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Reduced skeletal muscle strength and/or mass are associated reduced mobility, 

increased injury risk, a loss of functional independence, and an increased risk for 

hypokinetic diseases.  Resistance training may improve both muscle strength and mass, 

by modulating neuroendocrine factors known to increase protein synthesis.  The purpose 

of this study was to evaluate the neuroendocrine, metabolic, and muscle performance 

responses to traditional and eccentric-enhanced progressive resistance training, in 

previously untrained, college-age men.  Participants completed a five-week traditional or 

eccentric-enhanced resistance training intervention.  Chest and leg muscular strength and 

endurance were assessed before and after the training intervention.  Blood samples 

acquired at rest and following an acute exercise session, both before (untrained) and after 

(trained) the training intervention, were assessed for growth hormone, total testosterone, 

bioavailable testosterone, and lactate concentrations.  Blood lactate accumulation was 

greater following eccentric-enhanced, compared to traditional resistance training, in the 



 

xii 

untrained state, but not the trained state.  Resting total testosterone concentrations did not 

change in either group, whereas resting bioavailable testosterone concentrations were 

lower in the trained state, compared to the untrained state in both groups.  Post-exercise 

serum testosterone concentrations remained unchanged in the untrained state, but 

increased in the trained state in both groups.  Post-exercise bioavailable testosterone 

concentrations increased similarly between groups, both before and after the training 

intervention.  Post-exercise serum growth hormone concentrations increased in both the 

trained and untrained state in both groups.  Absolute muscular strength (1RM) increased 

similarly between groups; however, relative strength (1RM x body mass-1 and 1RM x 

lean body mass-1) improvements were greater in the traditional resistance training group 

for the squat exercise, but not the chest press.  Muscular endurance (total work) increased 

similarly between groups.  This study suggests that both traditional and eccentric-

enhanced resistance training result in similar neuroendocrine and performance responses 

during the early phase of resistance exercise, in previously untrained, college-age men.  
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CHAPTER 1 
INTRODUCTION 

Significance 

Skeletal muscle atrophy, reduced strength, and increased muscular fatigue are 

associated with the aging process.  Interventions involving resistance exercise have been 

shown to promote muscle hypertrophy, increase strength, and decrease fatigue in both 

young and elderly populations.65, 104  Traditional resistance exercise is performed with an 

identical load during both the concentric (shortening) muscle contraction and eccentric 

(lengthening) muscle action.  Eccentric-enhanced weight training is an alternative form 

of resistance exercise performed by increasing the load during the eccentric muscle 

action.  In healthy populations, the majority of studies report that eccentric-enhanced 

training is superior for developing muscular strength and skeletal muscle mass, compared 

to traditional resistance exercise.25, 51, 86, 87, 95, 118  However, the mechanism(s) underlying 

the accentuated skeletal muscle adaptations following eccentric-enhanced resistance 

exercise remain unclear, but are likely related to enhanced anabolic processes.   

Increased anabolic hormone concentrations (growth hormone, total testosterone, 

and bioavailable testosterone), at rest and acutely following resistance exercise, are 

associated with the skeletal muscle adaptation process.113  It is possible that the anabolic 

hormone responses following eccentric-enhanced resistance training may be relatively 

higher compared to traditional resistance training, thus indicating a possible mechanism 

for the accentuated muscular strength and skeletal muscle mass results accompanying 

eccentric-enhanced resistance training.  Therefore, the objective of this study was to 



2 

 

compare specific neuroendocrine, metabolic, and muscle performance responses to 

traditional and eccentric-enhanced resistance training.  

Specific Aims and Hypotheses 

Specific Aim #1 

The first specific aim is to compare the post-exercise concentrations of whole-

blood lactate and serum total testosterone, bioavailable testosterone, and growth hormone 

concentrations following a single bout of eccentric-enhanced resistance exercise to the 

post-exercise concentrations following a single bout of traditional resistance exercise. 

Hypothesis #1 

The post-exercise concentrations of serum total testosterone, bioavailable 

testosterone, and growth hormone will be greater following the eccentric-enhanced 

resistance exercise bout compared to the concentrations following the traditional 

resistance exercise bout, whereas the whole-blood concentration of lactate will be lower 

following the eccentric-enhanced resistance exercise bout compared to the concentrations 

following the traditional resistance exercise bout.  To accomplish this aim, blood was 

sampled immediately prior to exercise, immediately post exercise, and every 15 minutes 

for 60 minutes post exercise.  Blood was analyzed for lactate, total testosterone, 

bioavailable testosterone, and growth hormone. 

Specific Aim #2 

The second specific aim is to compare the post-exercise concentrations of blood 

lactate, serum total testosterone, bioavailable testosterone, and growth hormone after a 

single bout of eccentric-enhanced or traditional resistance exercise (Exercise Training 

Session #1) to the post-exercise concentrations obtained in individuals after participation 
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in a five-week eccentric-enhanced or traditional resistance exercise intervention 

(Exercise Training Session #15). 

Hypothesis #2 

The post-exercise concentrations of whole blood lactate, serum total testosterone, 

bioavailable testosterone, and growth hormone will be higher following the resistance 

exercise intervention (Exercise Training Session #15) compared to the post-exercise 

concentrations obtained after the initial resistance training session (Exercise Training 

Session #1) in both groups.  Further, the post-exercise concentrations of lactate will be 

lower in the eccentric-enhanced group compared to the traditional group at the end of the 

exercise intervention.  Additionally, the total testosterone, bioavailable testosterone, and 

growth hormone concentrations will be higher in the eccentric-enhanced group compared 

to the traditional group at the end of the intervention.  To accomplish this aim, blood was 

sampled immediately prior to exercise, immediately post exercise, and every 15 minutes 

for 60 minutes post exercise.  Blood was analyzed for lactate, total testosterone, 

bioavailable testosterone, and growth hormone. 

Specific Aim #3 

The third specific aim is to compare the resting concentrations of serum total 

testosterone and bioavailable testosterone in untrained individuals to the resting 

concentrations in the same individuals following a five-week eccentric-enhanced or 

traditional resistance exercise intervention. 

Hypothesis #3 

The resting concentrations of serum total and bioavailable testosterone will be 

higher at the conclusion of a five-week exercise intervention in both groups.  

Additionally, the resting concentrations of serum total and bioavailable testosterone will 
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be greater following the five-week eccentric-enhanced training protocol compared to the 

traditional resistance training protocol.  To accomplish this aim, blood was sampled at 

rest and at the same time of day at the beginning and end of a five-week exercise 

intervention.  Blood was analyzed for total and bioavailable testosterone. 

Specific Aim #4 

The fourth specific aim is to compare muscular strength and endurance following a 

five-week eccentric-enhanced resistance exercise intervention to that following a five-

week traditional resistance exercise intervention.   

Hypothesis #4 

Eccentric-enhanced resistance training will result in greater muscular strength and 

muscular endurance than traditional resistance training.  To accomplish this aim, subjects 

will perform a one-repetition maximum (1RM) test (muscular strength) and four sets at 

52.5% 1RM (muscular endurance) on both the chest press and squat exercises prior to 

and after completion of the five-week exercise intervention. 
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CHAPTER 2 
REVIEW OF LITERATURE 

Significance 

Skeletal muscle atrophy, reduced strength, and increased fatigue are associated with 

aging175 and degenerative diseases such as multiple sclerosis155 and muscular 

dystrophy.11  Reduced strength and increased muscular fatigue may limit ambulatory 

movement and/or increase risk of musculoskeletal injury in frail and fatigued individuals.  

Participation in progressive resistance exercise increases muscular strength and lean 

muscle mass and is associated with reduced musculoskeletal injury risk and improved 

functional capacity in both healthy and at-risk populations.65, 104   

Traditional, isotonic, resistance exercise involves a concentric (shortening) muscle 

action and an eccentric (lengthening) muscle action separated by a brief isometric 

(transition) action.104  Resistance exercise combining both concentric and eccentric 

muscle actions has been demonstrated to result in greater strength outcomes than either 

phase performed separately.35, 46, 76, 87, 94, 134  When movement velocity is held constant, 

eccentric muscle actions produce significantly greater force than concentric muscle 

actions,97 suggesting that during traditional resistance exercise the eccentric muscle 

action is underloaded.  Alternative forms of resistance exercise such as eccentric-only35, 

46, 49, 93, 119, 130, 146, 158, 163 or eccentric-enhanced weight training protocols17, 25, 51, 59, 86, 87, 95, 

118, 156 have been proposed as a means of supra-maximally loading skeletal muscle to 

optimize training adaptations during resistance exercise; however, the effectiveness of 

such protocols has not been substantiated.   
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A host of factors may affect skeletal muscle adaptations following resistance 

exercise including load or intensity, repetition selection, repetition speed, total volume, 

and rest periods;104 each of these factors may also affect hormonal6, 8, 64, 106, 109, 111, 128, 143, 

171 and/or metabolic responses36, 112 following exercise.  Acute elevations in serum 

anabolic hormone concentrations (i.e., total testosterone, bioavailable testosterone, and 

growth hormone) and metabolic factors (i.e., lactate) during resistance exercise have been 

shown to, directly or indirectly, influence muscle hypertrophy and performance.113  Thus, 

determining serum anabolic hormone concentrations, at rest and following exercise, may 

provide a theoretical framework to further understand the skeletal muscle adaptation 

process following eccentric-enhanced exercise.  The following review discusses eccentric 

exercise and the anabolic hormone responses underlying the muscular adaptation process.   

Eccentric Exercise 

Eccentric-only resistance exercise is an alternative form of weight training that is 

typically performed on an isokinetic dynamometer and entails coupled eccentric actions 

involving antagonist muscle groups (e.g. knee flexors and extensors).  Eccentric-only 

resistance training protocols (6-11 weeks) have been shown to result in greater increases 

in muscular strength compared to concentric-only training.35, 49, 119, 130  The accentuated 

strength improvements following eccentric-only resistance exercise may be due, in part, 

to a ~40-50% greater maximal workload typically performed during the eccentric phase 

of exercise.46  However, some research reports that concentric-only training (4-20 weeks) 

results in similar93, 158, 163 or greater strength improvements146 compared to eccentric-only 

training.  Additionally, some research demonstrates that the strength adaptations 

following concentric-only and eccentric-only resistance training are mode and/or speed 
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specific,79, 88, 157 suggesting that a variety of factor(s) may affect the skeletal muscle 

adaptation process.   

The energy requirements and metabolic fatigue associated with resistance exercise 

are of concern when prescribing weight training programs for both healthy and at-risk 

populations.  Metabolic acidosis may contribute to skeletal muscle fatigue during 

anaerobic exercise,16 while reduced energy requirements and/or metabolic fatigue during 

exercise may diminish perceived exertion and result in reductions in overall fatigue.  

Therefore, evaluating the metabolic responses to eccentric-only resistance exercise may 

provide a possible mechanistic understanding of the underlying factors associated with 

skeletal muscle fatigue.  

A variety of studies have evaluated the energy cost of concentric and eccentric 

training including cycling and traditional weight training.2, 3, 20, 30, 31, 45, 119, 129, 159  During 

resisted eccentric-only cycling at similar submaximal loads, the metabolic cost of 

exercise is 1/6th -1/7th lower than concentric-only cycling.20  The energy requirements 

during maximal eccentric-only cycling (~0.9-1.0 L O2/min) are reportedly equal to or 

lower than the energy requirements during concentric-only cycling (~1.0-1.5 L O2/min) 

despite a 300-700% greater workload performance during eccentric-only cycling.119  

Further, Dudley et al.45 (1991) reported that during traditional resistance training the 

eccentric action of exercise was responsible for ~14% of the total energy cost, suggesting 

that the concentric phase of traditional resistance exercise has a higher energy demand.  

Similarly, the caloric cost of isoinertial (traditional/concentric-eccentric) resistance 

exercise (3 sets, 8 repetitions leg press) was comparable to the caloric cost of concentric-

only resistance exercise (86.10 ± 4.83 kcal vs. 87.21 ± 4.60 kcal, p>0.05), although 
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significantly greater work was performed during the traditional exercise trial (9955.23 ± 

643.10 vs. 6318.15 ± 363.45 J, p<0.05).30  Collectively, these results suggest that the 

eccentric phase of exercise is less metabolically demanding than the concentric phase.  

Metabolic acidosis is associated with skeletal muscle fatigue.149  A few studies 

have reported that the lactate responses following maximal eccentric-only exercise are 

lower than the responses following maximal concentric-only exercise.22, 47, 83, 101  

Conversely, at least one study has demonstrated no difference in lactate accumulation 

between concentric and eccentric muscle actions, when loads were held constant.102  At 

similar exercise volumes, the lactate and ammonia responses were 3-4 fold lower 

following an eccentric-only (60°· sec-1) muscular endurance test compared to a 

concentric-only (180°· sec-1) one-minute muscular endurance test.85  Similarly, Hollander 

et al.83 (2003) reported an ~5-7 fold greater lactate response following concentric-only 

resistance training compared to eccentric-only resistance training (4 sets of 12 reps 

performed at 60-65% 1RM on 4 exercises).  These results suggest that eccentric-only 

exercise produces lower concentrations of lactate and ammonia than an equal volume of 

concentric exercise.     

