Electro, Lake Success, NY), (5) mercurial sphygmomanometer, (6) Food Processor 
dietary assessment software (ESHA Research Inc., Salem, OR), (7) Biodex-System 3 
(Biodex Medical Systems, Ind., NY, USA), (8) G-Trainer Treadmill (Alter G, Inc., 
Menlo Park, CA), (9) Dade Dimension clinical chemistry analyzer (Dade-Behring, Inc., 
Newark, DE), (10) ELISA kits and (11) Wallac Victor-1420 micoplate reader (Perkin- 
Elmer Life Sciences, Boston, MA.  
 
Procedures  
 
Medical Monitoring  
Interested participants will be invited to familiarization sessions. During this time, 
participants will sign consent forms and complete medical history information. 
Participants will then undergo a general exam by trained laboratory personnel to 
determine whether the subject meets entry criteria to participate in the study. This exam 
will include evaluating the medical and training history questionnaires and performing a 
general physical examination according to ACSM exercise testing guidelines. Based on 
this examination, participants will be assessed for their risk of cardiovascular disease and 
contraindications to exercise and then a recommendation will be made on whether the 
participant meets entry criteria and may therefore participate in the study. If deemed 
eligible, participants will be required to obtain medical clearance from their personal  
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physician to participate in the study and prior to participating in baseline assessments.  
Trained, non-physician exercise specialists certified in CPR will supervise participants 
undergoing testing and assessments. A telephone is in the laboratory in case of any 
emergencies, and there will be no less than two researchers working with each participant 
during testing sessions. In the event of any unlikely emergency one researcher will check 
for vital signs and begin any necessary interventions while the other researcher contacts 
Baylor's campus police at extension 2222. Instructions for emergencies are posted above 
the phone in the event that any other research investigators are available for assistance. 
Participants will be informed to report any unexpected problems or adverse events they 
may encounter during the course of the study to Mike Greenwood, Ph.D. or Matt Cooke, 
Ph.D. If clinically significant side effects are reported, the participants will be referred to 
discuss the problem with the laboratory nurse, and if deemed necessary Dr. Mike 
Greenwood or Dr. Cooke will refer the participant to Ronald Wilson, MD for medical 
follow-up. Dr. Wilson is one of the Sports Medicine physicians for Baylor University and 
is an adjunct Professor in the Department of HHPR. He has agreed to provide medical 
support and consultation for this study and to our lab. Dr. Wilson will evaluate the 
complaint and make a recommendation whether any medical treatment is needed and/or 
whether the participant can continue in the study. If Dr. Wilson feels medical follow-up is 
necessary, the participant will be referred to obtain medical treatment from their personal 
physician. This is a similar referral/medical follow-up system that Baylor athletes are 
provided with the exception that participants in this study will not be provided medical 
care. New findings and/or medical referrals of unexpected problems and/or adverse 
events will be documented, placed in the participants research file, and reported to the 
Baylor IRB committee.  
 
Recruitment  
 
Forty-five apparently healthy, recreationally active males between the ages of 18-35 will 
be recruited to participate in the study. Recreationally active will be defined as a regular,  
structured exercise program at least three times weekly. Participants will be recruited  
from the metropolitan area of Waco, TX via traditional flyers as well as word of mouth in 
local running associations.  
 
Selection Criteria  
 
Participants will not be allowed to participate in the study if they:  
 

1. Are unable to follow the study protocol  
2. Do not pass the required medical screening  
3. Are not involved in a regular, structured exercise program at least three times  

weekly  
4. Have any known bleeding or metabolic disorder including heart disease,  

arrhythmias, diabetes, thyroid disease, or hypogonadism  
5. Have a history of pulmonary disease, hypertension, hepatorenal disease,  

mmsuculoskeletal disorders, neuromuscular/neurological diseases,  
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autoimmune disease, chronic infection diseases (e.g. hepatitis or HIV), cancer,  
peptic ulcers, or anemia  

6. Are taking any heart, pulmonary, thyroid, anti-hyperlipidemic, hypoglycemic,  
anti-hypertensive, endocrinologic (e.g. thyroid, insulin, etc), psychotropic,  
neuromuscular/neurological, or androgenic medications  

7. Report any unusual adverse events associated with this study that in  
consultation with the supervising physician recommends removal from the  
study  
 

Compensation or Incentives  
 
Participants completing all familiarization and testing sessions as well as turning in all 
required materials (i.e., dietary logs, testing sessions, etc) in the study will be paid 
$25.00. Subjects may receive information regarding results of these tests if they desire. If 
subjects are Baylor students, they will not receive any academic credit for participating in 
this study.  
 