In summary, it appears that eccentric-only resistance training results in similar or 

greater strength gains than concentric-only training.  Further, the energy cost and 

metabolic fatigue associated with eccentric-only exercise appear to be less than that 

during concentric-only and traditional resistance training, suggesting that eccentric-only 

exercise may be more metabolically efficient than concentric-only and traditional 

resistance exercise.  Therefore, eccentric-only exercise may be beneficial to at-risk 

populations with limited cardiovascular capabilities or those prone to fatigue. 
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Eccentric-Enhanced Exercise 

Eccentric-enhanced resistance exercise involves a concentric contraction coupled 

with a supramaximally loaded eccentric action.  A variety of methods (e.g. manual 

resistance) and machines (i.e. isokinetic dynamometers, isoload inertial strength training 

ergometers, and eccentric-enhanced selectorized machines) are capable of providing a 

supramaximal eccentric overload during resistance exercise.21, 30, 42, 81, 95  Traditionally, 

isokinetic dynamometers are used to perform eccentric-enhanced resistance exercise; 

however, limitations exist in isokinetic dynamometry including the inability to perform 

bilateral exercises and lack of exercise selection.  A weight training machine called the 

Maxout (Myonics Corporation, Metairie, LA) is also capable of providing a 

supramaximal overload during the eccentric phase of resistance exercise.17, 95  

Additionally, the Maxout can be used with a variety of bilateral multiple-joint exercises, 

such as the chest press or squat.   

Theoretically, supramaximally overloading the eccentric phase of exercise may 

enhance the muscular strength and hypertrophic responses associated with resistance 

training.  However, it remains unclear whether eccentric-enhanced training accentuates 

the strength outcomes following resistance exercise.  Several studies have reported 

greater increases in muscular strength 51, 86, 87, 95, 118 and skeletal muscle mass 51, 118 

following (7 days-11 weeks) eccentric-enhanced training compared to traditional 

resistance training.  One study reported significantly greater strength gains for the elbow 

extensors (+25% eccentric-enhanced vs. +10% traditional; p<0.05), but not the elbow 

flexors (+10% eccentric-enhanced vs. +10% traditional) following nine weeks of 

eccentric-enhanced training, suggesting that the accentuated muscular adaptations 

following eccentric-enhanced resistance training may be muscle specific.25  Conversely, 
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two studies reported similar strength gains following (10-12 weeks) eccentric-enhanced 

and traditional resistance training.17, 59  No studies have reported the effects of eccentric-

enhanced multiple-joint resistance training (chest press and/or squat) compared to 

traditional multiple-joint resistance training.  Table 1 summarizes the muscular strength 

results form the published reports on eccentric-enhanced resistance training.  

The metabolic demand and production of fatiguing metabolites associated with 

eccentric-enhanced resistance training has not been reported.  However, when training 

volume is held constant the eccentric-enhanced exercising heart rate response  (90 bpm 

vs. 102 bpm, p<0.05), mean arterial pressure (117 mm Hg vs. 132 mm Hg, p<0.05), rate 

pressure product (151 vs. 191, p<0.05), and rating of perceived exertion (10 vs. 13, 

p<0.05) are reportedly lower than traditional training, respectively.86  These results 

suggest that during eccentric-enhanced resistance training the metabolic demand and 

presence of fatiguing metabolites may be lower than during traditional resistance 

training; however, this remains to be fully substantiated.  

In summary, eccentric-enhanced resistance training appears to result in similar or 

greater strength gains, lower cardiovascular responses, and lower levels of perceived 

exertion than traditional resistance training.  Determining the neuroendocrine and 

metabolic responses to eccentric-enhanced resistance exercise would improve knowledge 

related to the effects of this form of exercise on muscle metabolism compared to more 

traditional forms, as well as help explain the greater muscular adaptations associated with 

eccentric-enhanced resistance training 

Anabolic Hormone Responses to Resistance Training 

Anabolic hormones, including testosterone and growth hormone (GH), have been shown 

to favorably affect muscle hypertrophy and exercise performance due to their impact on 
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protein synthesis.38, 92, 113, 161  Traditional resistance training protocols have been shown to 

acutely stimulate the release of both GH and testosterone in a load109, 111, 128, 143, 156 and 

volume64, 106, 109, 111, 144, 171 dependent manner.  It has been suggested that the acute post-

exercise elevations of serum anabolic hormone concentrations (i.e. total testosterone, 

bioavailable testosterone, and growth hormone) enhances the skeletal muscle 

hypertrophic response to resistance training.113  Thus, determining the serum anabolic 

hormone concentrations, following resistance exercise, may provide a basic mechanistic 

understanding of the skeletal muscle adaptation process, particularly as related to 

eccentric-enhanced training.  Further information regarding the neuroendocrine responses 

to traditional resistance training is presented in several review articles.38, 113  The 

following sections will provide a brief overview of the specific metabolic responses of 

testosterone and GH to resistance exercise. 

Testosterone 

Testosterone is synthesized from cholesterol and secreted primarily by testicular 

Leydig cells, in response to a hormonal cascade beginning with the release of 

gonadotropin-releasing hormone (GnRH) from the hypothalamus.168  Gonadotropin-

releasing hormone stimulates both follicle-stimulating hormone (FSH) and leutenizing 

hormone (LH) from the anterior pituitary, which exert separate effects on testosterone 

secretion.  Leutenizing hormone directly stimulates testosterone secretion from Leydig 

cells, whereas FSH upregulates LH receptors in the testis, ultimately leading to increased 

testosterone release.168  In vivo, testosterone is present in three forms, 1) free (unbound), 

2) sex-hormone-binding-globulin (SHBG)-bound, and 3) albumin-bound.172  Both 

albumin-bound and free testosterone readily traverse tissue membranes and thus are 

referred to collectively as bioavailable testosterone.139  Bioavailable testosterone is  
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Table 1.  Overview of strength outcomes from eccentric-enhanced studies 
Author Year Length Subjects Training Test % ∆ 

Traditional 
% ∆  

 ECC-Enhanced 
Hortobagyi et al 
(2001) 

1 week 
7 sessions 

SED F 
n=30 

CON 60%, ECC 100-110% 
1RM 

3RM +11% ECC* 
+27% CON* 

+27% ECC*† 
+26% CON * 

Hortobagyi et al 
(2000) 

1 week  
7 sessions 

UNT F 
n=30 

CON 60%, ECC 110% 1RM 
5-6 sets, 9-12 reps 

3RM +18% ECC* 
+43% CON* 

+33% ECC*† 
+43% CON 

Friedmann et al 
(2004) 

4 weeks 
12 sessions 

UNT M 
n=18 

CON 30%, ECC 70% 1RM 
3 sets, 25 reps 

ISO Value Not 
Reported 

+5%* 

Kaminski et al 
(1998) 

6 weeks 
12 sessions 

Healthy M 
n=27 

CON 40%, ECC 100% 1RM 
2 sets, 8 reps 

ECC 
ISO 

Value Not 
Reported 

+37.7%(60º/sec)* † 
+22%(180º/sec)* † 

Brandenburg et al 
(2002) 

9 weeks  
25 sessions 

TRN M,F 
n=23 

CON 75%, ECC 100-110% 
1RM 

1RM +10% EF* 
+10% EE* 

+8% EF* 
+25% EE*† 

Barstow et al 
(2003) 

10 weeks 
20 sessions 

UNT M 
n=28 

CON 80%, ECC 120% 1RM 
1 set, 8-12 reps 

1RM 
CON

95%* +93%* 

Godard et al 
(1998) 

12 weeks 
24 sessions 

TRN M,F 
n=39 

CON 66%, ECC 100% 1RM 
3 sets 6-10 reps 

1RM 
CON

+13.8% +15.5% 

Mean strength differences were calculated or estimated. * Results significantly greater than baseline (p<0.05). † Results significantly 
greater than traditional resistance training (p<0.05).  Abbreviations: % ∆ (percent change in strength), UNT (Untrained), TRN 
(trained), SED (Sedentary), M (Males), F (Females), ECC (Ecentric), CON (Concentric), ISO (Isokinetic), KE (Knee Extension), KF 
(Knee Flexion), EE (Elbow Extension), EF (Elbow Flexion). 
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capable of binding to androgen receptors located in heart, brain, liver, kidney, prostate, 

bone, and skeletal muscle tissues.160  Upon binding in skeletal muscle, the androgen-

receptor complex 1) is directed to the cell nucleus, 2) attaches to nuclear chromatin, 3) 

stimulates mRNA transcription, and 4) upregulates protein synthesis; therefore, 

contributing to skeletal muscle hypertrophy.160  Conversely, SHBG-bound testosterone 

cannot cross tissue membranes and therefore, is unable to interact with androgen 

receptors.139  Detailed information regarding the effects of testosterone on muscle 

metabolism has been previously reported.38, 151, 160, 161 

Growth Hormone 

Growth hormone is secreted by the anterior pituitary gland in response to elevated 

levels of growth hormone releasing hormone (GHRH).92  Since GH receptors are present 

in numerous tissues (bone, immune cells, skeletal muscle, fat cells, and liver cells), it has 

various effects, including: decreasing glucose utilization and glycogen synthesis, 

increasing protein synthesis, fatty acid utilization, collagen synthesis, nitrogen retention, 

and amino acid transport into cells, and stimulating cartilage growth.92, 164  Growth 

hormone directly affects cellular amino acid uptake and enhances protein synthesis and 

thus contributes to skeletal muscle hypertrophy.92  Many of the anabolic effects of GH 

may also be due to its stimulatory effects on IGF-1 production.92, 133, 164  Detailed 

information regarding the effects of GH on muscle metabolism has been previously 

reported.92, 133, 164 

Growth Hormone and Testosterone Responses to Resistance Exercise  

The GH and testosterone responses to traditional resistance exercise are well 

characterized.  In general, it appears that higher volumes of exercise (i.e. greater number 

of reps/sets),64, 82 short rest periods (~1-minute),109, 111 moderate intensities (8RM-
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12RM),109, 111, 142, 171 and large muscle group exercises (e.g.  squats, deadlifts, etc)75, 108 

result in the largest serum GH concentrations.  Similarly, higher volumes of exercise,24, 64, 

144 short rest periods,109, 111 higher intensities (~5RM),109, 111 and large muscle group 

exercises75, 174 result in the largest serum free and/or total testosterone concentrations.  

Conversely, Ahtiainen et al. have reported that differing rest times (between sets)6 and 

exercise intensities8 do not alter the free and total testosterone responses following 

resistance exercise; however, the rest times (2-minutes vs. 5-minutes) and exercise 

intensities (8RM vs. 12RM) reported in these studies were outside the ideal ranges for 

testosterone release suggested in previous studies,109, 111 possibly confounding the results.  

The use of forced repetitions (i.e. repetitions performed beyond concentric muscle 

failure with the assistance of a spotter) has been reported to result in a larger GH response 

than traditional resistance exercise,7, 8 suggesting that work performed beyond concentric 

muscular fatigue may enhance the anabolic response to exercise.  Eccentric-enhanced 

resistance exercise is an alternative method of performing work beyond concentric 

muscle fatigue.  It is possible that the anabolic hormone responses to eccentric-enhanced 

resistance exercise may be accentuated due to the stimulus of this form of exercise.  One 

study has reported that, at identical workloads, eccentric-only resistance exercise results 

in significantly lower lactate, GH, total testosterone, and free testosterone responses than 

concentric-only resistance exercise; suggesting that the neuroendocrine and metabolic 

responses to resistance training are less responsive to submaximal eccentric-only 

exercise.47  However, Kraemer et al. (2001) reported that the GH response following 

resistance exercise is dependent upon the mode of training and testing.  Specifically, 

subjects were divided into four groups, a 1) concentric-only exercise, 2) double volume 
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concentric-only exercise, 3) concentric-eccentric exercise, or 4) no exercise (control) 

group.  Following 19-weeks of training subjects performed separate eccentric-only and 

concentric-only exercise tests to evaluate the neuroendocrine responses following 

differing muscle actions.  The results of this study demonstrate that the GH responses for 

the 1) concentric-only and 2) double volume concentric groups were ~2-2.5 fold greater 

following the concentric-only exercise test compared to the eccentric-only test, whereas 

the GH response for the 3) concentric-eccentric exercise group was ~70% greater 

following the eccentric-only exercise test, compared to the concentric-only test.  These 

results suggest that the GH response following exercise is specific to the mode of training 

and that the eccentric phase of traditional (concentric-eccentric) resistance training results 

in the largest GH release.105  The neuroendocrine and metabolic responses to eccentric-

enhanced resistance exercise remain to be determined. 

Conclusion 

Eccentric-only resistance exercise results in similar, or greater, strength gains with 

a lower metabolic demand compared to concentric-only exercise.  Similarly, eccentric-

enhanced resistance exercise results in greater muscular strength and skeletal muscle 

hypertrophy than traditional resistance exercise.25, 51, 86, 87, 95  While there are no published 

reports on the neuroendocrine or metabolic responses to eccentric-enhanced resistance 

training, it is possible that eccentric-enhanced resistance training may result in 

accentuated neuroendocrine and/or blunted metabolic responses.   Research designed to 

elucidate the neuroendocrine and metabolic responses to eccentric-enhanced resistance 

exercise would contribute to an improved understanding of the mechanism(s) underlying 

the muscular strength and hypertrophic responses to resistance exercise.  
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CHAPTER 3 
METHODS 

Subjects 

Twenty-nine, healthy, college-aged males volunteered for this study. Each 

participant completed a health history questionnaire (Appendix A), physical activity and 

dietary questionnaire (Appendix B), and signed an informed consent document approved 

by the University of Florida Institutional Review Board prior to participating in the study.  

Prior to data collection, a total of five subjects were removed from this study; four 

subjects were removed for failure to abide by study protocol and one subject was 

removed due to an injury unrelated to this study.  During the study, two subjects 

completed the baseline testing/blood acquisition sessions and subsequently asked to be 

removed from the study due to time constraints.  Additionally, blood could not be 

acquired from two subjects; therefore, a total of twenty subjects completed all portions of 

this study.   

Inclusionary/Exclusionary Criteria 

To be included in the study, subjects had to be untrained (no resistance exercise 

during the previous six months).  Subjects were excluded if they 1) had an orthopedic 

injury that would limit participation, 2) had a metabolic disease, 3) had a dietary intake 

low in calories, fat, carbohydrates, or protein that could affect hormonal levels,154 4) were 

a competitive athlete or competed in powerlifting or bodybuilding during the previous 

year, 5) had used any ergogenic aid within the past month, 6) had used nutritional 

supplements within the past month that may affect hormonal levels (Appendix C), or 7) 
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were taking pharmacological agents that could alter test results such as anabolic steroids 

or sympathoadrenal drugs.  Additionally, during the study subjects were excluded if they 

missed more than four total exercise training sessions (75% attendance rate) or if they 

were absent for more three consecutive exercise training sessions. 

Experimental Design  

For this randomized study, subjects participated in a total of 20 experimental 

sessions, including three (3) baseline testing, fifteen (15) exercise training, and two (2) 

follow-up testing sessions (see Figure 1).  Prior to the exercise training sessions, subjects 

were randomly assigned to either the traditional progressive resistance exercise group or 

an eccentric-enhanced progressive exercise group.  During each session, subjects 

performed a 5-minute warm-up at moderate intensity on a stationary bicycle (Monark, 

Vansbro, Sweden).  Following the warm-up, subjects performed both a chest press and 

squat exercise on the MaxOut exercise machine (Myonics Corporation, Metairie, LA), at 

pre-determined loads (see section entitled Exercise Training).  Three sessions were 

performed per week, with a minimum of 48 hours separating each session.  Dietary 

recalls were monitored throughout the testing period to ensure all subjects consumed a 

similar diet on testing days.154  During the study intervention, subjects were instructed to 

continue their normal activities and nutrient intakes.  Additionally, subjects were asked to 

abstain from weight lifting not associated with this study.  
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Figure 1. Experimental design.  Abbreviations: Con (concentric), Ecc (eccentric). 
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1RM Testing 

Anthropometrics 
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1RM Testing 
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TRAINING SESSION 1 
Exercise Protocol 
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5 Weeks, 3 x Week-1 

3 Sets, 1 min Rest  
40% 1RM Con / 100% 1RM Ecc

BLOOD 
SAMPLING 

TRADITIONAL GROUP 
5 Weeks, 3 x Week-1 

4 Sets, 1 min Rest  
52.5% 1RM Con / 52.5% 1RM Ecc

TRAINING SESSIONS 2-14 
Exercise Protocol 

TRAINING SESSIONS 2-14 
Exercise Protocol 

FOLLOW-UP SESSION 1 
1RM Testing 

Anthropometrics 

TRAINING SESSION 15 
Exercise Protocol 

TRAINING SESSION 15 
Exercise Protocol 
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SAMPLING 

   MATCHED & RANDOMIZED 

BLOOD SAMPLING 
T=0, 1, 15, 30, 45, 60 

min

FOLLOW-UP SESSION 2 
4 Sets @ 52.5% 1RM 
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Baseline Testing 

During baseline session 1, subjects were familiarized with the exercise protocol. 

Familiarization included 1) instruction on proper use of the chest press and squat exercise 

and 2) practicing the chest press and squat exercises at a submaximal load.  Subjects were 

subsequently asked to perform a 1RM on each exercise (chest press and squat), according 

to standard protocol.27  Additionally, subject’s height and weight were measured on a 

medical scale and body density was determined by a 3-site skinfold measure,91 using 

Lange calipers (Beta Technology Incorporated, Cambridge, Maryland).  Body density 

was used to estimate body composition.28  During baseline session 2, subjects performed 

a 1RM on each exercise, according to standard protocol.27  During baseline session 3, 

subjects entered the laboratory, following a 12-hour (overnight) fast, and rested for 10 

minutes prior to 10ml (2 teaspoons) blood sample acquisition by a certified phlebotomist.  

Immediately following the initial blood acquisition, subjects performed four sets of each 

exercise at 52.5% 1RM; the speed of each repetition was standardized so that the 

concentric and eccentric actions were each performed for two seconds each.  Each set 

was separated by one minute of rest.  Additionally, 10ml blood was acquired at five 

additional time points, immediately post exercise (t=1), 15 minutes (min) post exercise 

(t=15), 30 min post exercise (t=30), 45 min post exercise (t=45), and 60 min post exercise 

(t=60).  These time points were selected as both testosterone and GH concentrations peak 

within 30 min of exercise completion and remain elevated for ~60 min post-exercise.113   

Exercise Training 

During all exercise training sessions, the eccentric-enhanced group performed three 

sets (40% 1RM concentric, 100% 1RM eccentric) of six repetitions each and the 

traditional group performed four sets (52.5% 1RM concentric, 52.5% 1RM eccentric) of 
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six repetitions each, for each exercise.  Training load was increased 5-10 pounds for the 

subsequent training session when all repetitions were completed with proper form.  

During training, the traditional group performed an additional set in an attempt to equate 

exercise volumes between groups.  Each repetition was performed at a cadence of two 

seconds concentric and two seconds eccentric, to account for possible differences in 

outcome measures due to the speed of movement.90, 131, 136, 177  Each set was separated by 

one minute of rest.  Additionally, during exercise training sessions 1 and 15, 10ml blood 

was acquired at six time points, corresponding to the previous protocol.  No blood 

samples were acquired during exercise training sessions 2-14. 

Follow-Up Testing 

During follow-up session 1, subjects performed a 1RM on both the chest press and 

squat exercises, according to standard protocol.27  Additionally, subject’s height, weight, 

and lean body mass were measured, as performed during baseline testing.  During follow-

up session 2, subjects performed a 1RM on both exercises.  Additionally, during follow-

up session 2, subjects performed four sets (52.5% 1RM) for both exercises, as performed 

during baseline testing.  The 1RM testing and 52.5% 1RM testing was separated by a 10 

minute break, in an effort to offset fatigue. 

Dietary Analysis 

 Subjects were given standard dietary instructions for nutrient intake for the one 

day prior to blood acquisition.  Intake instructions were based on American Heart 

Association Guidelines (i.e. 50-60% carbohydrate, <30% fat, 10-15% protein).120  

Subjects were asked to complete a three-day dietary record at the onset of the study and 

one-day dietary records on the day prior to each blood draw (Appendix D).  When 

reporting for blood draws, subjects were asked to refrain from food, drink, alcohol, and 
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caffeine consumption for 12 hours prior to blood collection (i.e. overnight fast).  Analysis 

of total dietary kilocalories and macronutrients consumption was performed using the 

DietOrganizer 2.2 (MulberrySoft) dietary analysis program. 

Sleep Analysis 

 Subjects were given standard instructions for sleeping on the one day prior to 

blood acquisition.  Instructions were based on the National Sleep Federation 

recommendations of 7-10 hours per night.  Subjects were asked to record their total 

number of hours slept each night, throughout the study.  

Blood Collection 

 Whole blood was collected by a certified phlebotomist via venipuncture or 

catheter from an antecubital forearm vein.  Blood samples (10mL) were collected 

immediately before (t=0) and after exercise (t=1, 15, 30, 45, and 60 minutes) into serum 

tubes with no additives (red top) and plasma tubes with an EDTA additive (pink top).  

The total volume of blood collected per day was 60 mL.  Samples were stored at 4°C 

until centrifugation.  Hematocrit, hemoglobin, and lactate determinations were 

determined using whole blood and the remaining blood was centrifuged at 3000g for 12 

minutes.  Serum and plasma samples were separated and stored at -80°C until analyzed.  

Day-to-day variability in blood parameters was minimized by collecting blood samples 

during the same time of day (7:00-10:30am) for each subject. 

Biochemical Analyses 

Hematocrit percent was determined by the microcapillary tube method.40  

Hemoglobin concentration was determined with the Hgb Pro hemoglobin analyzer (ITC, 

Edison, New Jersey).  Whole-blood lactate was measured by the Accusport Lactate 

Analyzer (Roche Molecular Biochemicals, Mannheim, Germany).  Serum aliquots were 
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analyzed for growth hormone (GH), total testosterone, and bioavailable testosterone.  

Serum growth hormone (GH) was determined by an enzyme-linked immunosorbent assay 

(ELISA) (Diagnostic Systems Laboratories, Inc., Webster, Texas).  Serum total 

testosterone was determined by enzyme immunoassay (EIA) (Diagnostic Systems 

Laboratories, Inc., Webster, Texas).  Serum bioavailable testosterone was determined by 

an ammonia sulfate precipitation method.121  Briefly, a saturated ammonia sulfate/DI 

water solution was combined with serum (1:1) to induce precipitation of sex-hormone 

binding globulin.  The combined samples were immediately vortexed and stored at room 

temperature for 10 minutes prior to centrifugation. The supernatant was then analyzed by 

EIA (Diagnostic Systems Laboratories, Inc., Webster, Texas).  All samples were 

performed in duplicate and in a single run.  Serum hormone concentrations were 

subsequently corrected for plasma volume changes, estimated by hemoconcentration.40  

Data Analysis 

The SPSS 12.0.1 statistical package was used for the statistical analysis.  All values 

are reported as the mean ± SE.  Pre- to post-comparisons were performed using a 2 

(Groups) x 2 (Time) repeated measures ANOVA.  Biochemical markers were compared 

using 2 (Groups) x 6 (Time) Repeated Measures ANOVAs.  When necessary a Tukey’s 

post hoc analyses was implemented.    Alpha levels for all measurements were set at p ≤ 

0.05. 

Sample Size 

The hormonal dependent variables in this study are serum growth hormone, total 

testosterone, and bioavaible testosterone.  Of these measures, growth hormone has been 

reported to be the most responsive to resistance exercise and thus was used for sample 
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size calculations.  Standard sample size calculations were used to estimate the number of 

subjects required123 and were based on previously reported data (4 sets 12RM squat 

exercise).8  The results of the power calculation indicated fourteen subjects (n=7 each 

group) would provide a power of 80% at an alpha level of 0.05 to detect differences in 

growth hormone (See Power calculation, Appendix E).   
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CHAPTER 4 
RESULTS 

Subjects 

Twenty-four previously untrained, college-aged males (21.9 ± 0.8 years), 

randomized into traditional (n=12) or eccentric-enhanced (n=12) groups participated in 

this study.  No significant differences were observed for any demographic measure, 

between groups (Table 2).   

Table 2. Subject characteristics pre and post 5 weeks of resistance training 
TRADITIONAL ECCENTRIC-ENHANCED  

PRE POST PRE POST 
BMI (kg/m2) 25.9 ± 1.2 25.8 ± 1.1 25.8 ± 1.3 26.2 ± 1.4 
Weight (kg) 78.8 ± 2.9 78.5 ± 2.7 81.1 ± 3.0 82.1 ± 3.2 
Body Fat % 19.5 ± 2.1 19.9 ± 2.1 19.5 ± 2.5 19.8 ± 2.3 
Data are expressed as Mean ± SE. 
 