Potential Risks  
 
Participants who meet eligibility criteria will be subjected to an acute downhill running 
protocol. Participants in this study will be recreationally active and will be instructed not 
to do any aerobic exercise 48 hours prior to the exercise session. As a result of the 
downhill running protocol, participants will likely experience some short-term muscle 
fatigue. Additionally, they will likely experience muscle soreness for up to 24 to 48 
hours after exercise. This soreness is normal. Potential injury due to exercise will be 
minimized by ensuring that participants adhere to correct running technique. Exercise 
sessions will be monitored by trained personnel. Participants will be made aware of the 
intensity and duration of the expected soreness due to the exercise session. Participants 
will undergo venous blood draws throughout the course of the study. This procedure may 
cause slight pain when the needle is inserted into the vein as well as some bleeding and 
bruising. The subject may also experience some dizziness, nausea, and/or faint if they are 
unaccustomed to having blood drawn.  
 
All personnel involved in collecting data will be certified in CPR. A telephone and 
automated electronic defibrillator (AED) is located in the laboratory in case of any 
emergencies.  
 
Potential Benefits  
 
From participating in this study, individuals may experience increased recovery from 
eccentric muscle damage. This experience may help them gain insight into how they can 
utilize these methods to more quickly recover from muscle damage. However, even if no 
individual benefit is obtained, participating in this study will help researchers determine 
the benefits of these three different methods of recovery from skeletal muscle damage.  
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Confidentiality 
 
All information collected in this study will be held confidential to the extent permitted by  
law. Although the results of this study may be published or presented, participants' names 
will not be associated with data in any way. All material will be coded numerically and 
locked in a cabinet and in locked computer files within a locked room. Confidentiality 
will be held in the highest regard.
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APPENDIX F 

PERCEIVED MUSCLE SORENESS SCALE 

 

Subject Code:      

 

Group: ____________________ 

 

Testing Session:       

 

Date:      

 

 

Directions: 

 

Considering the overall severity of soreness in your thigh muscle upon movements such 
as sitting and standing, draw an intersecting line across the continuum line extending 
from 0-10. This mark will indicate your level of soreness (0 = no soreness, 10 = extreme 
soreness).  The distance of each mark will be measured from zero and the 
measurement utilized as the perceived soreness level.  

 

 

 

0         13  
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APPENDIX G 

POMS EVALUATION 
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APPENDIX H 

POMS SCORING SHEET 

  

Group: _______  Subject Code: ________ Testing Session:  ________ Date: _______ 

 

Tension Depression Anger Vigor Fatigue Confusion  

       

2 _____ 5_____ 3_____ 7_____ 4_____ 8_____  

10_____ 9_____ 12_____ 15_____ 11_____ 28_____  

16_____ 14_____ 17_____ 19_____ 29_____ 37_____  

20_____ 18_____ 24_____ 38_____ 40_____ 50_____  

22_____ 21_____ 31_____ 51_____ 46_____ 54_____  

26_____ 23_____ 33_____ 56_____ 49_____ 59_____  

27_____ 32_____ 39_____ 60_____ 65_____ 64_____  

34_____ 35_____ 42_____ 63_____    

41_____ 36_____ 47_____     

 44_____ 52_____     

 45_____ 53_____     

 48_____ 57_____     

 58_____      

 61_____      

 62______      
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APPENDIX I 

Static Stretching Protocol 

• Straight knee ankle extensor wall stretch 
 

 

 

 

 

• Bent knee ankle extensor wall stretch 
 

 

 

 

 

 

• Standing quad stretch  
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• Hip flexor stretch (lunge position, pushing hips forward) 
 

 

 

 

 

 

• Seated hamstring stretch (inverted hurdler) 
 

 

 

 

 

 
• Lying hamstring/glut stretch (on back, knee to chest) 
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• Bathing Beauty 
 

 

 

 

 

 

• Lying quad/tibialis anterior stretch 
 
 
 
 
 
 
 
 
 
 
 

• Lying gluteal/hip abductor stretch 
 

 

 

 

 

**3 sets of 30 seconds of static stretching per bilateral muscle group  
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