Biochemical Results 

For clarity, the terms untrained and trained will be used to describe the groups at 

baseline (before) and following the five-week exercise intervention, respectively.  At 

baseline, both groups performed two testing sessions separated by ≥ 48 hours.  During 

session 1 both groups performed a standardized traditional resistance exercise protocol (4 

sets x 6 reps; 52.5% 1RM), whereas during session 2, the traditional group performed the 

standardized traditional protocol and the eccentric-enhanced group performed an 

eccentric-enhanced (3 sets x 6 reps; 40% 1RM concentric, 100% 1RM ecccentric) 

resistance exercise protocol.   At the completion of the exercise intervention, subjects 

again completed a bout of either traditional (4 sets x 6 reps) or eccentric-enhanced (3 sets 

x 6 reps) exercise, utilizing the maximum load completed by the end of the five-week 
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intervention.  This study design allowed comparison of the metabolic and neuroendocrine 

responses between traditional and eccentric-enhanced resistance exercise, in both the 

untrained and trained states.  Blood samples were not acquired from two subjects in the 

traditional group; therefore all biochemical analyses were performed on 22 subjects 

(n=10 traditional; n=12 eccentric-enhanced). 

Lactate 

Lactate Response to the Standardized Traditional Exercise Protocol in Untrained 
Men 

The (whole-blood) lactate responses after the standardized resistance exercise 

protocol for both groups prior to the training intervention are presented in Figure 2.  

Lactate concentrations increased (~250%) immediately after exercise (p<0.05) and 

gradually returned to baseline by 45 minutes post-exercise.  No significant differences in 

lactate concentrations were observed between groups, at any time point.   
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Figure 2. Lactate responses to traditional resistance exercise. * Indicates significantly 

different than Pre; $ indicates significantly different than Post; # indicates 
significantly different than 15 min (p<0.05).  Data are Mean ± SE. 
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Lactate Responses to Standardized Traditional and Eccentric-Enhanced Exercise in 
the Untrained  

Lactate responses following a single bout of traditional and eccentric-enhanced 

resistance exercise protocols performed at baseline are presented in Figure 3.  Before 

exercise, lactate concentrations were similar between groups (~2.5 mmol/l) and increased 

following exercise, representing 210% and 340% in the traditional and eccentric-

enhanced groups, respectively (p<0.05).  During the post-exercise recovery period, 

lactate gradually returned to baseline within 45 minutes of exercise completion.  The 

immediate post-exercise lactate concentration was greater in the eccentric-enhanced, 

compared to the traditional group (7.8 ±0.4 mmol/l vs. 5.8 ± 0.3 mmol/l, p<0.05).  

Baseline Lactate Response to Traditional and Eccentric-
Enhanced Resistance Exercise
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Figure 3. Baseline lactate responses to traditional and eccentric-enhanced resistance.       

* Indicates significant difference between groups; # indicates significant 
difference from baseline, $ indicates difference from post, % indicates 
difference from 15 minutes (p<0.05).  Data are Mean ± SE. 
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Lactate Response to Standardized Traditional and Eccentric-Enhanced Exercise in 
Trained Men 

Following the five-week training intervention, the post-exercise lactate 

concentrations increased in both the traditional (~420%) and eccentric-enhanced 

(~340%) groups immediately following exercise (p<0.05) and gradually returned to 

baseline within 45 minutes of exercise cessation (Figure 4).  No significant differences in 

lactate concentrations were observed between groups at any time point, including pre- 

and post-exercise as well as recovery.   

Post-Intervention Lactate Responses to Traditional and 
Eccentric-Enhanced  Resistance Exercise
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Figure 4.  Post-intervention lactate responses to traditional and eccentric-enhanced 

resistance exercise.  # indicates difference from baseline, $ indicates 
difference from post, % indicates difference from 15 minutes (p<0.05).  Data 
are expressed Mean ± SE. 

Testosterone 

Resting Testosterone  

To account for diurnal variation in testosterone secretion, two resting baseline 

blood samples were acquired 48 hours apart.  No significant differences in either total 

(6.45 ± 0.47 ng/ml session 1 vs. 6.96 ± 0.55 ng/ml session 2) or bioavailable (4.10 ± 0.30 
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ng/ml session 1 vs. 4.13 ± 0.27 ng/ml) testosterone concentrations were observed on 

either day; therefore, the average testosterone concentrations were used as the baseline 

resting value.  Resting total serum testosterone concentrations (Figure 5) remained 

unchanged with training for both groups.  However, resting bioavailable testosterone  
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Figure 5.  Total serum testosterone before (Baseline) and after (Post) the training 

intervention.  * Indicates a significant difference is present (p<0.05).  Data are 
presented as Mean ± SE. 
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Figure 6.  Total bioavailable testosterone before (Baseline) and after (Post) the training 
intervention.  * Indicates a significant difference is present compared with 
baseline value (p<0.05).  Data are presented as Mean ± SE. 
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concentrations (Figure 6) were ~24% lower in both groups following the five-week 

resistance training intervention (p<0.05).  Additionally, resting bioavailable testosterone 

accounted for 61% and 46% of total resting testosterone at baseline and post-intervention 

in both groups, respectively.  No significant differences were observed between groups 

for either resting total or bioavailable testosterone concentrations, in either the trained or 

untrained states. 

Testosterone Responses to the Standardized Traditional Exercise Protocol in 
Untrained Men 

Following the standardized traditional resistance exercise protocol, the post-

exercise total testosterone concentrations (immediately to 30 minutes post) were not 

significantly different from baseline (Figure 7); however, 45-60 minutes following 

training the total testosterone concentrations decreased below baseline (p<0.05).  

Similarly, the post-exercise bioavailable testosterone concentrations (immediately to 15 

minutes post) were not significantly different from baseline (Figure 8); however 30-60 

minutes following training the bioavailable testosterone concentrations decreased below 

baseline (p<0.05).  No significant differences in either total or bioavailable testosterone 

concentrations were observed between groups at any time point.   

Testosterone Responses to Standardized Traditional and Eccentric-Enhanced 
Exercise in Untrained Men 

Total testosterone responses following a standardized traditional and eccentric-

enhanced resistance exercise protocol (Figure 9) were not significantly different than 

baseline (immediate to 45 minutest post); however, total testosterone was lower than both 

baseline and immediate post concentrations at 60 minutes (p<0.05).  The bioavailable 

testosterone concentrations (Figure 10) increased immediately following exercise and 

decreased to below baseline concentrations within 60 minutes of exercise completion 
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Total Testosterone Responses to Standardized Traditional 
Resistance Exercise Protocol
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Figure 7. Total testosterone responses to standardized traditional resistance exercise 

protocol.  * Indicates significantly different value than Post; # indicates 
significantly different value than 15 min (p<0.05).  Data are expressed as 
Mean ± SE. 
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Figure 8. Bioavailable testosterone responses to standardized traditional resistance 

exercise protocol. * Indicates significantly different value than Pre; # indicates 
significantly different value than Post; $ indicates significantly different value 
than 15 min; % indicates significantly different value than 30 min (p<0.05).   
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(p<0.05).  No significant differences were observed for either total or bioavailable 

testosterone concentrations between groups at any time point, including pre- and post-

exercise as well as recovery.   

Total Testosterone Responses to Standardized Traditional and 
Eccentric-Enhanced  Resistance Exercise

3

4

5

6

7

8

9

10

Pre Post 15 30 45 60
Time Points

T
es

to
st

er
on

e 
(n

g/
m

l)

Traditional 
Eccentric-Enhanced 

* #

    Exercise                        Post Exercise Recovery

 
Figure 9. Total testosterone responses to standardized traditional and eccentric-enhanced 

resistance exercise in untrained men.  * Indicates difference from baseline; 
indicates difference from post.  Data are expressed Mean ± SE. 

Testosterone Responses to Standardized Traditional and Eccentric-Enhanced 
Resistance Exercise in Trained Men  

At post-intervention testing, total testosterone concentrations (Figure 11) increased 

immediately following exercise and decreased to below baseline values within 30 

minutes of exercise completion (p<0.05).  Bioavailable testosterone concentrations 

increased immediately following exercise in both groups and remained elevated for 15 

minutes (p<0.05), before returning to baseline (Figure 12).  No significant differences 

were observed between groups for either total or bioavailable testosterone concentrations, 

at any time point. 
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Bioavailable Testosterone Responses to Standardized 
Traditional and Eccentric-Enhanced Resistance Exercise
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Figure 10. Bioavailable testosterone responses to standardized traditional and eccentric-

enhanced resistance exercise in untrained men.  * Indicates significantly 
different value than Pre; # indicates significantly different value than Post; $ 
indicates significantly different value than 15 min (p<0.05).  Data are 
expressed Mean ± SE. 
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Figure 11.  Post-intervention total serum testosterone responses to standardized 
traditional and eccentric-enhanced resistance exercise protocols.  * Indicates 
significantly different value than Pre; # indicates significantly different value 
than Post; $ indicates significantly different value than 15 min (p<0.05).  Data 
are expressed Mean ± SE. 
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Figure 12.  Post-intervention bioavailable serum testosterone responses to standardized 

traditional and eccentric-enhanced resistance training.  * Indicates 
significantly different than Pre; # indicates significantly different than Post; $ 
indicates significantly different than 15 min (p<0.05).  Data are Mean ± SE. 

Growth Hormone 

Growth Hormone Response to Standardized Traditional Exercise Protocol in 
Untrained Men  

Following the standardized traditional resistance exercise protocol, post-exercise 

growth hormone (GH) concentrations increased above baseline 15-30 minutes after 

exercise cessation (p<0.05) and subsequently returned to baseline by 45 minutes, in both 

groups (Figure 13).  No significant differences in GH concentrations were noted between 

groups, before of after the exercise bout.  

Growth Hormone Response to Standardized Traditional and Eccentric-Enhanced 
Exercise in Untrained Men 

Growth hormone responses following a standardized traditional and eccentric-

enhanced exercise protocol increased 15-30 minutes post-exercise (p<0.05) and returned 

to baseline by 45 minutes (Figure 14).  No significant differences in GH concentrations 

were observed between groups, before or following exercise.  
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Figure 13.  Growth hormone responses to the standardized traditional resistance exercise 

protocol in untrained men.  * Indicates significantly different than Pre 
(p<0.05).  Data are presented as Mean ± SE.   
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Figure 14.  Growth hormone responses to standardized traditional and eccentric-

enhanced exercise protocols, in untrained men.  * indicates significantly 
different than Pre (p<0.05).  Data are Mean ± SE.   
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Growth Hormone Response to Standardized Traditional and Eccentric-Enhanced 
Exercise in Trained Men 

Following the five-week training intervention, GH was unchanged from baseline 

immediately following exercise but increased above baseline 15-45 minutes following 

exercise (p<0.05) and returned to baseline by 60 minutes (Figure 15).  No significant 

differences in GH concentrations were observed between groups, at any time point. 

Post-Intervention Growth Hormone Responses to Traditional 
and Eccentric-Enhanced  Resistance Exercise
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Figure 15.  Post-intervention growth hormone responses to standardized traditional and 

eccentric-enhanced resistance exercise.  * Indicates significantly different 
value than Pre (p<0.05).  Data are presented as Mean ± SE. 

Plasma Volume 

Pre- and post-exercise plasma volume values for each exercise testing/blood 

acquisition session are presented in Appendix F.  Briefly, plasma volume was reduced 

immediately post-exercise (5-11%; p<0.05) and returned to baseline within 30 minutes of 

exercise cessation during each testing session.  No significant differences in plasma 

volume were observed between groups, at any time point.  
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Muscle Function 

Muscular strength data is reported as absolute (1RM) and relative (1RM x kg body 

mass-1 and 1RM x kg lean body mass-1) values.   Additionally, total work (load lifted x 

repetitions completed) was used to quantify muscular endurance.  Two subjects from the 

eccentric-enhanced group did not complete the training intervention; therefore 

performance results reflect 22 subjects (n=12 traditional; n=10 eccentric-enhanced). 

Muscular Strength 

No statistical differences in strength were observed between groups at baseline, for 

the chest (press) or leg (squat) (Table 3).  Following the five-week exercise intervention, 

both groups showed similar increases in absolute (1RM) and relative (1RM x kg body 

mass-1 and 1RM x kg lean body mass-1) chest strength (p<0.05).  Additionally, both 

groups showed similar increases in absolute leg strength (p<0.05), whereas the traditional 

group exhibited a greater increase in relative leg strength compared to the eccentric-

enhanced group (p<0.05).  

Muscular Endurance 

Muscular endurance measures are reported as total work, calculated as: 

Total Work (kg) = Load (kg) * Total Number of Repetitions Completed 

Chest and leg endurance values were similar between groups at baseline (Table 4).  

Following the exercise intervention, both groups showed similar increases in chest and 

leg endurance (p<0.05).   
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Table 3. Muscular strength values at baseline and post-intervention for the traditional and 
eccentric-enhanced groups.   

TRADITIONAL ECCENTRIC-ENHANCED 
 PRE POST % ∆ PRE POST % ∆  

1RM 
(kg) 

76.9 ± 4.4 84.7 ± 4.8* 10.1 75.5 ± 4.9 82.3 ± 5.0* 9.0 

kg/mass 0.97 ± 0.04 
 

1.08 ± 0.05*  11.3 0.93 ± 0.06 1.01 ± 0.06* 8.6 

C
H

ES
T 

 

kg/FFM 1.23 ± 0.06 
 

1.35 ± 0.07* 9.8 1.16 ± 0.06 1.25 ± 0.06* 7.8 

1RM 
(kg) 

101.5 ± 7.6 127.3 ± 7.0* 25.4 102.7 ± 4.6 121.8 ± 5.8* 18.6 

kg/mass 1.29 ± 0.10 1.62 ± 0.08* 
# 

25.6 1.28 ± 0.06 1.49 ± 0.06* 
# 

16.4 

SQ
U

A
T 

kg/FFM 1.61 ± 0.09 2.03 ± 0.08* 
# 

26.1 
 

1.59 ± 0.06 1.86 ± 0.07* 
# 

17.0 

* Indicates difference from corresponding pre-test value; # indicates difference between 
groups (p<0.05).  % ∆ reflects the percentage change in muscular strength from baseline 
to post-intervention testing, mass represents body mass in kg, FFM represents fat-free 
mass in kg. Data are expressed as Mean ± SE. 
 
Table 4. Muscular endurance (total work) measures at baseline and post-intervention for 

the traditional and eccentric-enhanced groups.   
TRADITIONAL ECCENTRIC-ENHANCED  

PRE POST % ∆ PRE POST % ∆ 
Chest 
Press  

1010 ± 54 1100 ± 63* 8.9% 995 ± 61 1086 ± 65* 9.1% 

Squat 1318 ± 97 1604 ± 104* 21.7% 1353 ± 61 1615 ± 78* 19.4% 
 

* Indicates significantly different value than corresponding pre-test value (p<0.05).  % ∆ 
represents percentage change in muscular endurance from baseline to post-intervention 
testing.  Data are Mean ± SE. 
 

Rating of Perceived Exertion 

The ratings of perceived exertion (RPE)153 acquired during each exercise session 

throughout the five-week training intervention are presented in Figure 16.  The traditional 

group had a significantly lower RPE during sessions 1-4, compared to the eccentric-

enhanced group (p<0.05).  No other significant differences were observed during any 

exercise training session.   
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Figure 16.  Ratings of perceived exertion (Borg Scale) following each exercise training 

session.  * Indicates significantly different value between groups (p<0.05).  
Data are expressed as Mean ± SE.  

 
Training Volume 

Training volume is reported as, 1) training volume per exercise session and 2) total 

training volume across the five-week training intervention.  Training volume per session 

was determined using the following equation: 

VOLUME = [# of CON actions * CON load] + [# of ECC actions * ECC load] 

Total training volume during the exercise intervention was determined by summing each 

per session training volume.  Further, individual chest press and squat training volumes 

were quantified to determine the total work performed on each exercise and a combined 

(chest press volume + squat) training volumes was calculated, as the combined training 

volume may be indicative of post-exercise hormonal responses.113   
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Training Volume Per Exercise Session 

The chest press volume per session (Figure 17) was greater during sessions 2-11, 

13, and 15 for the traditional group, compared to the eccentric-enhanced group (p<0.05).  

The squat volume per session (Figure 18) was greater during sessions 9, 10, 14, and 15 

for the traditional group, compared with the eccentric-enhanced group (p<0.05).  The 

combined training volume per session (Figure 19) was greater during sessions 7 and 15 

for the traditional group, compared to the eccentric-enhanced group (p<0.05).   
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Figure 17.  Chest press training volume per session for the traditional group and 

eccentric-enhanced groups.  * indicates significantly different value between 
groups at the designated session (p<0.05).  Data are Mean ± SE. 
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Squat Volume Per Session
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Figure 18.  Squat training volume per session for the traditional and eccentric-enhanced.  

* Indicates significantly different value between groups at the designated 
session (p<0.05).  Data are Mean ± SE. 

Combined Chest Press and Squat Volume Per Session
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Figure 19.  Combined training volume per session (Chest Press + Squat) for the 

traditional and eccentric-enhanced groups.  * Indicates significantly different 
value between groups at the designated session (p<0.05).  Data are Mean ± 
SE. 
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Total Accumulated Training Volume Across Five-Week Intervention 

In this section, total training volume refers to the total training volume performed 

during the entire five-week exercise intervention.  The chest press training volume 

(Figure 20) was greater in the traditional group, compared with the eccentric-enhanced 

group (34,802 ± 1550 kg vs. 29,438 ± 1683 kg, p<0.05), while the total squat training 

volume (Figure 19) was not statistically different between the traditional and eccentric-

enhanced groups (48151 ± 2764 kg vs. 43020 ± 1838 kg).  The total combined training 

volume (chest press + squat volumes) (Figure 21) tended to be greater for the traditional 

group, compared with the eccentric-enhanced group (83037 ± 4082 kg vs. 72485 ± 3164 

kg); however, statistical significance was not achieved (p=0.061).   
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Figure 20.  Total chest press and squat training volume during the five week resistance 

exercise intervention.  TRAD represents the traditional group, ECC represents 
the eccentric-enhanced group.  * Indicates significantly different value 
between groups (p<0.05).  Data are expressed as Mean ± SE. 
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Combined Total Training Volume (Chest Press + Squat) 
During Exercise Intervention
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Figure 21.  Combined total training volume (Chest Press + Squat) during the five-week 

exercise intervention.  * Indicates a trend towards significantly different 
values between groups (p=0.061).  Data are expressed as Mean ± SE. 

Dietary Analysis 

No significant differences were noted between groups for any dietary measure 

(total daily kilocalorie, carbohydrate, protein, or fat consumption) throughout the 

duration of the study (Table 5).  On average, subjects consumed ~2238 kcals per session, 

which was comprised of ~50.3% carbohydrates, ~33.2% fat, and ~16.2% protein (~1.1g x 

kg body mass-1).  Additionally, all subjects completed a 12 hour fast prior to blood 

acquisitions; as indicated by dietary records and follow-up questions concerning food, 

drink, alcohol, and caffeine consumption prior to blood acquisition. 

Sleep Analysis 

The average number of hours slept per night in the traditional (7.2 ± 0.4 hours) and 

eccentric-enhanced (7.8 ± 0.2 hours) groups were not statistically different throughout 

the exercise intervention.  Additionally, 100% of subjects reported 7-10 hours of sleep on 

the night preceding blood acquisition sessions. 
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Table 5. Average reported kilocalories, carbohydrates, protein, and fat in the traditional 
and eccentric-enhanced groups.   

TRADITIONAL ECCENTRIC-ENHANCED  
KCALS % TOTAL 

INTAKE 
KCALS % TOTAL 

INTAKE 
Total Kcals 
 

2162 ± 495  2320 ± 853  

Carbohydrates 
 

1135 ± 127 52.5% 1093 ± 117 47.1% 

Protein 
 

326 ± 26 15.1% 427 ± 71 18.4% 

Fat 
 

689 ± 60 31.9% 771 ± 77 33.2% 

Data are presented as Mean ± SE. 
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CHAPTER 5 
DISCUSSION 

Skeletal muscle atrophy, reduced strength, and heightened fatigue are associated 

with aging175 and degenerative diseases such as multiple sclerosis155 and muscular 

dystrophy.11  Participation in progressive resistance training has been shown to attenuate 

loss of strength and function, improve functional capacity, and decrease hypokinetic 

disease risk in both young and elderly populations.65, 104  Thus, determining and 

implementing effective resistance exercise protocols may ultimately minimize the 

deleterious effects of both aging and degenerative diseases on skeletal muscle quality and 

performance outcomes. 

Traditional resistance training consists of identical loading performed during both 

concentric (shortening) and eccentric (lengthening) muscle actions.104  Eccentric-

enhanced resistance exercise is performed with a greater eccentric loading (~180-250% 

of concentric load) and has been shown to result in similar17, 25, 59 or superior25, 51, 86, 87, 95 

skeletal muscle strength and mass adaptations compared to traditional resistance training. 

However, the mechanism(s) underlying the purported superior muscle adaptations 

following eccentric-enhanced resistance training have not been determined.  Therefore, 

the purpose of our study was to test the hypothesis that eccentric-enhanced progressive 

resistance training would result in greater neuroendocrine (total testosterone, bioavailable 

testosterone, and growth hormone) and muscle performance responses and lower 

metabolic (lactate) responses than traditional progressive resistance training.  The 

primary findings of our research are that the early-phase (first five-week) neuroendocrine 
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and performance responses are similar between traditional and eccentric-enhanced 

resistance training, in previously untrained college-age men.   

Only one published study has attempted to elucidate the mechanism(s) underlying 

the purported superior muscular adaptations associated with eccentric-enhanced 

resistance training.51  For comparison, we used investigations with training programs 

most similar in training volume and intensity to ours; however, we were limited to 1) 

traditional, 2) concentric-only, and 3) eccentric-only resistance training protocols, as 

mechanistic studies on eccentric-enhanced training were limited.  Eccentric-enhanced 

resistance exercise is somewhat unique in that it includes a combination of the previously 

mentioned program designs; therefore, direct comparison between study findings should 

be interpreted cautiously.   

Metabolic Response to Resistance Exercise 

Metabolic acidosis, associated with lactate accumulation, may contribute to skeletal 

muscle fatigue during high-intensity exercise.149  Strategies designed to reduce lactate 

accumulation during exercise may decrease overall fatigue and ultimately result in 

improved exercise prescriptions for both healthy and at-risk populations.  We are the first 

to compare the blood lactate responses to eccentric-enhanced resistance exercise and 

traditional resistance exercise, in both the trained and untrained states.   

Lactate Responses to Standardized Traditional and Eccentric-Enhanced Resistance 
Exercise in Untrained Men 

The immediate post-exercise blood lactate concentrations were greater in subjects 

following a standardized eccentric-enhanced resistance exercise protocol compared to a 

traditional resistance exercise protocol, matched in volume.  Our findings may, in part, be 

due to the greater eccentric-specific exercise intensity in the eccentric-enhanced group 



46 

 

(40% 1RM concentric; 100% 1RM eccentric), compared to the traditional group (52.5% 

1RM concentric and eccentric).  Previous reports demonstrate that both exercise volume67 

and intensity117 are associated with lactate accumulation.  Our results are consistent with 

Lagally et al.117 (2002), who reported that higher intensity exercises result in greater 

lactate accumulation.  In our study, the eccentric-specific training intensity was 48.5% 

greater in the eccentric-enhanced group, but volume was matched between groups (4646 

kg, traditional vs. 4344 kg, eccentric-enhanced; p>0.05).  

In our study, the higher eccentric-specific intensity in the eccentric-enhanced group 

may reflect a greater recruitment of fast glycolytic (type IIx) and/or fast oxidative 

glycolytic (type IIa) muscle fibers51 and associated lactate accumulation.89  Previous 

research suggests that eccentric muscle actions recruit all available fast motor units (type 

IIa and IIx) at lower relative intensities (>60% maximal voluntary contraction) than 

concentric actions (>80% maximal voluntary contraction);122 therefore, it is possible that 

the eccentric-enhanced group recruited a larger portion of fast motor units during 

exercise resulting in greater lactate accumulation.   

It is also possible that differences in (load dependent) skeletal muscle blood flow 

characteristics may have influenced the lactate response between groups.  For example, 

arterial blood flow to contracting skeletal muscle has an inverse relationship with 

exercise intensity.150  Additionally, combined venous occlusion and low-intensity 

resistance exercise result in greater lactate accumulation than low-intensity resistance 

exercise alone.98  Although blood flow characteristics were not evaluated in our study, 

greater venous occlusion and/or reductions in arterial blood flow may have occurred in 
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the eccentric-enhanced group (due to the higher eccentric-specific load) thus resulting in 

greater blood lactate concentrations.   

Lactate Response to Resistance Training in Trained Men 

The immediate post-exercise lactate response to the traditional resistance exercise 

protocol was greater following the five-week training program when compared to pre-

training, possibly due to the greater exercise intensity (64% 1RM vs. 52.5% 1RM), 

enhanced recruitment of fast glycolytic muscle fibers, and/or improved storage and  

utilization of glycogen12 in the trained state.  In contrast, the immediate post-exercise 

lactate responses to eccentric-enhanced exercise were similar in the trained and untrained 

states, despite a greater post-intervention eccentric-specific exercise intensity (~106% 

post-intervention 1RM vs. 100% pre-intervention 1RM).  Our results contrast the 

supposition by Kraemer et al.103 who suggested that the post-exercise lactate 

concentrations increase as the eccentric-specific exercise intensity increases.   

Similar post-exercise blood lactate concentrations were observed in the eccentric-

enhanced group in both the untrained and trained states, despite the greater exercise 

intensity performed in the trained state.  Friedmann and colleagues51 (2004) reported that 

eccentric-enhanced, but not traditional, resistance training upregulates lactate 

dehydrogenase type (LDH) A mRNA following four weeks of training; indicating a 

possible lactate buffering effect associated with eccentric-enhanced exercise.  

Additionally, improvements in intracellular lactate buffering and/or delayed lactate 

accumulation due to a repetitive training stimuli above anaerobic threshold have been 

observed84, 125, 132 and may help explain our findings.   

It is also possible that recruitment of additional type IIx (high lactate generating) 

muscle fibers may not have occurred in the eccentric-enhanced group in the trained 
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state.122  Recall that complete recruitment of fast motor units has been observed during 

eccentric-only muscle actions performed at intensities (~60% maximal voluntary 

contraction)122 below that used during baseline testing in our study (100% 1RM); 

suggesting that full recruitment of fast motor units may have occurred during baseline 

testing.  However, Friedmann et al.51 (2004), reported that both type IIa and IIx myosin 

heavy chain (MHC) mRNA are increased following eccentric-enhanced resistance 

exercise; suggesting that fast motor units are extensively recruited during eccentric-

enhanced exercise.   

Alternatively, decreased skeletal muscle glycogen content and/or decreased 

utilization of skeletal muscle glycogen stores may have occurred in the eccentric-

enhanced group, as a result of heavy eccentric training.  Decreased skeletal muscle 

glucose transporter (GLUT4) protein concentrations,12, 13 impaired glycogen 

resynthesis,13 and decreased post-exercise glycogen accumulation (for up to 72 hours)178 

have been observed following eccentric exercise; suggesting a reduced glycogen 

availability for subsequent exercise sessions, following heavy eccentric exercise.  

Although we did not measure glycogen synthesis rates or concentrations, it may be 

possible that reduced skeletal muscle glycogen content limited lactate accumulation 

during post-intervention testing. 

Testosterone  

Testosterone has been shown to enhance muscle hypertrophy by directly increasing 

protein synthesis,19, 26, 50, 66, 160, 161, 170 thus it is not surprising that  investigators have 

attempted to identify strategies to enhance endogenous free and total testosterone 

concentrations and optimize gains in muscle mass with resistance exercise.7, 8, 32, 47, 68, 70, 

71, 78, 106-109, 111, 115, 169, 176  Total testosterone represents the combination of unbound (free) 
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testosterone (~2% of total) and testosterone bound to either sex hormone binding globulin 

(SHBG) (~50% of total) or albumin (~50% of total).121  The combination of free and 

albumin-bound testosterone fractions (bioavailable testosterone) reflect the effective 

androgen status, as both fractions have been shown to traverse cell membranes, bind with 

androgen receptors, and consequently stimulate protein translation.41, 121, 172  To date, 

there are no published reports on the bioavailable (non-SHBG-bound) testosterone 

responses to resistance exercise.  The majority of studies utilizing resistance training 

interventions report free testosterone7, 47, 70, 71, 169 which represents only a small portion 

(~4%) of bioavailable testosterone; 121 therefore, comparison of our results to previous 

reports is not possible. 

Resting Testosterone  

Resting total testosterone concentrations in our subjects were within the normal 

eugonadal range (300-1000 ng/dl).126  Resting total testosterone concentrations remained 

unchanged, while the bioavailable testosterone fraction decreased with training in both 

groups.  Our findings are consistent with previous reports demonstrating that resting total 

testosterone levels are unaltered following resistance training interventions10, 71-73, 78, 110, 

113, 128 and inconsistent with others showing upward trends.167   

Considering that total testosterone is comprised of three components (free, 

albumin-bound, and SHBG-bound), interpretation of our bioavailable testosterone results 

is speculative as each subfraction may influence the bioavailable fraction.  Our results 

may suggest however, that 1) SHBG-bound testosterone increased, as non-SHBG-bound 

(bioavailable) testosterone decreased and total testosterone remained unchanged, 2) 

albumin-bound testosterone decreased, and/or 3) free testosterone decreased.  The 

literature indicates that SHBG is apparently unresponsive to either acute180 or  
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chronic73, 114, 128 resistance exercise, in men.  Additionally, albumin has been shown to 

increase following both acute4 and chronic resistance training interventions;100 suggesting 

that albumin-bound testosterone may not diminish following resistance exercise.  Further, 

resting free testosterone has been shown to either increase110 or remains constant5 

following resistance exercise interventions.  Although not measured in our study, 

alterations in the free:albumin-bound:SHBG-bound testosterone ratio occurred, favoring 

an increase in SHBG-bound and/or a decline in bioavailable testosterone concentrations 

at the conclusion of our study.   

Alternatively, upregulation of skeletal muscle androgen receptor expression may 

have occurred in response to training.  Support for this idea comes from studies that 

report increased skeletal muscle androgen receptor expression following resistance 

training interventions, in both humans15, 180 and animals.39, 173  Androgen receptor 

upregulation with training may help explain the reduction in bioavailable testosterone 

concentrations observed following the five-week training program.   

Previous reports have also suggested that acute sleep deprivation,1, 62, 135 low 

dietary total caloric and fat intakes,154, 174 and/or high dietary protein intake154 are 

associated with reduced resting total testosterone concentrations.  Our subjects reported 

normal sleep patterns (7-10 hours)14 and adequate caloric intakes (~2220 kcals; 50.3% 

carbohydrates, ~33.2% fat, and ~16.2% protein)120 on the day prior to each blood 

acquisition session.  Therefore, it does not appear that sleep patterns or dietary intake 

influenced the resting hormone concentrations in our study.   
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Testosterone Response to Standardized Traditional Resistance Exercise in 
Untrained Men  

The total and bioavailable testosterone responses to a single bout of standardized 

traditional resistance exercise were similar between groups before the initiation of 

training.  Overall, total and bioavailable testosterone concentrations remained unchanged 

acutely following exercise and fell below baseline within 30-45 minutes of recovery.  Our 

results support Kraemer et al.114 (1998) who reported that total testosterone 

concentrations remained constant following traditional resistance training, but are 

inconsistent with others indicating increased testosterone concentrations following 

resistance exercise in untrained men.5, 8, 68, 78, 109, 111, 169, 180  Additionally, the reduction in 

both total and bioavailable testosterone concentrations, below baseline, indicate that 

testosterone 1) followed normal metabolic pathway biotransformation and/or 2) became 

bound to androgen receptors and stimulated protein synthesis.19 

The total and bioavailable testosterone responses observed in our study may be 

explained in a variety of ways.  First, it is possible that the acute testosterone response to 

resistance exercise is an adaptive physiological response occurring primarily after longer 

term (>5 week) resistance training protocols.114  This notion is supported by our data 

which demonstrate that exercise caused a transient increase in total testosterone, in 

trained individuals.  Second, the exercise volume and/or intensity performed in this study 

may have been insufficient stimuli to induce a change in testosterone concentrations.  

High volume64, 111, 144 and high-intensity109, 111, 143 resistance exercise protocols have been 

shown to result in greater post-exercise testosterone concentrations than low volume or 

low-intensity protocols.  The training volume and intensity used in our study were similar 

to previous studies that reported elevated testosterone following resistance  
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exercise;64, 116, 156 thus other factors such as the training status of the subjects and/or the 

exercises performed during the study (chest press and squat) may explain the disparity in 

findings.    

Testosterone Response to Standardized Traditional and Eccentric-Enhanced 
Exercise in Untrained Men 

In our study, the post-exercise total testosterone concentrations in untrained 

subjects, following traditional or eccentric-enhanced resistance exercise decreased below 

baseline concentrations by 60 minutes into recovery; similar to our previously reported 

findings that indicated total testosterone concentrations decline below baseline 

concentrations following a standardized traditional resistance exercise protocol.  

However, we observed an immediate post-exercise increase in bioavailable testosterone 

concentrations and gradual decline to below baseline within 60 minutes of exercise 

cessation, in both groups.  As no change in total testosterone appeared following exercise, 

our previously discussed rationale that the 1) testosterone response following resistance 

exercise is a long-term adaptive response to training and/or 2) training volume and 

intensity selected for this study were insufficient stimuli to elicit a change in testosterone 

concentrations, may explain these findings.  It is also possible that eccentric muscle 

actions do not provide an adequate stimulus (metabolic or other) to affect post-exercise 

total testosterone concentrations, in untrained males.103  The eccentric-specific exercise 

intensity in our study (100% 1RM, eccentric-enhanced group) was greater than used in 

previous that reported increased testosterone responses to eccentric-only muscle actions47 

and an unchanged testosterone response to eccentric-only muscle actions.103   

While total testosterone remained unchanged immediately following a standardized 

bout of eccentric-enhanced and traditional resistance exercise in the untrained state, 
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bioavailable testosterone increased. When analyzed in association with our total 

testosterone results, it appears that alterations in the free:albumin-bound:SHBG-bound 

testosterone ratio may occur following a bout of resistance exercise.  Recall that changes 

in both free and albumin-bound testosterone affect the bioavailable testosterone fraction 

and thus the interpretation of our data.  Previous reports have indicated that free 

testosterone increases acutely following resistance training;7, 47, 169 although we did not 

directly measure free testosterone concentrations it is plausible that changes in the free 

testosterone fraction influenced both our total and bioavailable testosterone results. 

Testosterone Responses to Traditional and Eccentric-Enhanced Resistance Training 
in Trained Men 

Following the five-week training intervention, both groups exhibited an acute 

increase in post-exercise total and bioavailable testosterone concentrations, which 

subsequently fell below baseline 30-45 minutes into recovery.  Similar testosterone 

responses have been observed following resistance exercise interventions in trained  

men7, 8, 32, 68, 78, 107-109, 111, 115, 143, 169, 176.  Additionally, our results corroborate previous 

reports  indicating that post-exercise testosterone concentrations increase in trained, but 

not untrained men.8, 114  

Total and bioavailable testosterone concentrations were similar between groups at 

all time points, despite a greater training volume in the traditional group throughout 

training and post-intervention testing.  Briefly, we successfully equated training volume 

during baseline testing, but were unable to equate training volume during the resistance 

training intervention because the load and repetition dependent rate of progression 

accomplished in the traditional resistance training group could not be matched by the 

eccentric-enhanced group.  Considering that both exercise volume and intensity are 
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thought to play integral roles in determining the testosterone responses following 

resistance training;113 the additional training volume completed by the traditional group 

may in part, explain the similar testosterone responses between groups.  Although no 

difference in either bioavailable or total testosterone concentrations appeared between 

groups, our results indicate that 1) eccentric-enhanced exercise may result in similar post-

exercise testosterone concentrations to traditional resistance exercise, at a lower total 

volume of work and/or 2) post-exercise testosterone responses may be more responsive to 

exercise intensity than to total exercise volume.   

Growth Hormone 

The growth hormone (GH) responses following various resistance exercise 

protocols have been summarized in several recent reviews.92, 113, 133, 164  Growth hormone 

has been shown to directly affect cellular amino acid uptake9 and protein synthesis,52-54, 

74, 138 thus contributing to skeletal muscle hypertrophy.  Our study is the first to compare 

the GH response between traditional and eccentric-enhanced resistance exercise, in both 

the untrained and trained states.  

Growth Hormone Response to Standardized Traditional Resistance Exercise in 
Untrained Men 

Resting GH concentrations were within normal, non-acromegalic, ranges (< 2.0 

ng/ml) for all subjects.162  In our study, GH increased 15-30 minutes following exercise 

and returned to baseline concentrations within 45 minutes of exercise cessation, similar to 

previous reports.8, 37, 73, 110, 114, 128, 152  A variety of factors, including higher training 

volumes,64, 82 moderate intensities (8-12 RM),109, 111, 142, 171 large muscle group 

exercises,75, 108 and short rest intervals109, 111 have been reported to increase the GH 

response to exercise.  A smaller change in GH concentrations (~2 ng/ml) was observed in 
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our study, compared to previous reports (~3.5-10.0 ng/ml).8, 37, 73, 110, 114, 128, 152  The 

training volume (4 sets x 6 reps), exercise selection (chest press and squat), and rest 

periods length (1 minute between sets) we selected were similar to previous reports;8, 37, 

73, 110, 114, 128, 152 however, the exercise intensity in our study (52.5% 1RM) was lower than 

most,8, 37, 73, 110, 114, 128, 152 but not all63 previous reports demonstrating increased post-

exercise GH concentrations.  Therefore, it appears that the relatively lower exercise 

intensity used in our study may explain the lower post-exercise GH concentrations, 

compared to others.     

Growth Hormone Response to Standardized Traditional and Eccentric-Enhanced 
Exercise in Untrained Men 

During baseline testing, we observed an increase in post-exercise GH 

concentrations 15-30 minutes following the traditional and eccentric-enhanced resistance 

training protocols.  However, a relatively modest change in post-exercise GH 

concentrations was observed in our study (~1.5 ng/ml) compared with prior reports (~3.5-

10 ng/ml),8, 37, 73, 110, 114, 128, 152 similar to the response we reported following the 

standardized traditional resistance exercise protocol; therefore, our previously discussed 

rationale may apply.  Additionally, several studies have reported that eccentric muscle 

actions result in lower post-exercise GH responses than concentric muscle actions, in 

untrained subjects;47 103, 105 suggesting that GH may be less responsive to eccentric 

muscle actions than concentric actions, regardless of load.  Overall, the relatively low 

concentric-specific exercise intensity performed in both groups may explain the post-

exercise GH responses. 

Growth hormone concentrations have been found to be positively associated with 

blood lactate69 and H+ accumulation.48  Additionally, Luger et al.124 (1992) suggested that 
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lactate accumulation partially regulates the exercise induced GH response.  During pre-

intervention testing, we observed a greater post-exercise lactate response in the eccentric-

enhanced group, compared with the traditional group, but no differences in post-exercise 

GH concentrations were observed.  Further, we did not observe a relationship between 

lactate concentrations and either the post-exercise GH concentrations or GH area under 

the curve.  Our results suggest that additional factors, beyond lactate/H+ accumulation, 

may regulate the post-exercise GH responses to eccentric exercise in untrained subjects, 

such as blood flow characteristics, nitric oxide release, and higher brain center/anterior 

pituitary input.60 

Growth Hormone Response to Traditional and Eccentric-Enhanced Exercise in 
Trained Men 

Similar to previous findings,6-8, 64, 82, 105, 106, 108, 109, 111, 113, 115, 142, 171 at post-

intervention testing both groups exhibited acutely increased post-exercise GH 

concentrations (15-45 minutes) that returned to baseline by 60 minutes into recovery.  

Additionally, no differences in GH concentrations were observed between groups at any 

time point, despite a larger training volume in the traditional group.  Our results are 

consistent with Kraemer and colleagues105 (2001), who reported that maximal eccentric 

muscle actions result in greater GH responses than maximal concentric muscle actions, in 

trained subjects; possibly indicating that the higher exercise intensities stimulate a greater 

GH response. 

Muscular Function and Eccentric-Enhanced Resistance Training 

A myriad of positive health outcomes are associated with improvements in 

muscular strength and mass, thus determining effective resistance exercise protocols is 

important when prescribing weight training programs in both healthy and at-risk 
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populations.99  While traditional resistance training programs are often prescribed, recent 

reports demonstrate that eccentric-enhanced resistance training may result in greater 

improvements in skeletal muscle strength and/or mass.25, 51, 86, 87, 95  We are the first to 

report muscular strength and endurance responses to eccentric-enhanced resistance 

training, using multiple joint exercises.   

Muscular Strength 

Similar improvements were observed between groups for both chest (press) and leg 

(squat) muscular strength (kg), which is consistent with reports suggesting that eccentric-

enhanced resistance training results in similar strength gains compared with traditional 

resistance training17, 59 and in contrast to others indicating greater strength improvements 

following eccentric-enhanced resistance training.25, 51, 86, 87, 95  In some studies, higher 

training volumes have been shown to result in larger improvements in muscular strength 

than lower training volumes, in untrained men;18, 23, 148 while others report no differences 

between low and high volume protocols.34, 147, 166  The relatively lower training volume 

performed by the eccentric-enhanced group may have resulted in compromised strength 

gains relative to the traditional group.  Given that the eccentric-enhanced group showed 

similar improvements in muscular strength compared to the traditional group, despite 

having a lower training volume, eccentric-enhanced resistance exercise could be 

considered a more efficient mode of training, when total work is considered.   

Results from a recent meta-analysis reveal that maximal strength gains are achieved 

at 60% 1RM, in previously untrained men;148 however, strength gains have also been 

observed with exercise intensities below 50% 1RM, in untrained men.56  In our study, the 

exercise intensity in the traditional group varied between 52.5-70% 1RM (similar to the 

suggested intensity), whereas the concentric and eccentric exercise intensities in the 
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eccentric-enhanced group were ~40% and 100-120% 1RM throughout the duration of 

training, respectively.  Therefore, it is also possible that optimal exercise intensities were 

not selected for the eccentric-enhanced group.   

Additionally, both traditional and eccentric-enhanced resistance training may result 

in similar neural adaptations (e.g. improved motor unit recruitment and/or 

synchronization) associated with early-phase (<12 weeks) enhancements in muscular 

strength, as minimal muscle hypertrophy typically appears during this time frame.29, 44, 55  

Early-phase muscular strength adaptations following concentric-only resistance training 

are similar to93, 158 or greater than146 the adaptations following eccentric-only resistance 

training in some studies, while others report that eccentric-only resistance training results 

in greater early-phase muscular strength adaptations.35, 49, 119, 130  Recall however that type 

IIa and IIx MHC mRNA have been shown to increase following four weeks of eccentric-

enhanced resistance training, in untrained males;51 suggesting that skeletal muscle 

hypertrophy and associated strength improvements may occur during early-phase 

resistance training.  In our study, significant improvements in muscular strength were 

observed, without significant concomitant increases in lean mass; suggesting that neural 

adaptations, including enhanced motor unit recruitment and/or motor unit 

synchronization may be an important mechanism explaining our strength outcomes.  

However, alterations in muscle mass and assocoiated hypertrophy-related strength 

adaptations cannot be excluded as underlying factors in the muscular strength 

improvements observed in our study.  

Muscular Endurance 

Both training groups displayed similar improvements in muscular endurance 

following the five-week exercise intervention, despite dissimilar training volumes.  
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Friedmann and colleagues51 (2004), observed improved endurance in traditional, but not 

eccentric-enhanced resistance training.  Additionally, Marx et al.127 (2001), reported that 

muscular endurance outcomes are related to training volume; which, if true, would 

indicate that the traditional group should have outperformed the eccentric-enhanced 

group.  The lack of agreement between our outcomes and previous reports may be 

explained by the 1) differences in training volume and/or exercise intensity between 

groups, 2) presence of similar neural adaptations and resulting strength/endurance 

improvements between groups, 3) the length of the exercise intervention, and/or 5) the 

presence of delayed-onset muscle soreness in the eccentric-enhanced group.  

Training Volume 

Total training volume performed during exercise interventions has been shown to 

affect muscular performance outcomes,18, 23, 127, 148 as well as hormonal64, 111, 144 and 

metabolic responses.96, 144  In our study, training volume was matched between groups 

during the standardized baseline testing sessions but was unmatched during the five-week 

exercise intervention.  The disparity in training volumes between groups may be 

explained by delayed-onset muscle soreness (DOMS) symptoms, including 1) reduced 

muscular strength, 2) reduced muscle activation, 3) decreased range of motion (ROM), 4) 

impaired proprioception, and 5) increased muscular and connective tissue inflammation 

33, 61, 137, and/or delayed leukocytosis or skeletal muscle myokines, such as interleukin 

(IL)-6 or IL-8,80, 140, 141, 179 in the eccentric-enhanced group.  In our study, cellular 

markers of inflammation were not measured, though a large percentage (>50%) of 

subjects in the eccentric-enhanced group reported (moderate to extreme) muscle soreness 

and impaired ROM following the initial eccentric-enhanced exercise bout and throughout 

the first week of exercise training, corresponding to the initial four exercise sessions.  In 
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contrast, no reports of muscle soreness occurred in the traditional group.  Our findings are 

similar to previous reports, indicating that DOMS and its associated symptoms last 5-7 

days following the initial eccentric exercise bout and may indicate the presence of acute 

muscular microtrauma and/or inflammation, thus reducing exercise capacity and 

associate performance improvements.61   

Further, lactate accumulation has been associated with muscular fatigue during 

resistance exercise and may limit exercise performance.149  Blood lactate concentrations 

have been shown to be greater during an exercise test performed two days after eccentric 

training;57, 58 suggesting greater metabolic fatigue occurs following heavy eccentric 

training.  Recall, before the onset of training, we observed a greater post-exercise lactate 

response in the eccentric-enhanced group, compared with the traditional group; therefore 

it is possible that a greater lactate response also occurred throughout the exercise 

intervention.  Further, a positive relationship between lactate and RPE has been 

reported;77, 117, 165 in our study RPE was greater during training sessions 1-4 in the 

eccentric-enhanced group, compared to the traditional group, lending support to the 

notion that greater lactate accumulation occurred during eccentric-enhanced training.  

These results suggest that the eccentric-enhanced group may have experienced greater 

metabolic fatigue throughout the exercise intervention, thus attenuating progression 

during resistance exercise compared to the traditional group.   

Conclusion 

Our study determined the early-phase (single session to five-week) metabolic, 

neuroendocrine, and performance responses to traditional and eccentric-enhanced 

resistance exercise in previously untrained individuals. We observed that short-term 

eccentric-enhanced resistance training results in similar neuroendocrine and performance 
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responses as traditional resistance training, in college-age males.  The lower training 

volume completed by the eccentric-enhanced group suggests that this form of training 

may be more efficient in eliciting both anabolic stimuli and muscular strength 

improvements than traditional resistance training, relative to training volume. 

Clinical Implications 

Determining the neuroendocrine, metabolic, and performance responses to various 

resistance training protocols may enable clinicians, therapists, and coaches to prescribe 

safe and effective training programs to both healthy and at-risk individuals.  Although the 

results of our study indicate that traditional and eccentric-enhanced resistance training 

result in similar neuroendocrine and performance responses, each specific form of 

training may have population specific advantages.  Theoretically, athletes who practice 

and/or compete above their lactate threshold (e.g. boxers, wrestlers, rowers, etc.) might 

benefit from eccentric-enhanced resistance training, as greater intracellular lactate 

buffering and/or delayed lactate accumulation may occur with this form of training.84, 125  

Additionally, strength trainers who have limited time to participate in resistance exercise 

may benefit from eccentric-enhanced resistance training, evidenced by the similar 

improvements in muscular strength which occurred at a lower training volume and time 

commitment (~66% less time to complete the eccentric-enhanced protocol) following this 

form of training.   

Eccentric-enhanced resistance training may not be as appropriate for clinical 

populations (e.g. multiple sclerosis, muscular dystrophy, etc) that experience muscular 

fatigue, pain, and/or weakness associated with their condition.  Eccentric-enhanced 

exercise has been show to result in moderate to extreme muscle soreness, thus limitations 

in mobility and muscular strength may occur at the onset of eccentric-enhanced 
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resistance training.  Clearly, further research is indicated to determine the specific effects 

of eccentric-enhanced resistance training in various populations. 

Future Directions 

Examining both the acute and chronic anabolic (e.g. total testosterone, bioavailable 

testosterone, growth hormone, insulin-like growth factor, mechano growth factor) and 

catabolic (e.g. adrenocorticotropic hormone, cortisol) hormone responses to eccentric-

enhanced resistance training would improve current understanding of the neuroendocrine 

responses to resistance training.  Additionally, given the influence of binding proteins on 

both the biological effects and measurement of testosterone, future studies designed to 

carefully measure the free, albumin-bound, and SHBG-bound fractions of testosterone 

are indicated.  Further, evaluating androgen receptor expression and androgen affinity 

following resistance training would advance our understanding of skeletal muscle 

adaptations to resistance training.  Moreover, determining the responses of cellular 

proteins that regulate skeletal muscle protein synthesis (e.g. mTOR, AKT, etc) and 

degredation (myostatin, ubiquitin proteasome pathway, etc) may advance current 

knowledge of the underlying mechanism(s) of muscular hypertrophy and/or atrophy.   

Delayed onset muscle soreness (DOMS) is commonly experienced by individuals 

who perform resistance training and may be indicative of muscle injury.  The underlying 

mechanism(s) of DOMS remain unclear; therefore, evaluating cellular markers of 

inflammation following heavy eccentric exercise may enhance our understanding of the 

skeletal muscle injury and repair process. Evaluating both the plasma and muscle tissue 

specific responses of creatine kinase, myoglobin, neutrophils, and various myokines such 

as IL-6 or IL-8, among others may provide valuable information for enhancing recovery 

from muscle injury or loss and/or reducing the muscle soreness associated with resistance 
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training.  Since, eccentric exercise induced muscle inflammation is a stimulus for satellite 

cell proliferation and associated muscle repair,43, 145 evaluating satellite cell expression 

following eccentric-enhanced exercise may improve the understanding of skeletal muscle 

repair/regeneration.   

Our data suggest that eccentric-enhanced exercise results in higher metabolic 

(lactate) responses and RPE values than traditional resistance exercise, in untrained 

individuals.  Future research comparing metabolic (e.g. lactate, heart rate, VO2, etc) and 

RPE responses between traditional and eccentric-enhanced resistance protocols would 

improve our current understanding of fatigue and exertion as they relate to resistance 

exercise.  Additionally, evaluating intracellular lactate buffering mechanisms, motor unit 

recruitment patterns, and blood flow characteristics during eccentric-enhanced resistance 

exercise may provide insight into the mechanism(s) underlying lactate accumulation.   

We reported that eccentric-enhanced resistance training provides a means of 

improving early-phase muscular performance in previously untrained college-age males.  

Future research designed to directly control intensity and volume between exercise 

protocols is warranted and would clarify the muscular strength responses to resistance 

exercise.  Additionally, evaluating long-term (>12 weeks) adaptations to eccentric-

enhanced training may allow the individual neural and hypertrophic dependent 

mechanisms of muscular strength enhancement to be more clearly understood.  Overall, 

research examining the interrelationship between exercise intensity, volume, and/or 

training status would contribute to a more complete understanding of the neuroendocrine, 

metabolic, and muscular performance responses to resistance exercise.    
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Several studies have evaluated the effects of eccentric-enhanced resistance training 

in healthy college-age males; however, few studies have evaluated the performance 

responses in other populations.  Skeletal muscle atrophy, reduced strength, and increased 

fatigue are associated with aging and degenerative diseases such as multiple sclerosis and 

muscular dystrophy, thus determining the effects of eccentric-enhanced resistance 

training in at-risk populations may benefit clinicians and therapists in devising safe and 

effective exercise protocols to reduce the deleterious effects of disease on muscle.  

Additionally, both athletes and recreational weight lifters utilize resistance training to 

improve muscular strength and mass; thus determining the performance responses to 

eccentric-enhanced resistance training in both athletes and previously trained individuals 

would enhance current knowledge related to the long-term training adaptations to this 

form of exercise.   
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APPENDIX A 
HEALTH HISTORY QUESTIONNAIRE 

SUBJECT # _____________    Date of Birth :_____________ 

 
Height _____ Weight ______  Blood Pressure Measurement:______ /______ 
  

 
Do you currently have any of the following conditions or has a medical doctor ever 
informed you that you have any of the following conditions? 
 

1. Diabetes mellitus       Yes / No 
 
2. High blood pressure       Yes / No 

 
3. Osteoporosis        Yes / No 

 
4. A heart condition       Yes / No 

 
5. High cholesterol       Yes / No 

If Yes, do you know your cholesterol numbers? ______________________ 
 

6. Thyroid problems       Yes / No 
 

7. Kidney disease       Yes / No 
 

8. Liver disease        Yes / No 
 
Please answer the following questions regarding your general health: 

 
1. Do you feel pain or pressure in your chest, neck shoulders, or arms 

during or after physical activity? Yes / No                               
 
     2. Do you ever lose your balance because of dizziness Yes / No 
 
     3. Do you ever lose consciousness?        Yes / No  
 
 4. Do you consider yourself to be generally healthy?      Yes / No 
 
    5.  Do you currently smoke?         Yes / No 
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     6.  Are you a former smoker?         Yes / No 
           If Yes, how long has it been since you quit smoking? ___________________ 
 

7. Have you ever had an adverse reaction during or following a  
 blood donation?           Yes / No 
 
8.  Do you mind having blood draws?         Yes / No 
9.  Do you currently have an injury to any area in your upper or  
 lower body?            Yes / No 

  If Yes, please explain the injury: ____________________________________ 
  _______________________________________________________________ 
  _______________________________________________________________ 

 
10. Are there any other health related issues we should know about? ___________ 

_______________________________________________________________ 
_______________________________________________________________ 
 

Are you currently taking any of the following products or have you taken them in 
the previous 2 months? 
 

1. Anabolic steroids       Yes / No 
 
2. Creatine        Yes / No 

 
3. Protein powder       Yes / No 

 
 4. Other         Yes / No 
  If Yes, please list the specific supplements:___________________________ 
  ______________________________________________________________ 
  ______________________________________________________________ 

 
Please list all of the supplements you are currently taking (including vitamins):  
 
Item name Amount taken per day  Length on supplement      Reason 
 
a.______________________________________________________________________ 
 
b.______________________________________________________________________ 
 
c.______________________________________________________________________ 
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Please list all of the prescription medication you are currently taking 
 
Medicine  Amount taken per day  Length on medication      Reason 
 
a.______________________________________________________________________ 
 
b.______________________________________________________________________ 
 
c.______________________________________________________________________ 
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APPENDIX B 
PHYSICAL ACTIVITY AND DIETARY QUESTIONNAIRE 

PHYSICAL ACTIVITY & DIETARY QUESTIONNAIRE 
 

Subject #:_______________________  
  
  
Please answer the following questions regarding your current exercise participation 
and dietary habits: 
 
 1. Do you currently participate in weight lifting?   Yes / No 
  If Yes, how often and how much resistance exercise do you perform: 
  __________________________________________________________ 
  __________________________________________________________ 
  

2. During the past two years have you participated in either 
bodybuilding or powerlifting?     Yes / No 

 
3. Do you currently perform aerobic exercise?    Yes / No 

 
  If Yes: 
  How many times per week _______________________________________ 
 
  How long do you perform cardio each session ________________________ 
 
  What type of exercise (running, biking, etc) __________________________ 
 
  How intense (mild, moderate, high) ________________________________  

 
4. Do you currently perform any recreational sports activity or  
 participate in any physical activity?     Yes / No 

 
If Yes: 

  How many times per week _______________________________________ 
 
  How long do you perform cardio each session ________________________ 
 
  What type of exercise (running, biking, etc) __________________________ 
 
  How intense (mild, moderate, high) ________________________________  
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5. Are you currently on a diet, including a low calorie, low fat,  
 high protein, or a low carbohydrate diet?    Yes / No 
 If Yes, please explain your diet: 
 ____________________________________________________________ 

____________________________________________________________ 
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APPENDIX C 
LIST OF EXCLUDED NUTRITIONAL SUPPLEMENTS 

Subjects were excluded from this study if they had consumed any of the following 

nutritional supplements within 1 month from beginning the study:   

1. Creatine 
 
2. Ephedra 
 
3. Dehydroepiandrosterone (DHEA) 
 
4. Tribulus Terresteris 
 
5. ZMA™ 
 
6. Androstendione 
 
7. GAKIC 
 
8. Any other nutritional supplement/ergogenic aid that is intended to enhance exercise 

performance 
 
9. Any other nutritional supplement that has been demonstrated to affect hormonal 

levels 
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APPENDIX D 
DIETARY RECORD 

 

 
SUBJECT #____________     SESSION #_____________ 
 
Please record what you eat and drink for the entire day.  Please be as specific as 
possible for serving size, how food is prepared, and amount of each serving. 
 
 
Time Food/Drink Brand Name/Restaurant Serving Size 
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APPENDIX E 
POWER CALCULATIONS 

Ahtiainen et al.8 2004  (N=8) 
 
Pre Exercise Growth hormone concentrations: 0.1 ± 0.2 µg/L 
Post Exercise: 15.9 ± 9.9 µg/L  
 
n per group = 2[(Zα-Zβ)σ/(u1-u2)]2 
 
Zα = alpha level for two tailed Z 
Zβ = lower one-tailed Z value that is related to β 
σ = maximum variance 
u1-u2 = difference between mean 1 and 2 
 
n = 2[(1.96 + 0.84)(9.9)/(15.9)]2 
 
= 2(3.08) = 6.16 subjects 
so, 7 subjects per group or 14 total subjects 
 
Power = 0.80 
Significance = 0.05 
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APPENDIX F 
PLASMA VOLUME FLUCTATIONS FOLLOWING EXERCISE 

 

Table 6.  Percent plasma volume fluctuations following traditional and eccentric- 
enhanced resistance training.  

PLASMA VOLUME TRADITIONAL 
GROUP 

ECC-
ENHANCED 

GROUP 
Baseline 100 % 100 % 

Immediately Post Exercise -7.8% ± 2.3* -5.3% ± 1.8* 
15 Minutes Post Exercise -1.9% ± 2.1 -1.2% ± 1.6 
30 Minutes Post Exercise -0.4% ± 2.6 +2.4% ± 1.2 
45 Minutes Post Exercise +5.1% ± 3.1 +1.1% ± 1.1 

TR
A

D
IT

IO
N

A
L 

R
ES

IS
TA

N
C

E 
EX

ER
C

IS
E 

TE
ST

IN
G

 

60 Minutes Post Exercise +3.5% ± 2.8 +1.3% ± 2.3 
Baseline 100% 100% 
Immediately Post Exercise -6.5% ± 2.9* -8.1% ± 1.6* 
15 Minutes Post Exercise +6.2% ± 2.6 +4.3% ± 2.0 
30 Minutes Post Exercise +2.9% ± 3.1 +4.1% ± 2.1 
45 Minutes Post Exercise +7.8% ± 2.2* +4.5% ± 1.9* B

A
SE

LI
N

E 
TR

A
D

IT
IO

N
A

L 
V

S.
 E

C
C

-

60 Minutes Post Exercise +2.7% ± 3.1 +4.5% ± 2.2 
Baseline 100% 100% 
Immediately Post Exercise -11.0% ± 1.1* -10.6% ± 1.8* 
15 Minutes Post Exercise -2.5% ± 1.9 -1.9% ± 1.9 
30 Minutes Post Exercise +2.1% ± 1.3 +1.9% ± 1.8 
45 Minutes Post Exercise +3.3% ± 1.7 +2.0% ± 2.1 

PO
ST

-
IN

TE
R

V
EN

TI
O

N
 

TR
A

D
IT

IO
N

A
L 

60 Minutes Post Exercise +0.9% ± 0.8 +1.0% ± 2.0 
 

* Indicates significant difference from corresponding baseline value (p<0.05).  Data are 
presented as Mean Change ± SE.



74 

 
LIST OF REFERENCES 

1. Aakvaag, A, T Sand, PK Opstad, and F Fonnum. Hormonal changes in serum in 
young men during prolonged physical strain. Eur J Appl Physiol Occup Physiol. 
39:283-291, 1978. 

2. Abbott, BC and B Bigland. The effects of force and speed changes on the rate of 
oxygen consumption during negative work. J Physiol. 120:319-325, 1953. 

3. Abbott, BC, B Bigland, and JM Ritchie. The physiological cost of negative work. J 
Physiol. 117:380-390, 1952. 

4. Ahmadizad, S and MS El-Sayed. The acute effects of resistance exercise on the 
main determinants of blood rheology. J Sports Sci. 23:243-249, 2005. 

5. Ahtiainen, JP, A Pakarinen, M Alen, WJ Kraemer, and K Hakkinen. Muscle 
hypertrophy, hormonal adaptations and strength development during strength 
training in strength-trained and untrained men. Eur J Appl Physiol. 89:555-563, 
2003. 

6. Ahtiainen, JP, A Pakarinen, M Alen, WJ Kraemer, and K Hakkinen. Short vs. long 
rest period between the sets in hypertrophic resistance training: influence on muscle 
strength, size, and hormonal adaptations in trained men. J Strength Cond Res. 
19:572-582, 2005. 

7. Ahtiainen, JP, A Pakarinen, WJ Kraemer, and K Hakkinen. Acute hormonal and 
neuromuscular responses and recovery to forced vs maximum repetitions multiple 
resistance exercises. Int J Sports Med. 24:410-418, 2003. 

8. Ahtiainen, JP, A Pakarinen, WJ Kraemer, and K Hakkinen. Acute hormonal 
responses to heavy resistance exercise in strength athletes versus nonathletes. Can J 
Appl Physiol. 29:527-543, 2004. 

9. Albertsson-Wirkland, K, S Eden, and O Isaksson. In vitro effects of growth 
hormone on protein synthesis and amino acid transport in the rat diaphragm after 
acute hypophysectomy. Acta Physiol Scand. 105:215-221, 1979. 

10. Alen, M, A Pakarinen, K Hakkinen, and PV Komi. Responses of serum 
androgenic-anabolic and catabolic hormones to prolonged strength training. Int J 
Sports Med. 9:229-233, 1988. 



75 

 

11. Ansved, T. Muscle training in muscular dystrophies. Acta Physiol Scand. 171:359-
366, 2001. 

12. Asp, S, JR Daugaard, S Kristiansen, B Kiens, and EA Richter. Exercise metabolism 
in human skeletal muscle exposed to prior eccentric exercise. J Physiol. 509 ( Pt 
1):305-313, 1998. 

13. Asp, S, JR Daugaard, and EA Richter. Eccentric exercise decreases glucose 
transporter GLUT4 protein in human skeletal muscle. J Physiol. 482 ( Pt 3):705-
712, 1995. 

14. Baker, TL. Sleep apnea disorders. Introduction to sleep and sleep disorders. Med 
Clin North Am. 69:1123-1152, 1985. 

15. Bamman, MM, JR Shipp, J Jiang, BA Gower, GR Hunter, A Goodman, CL 
McLafferty, Jr., and RJ Urban. Mechanical load increases muscle IGF-I and 
androgen receptor mRNA concentrations in humans. Am J Physiol Endocrinol 
Metab. 280:E383-390, 2001. 

16. Banister, EW and BJ Cameron. Exercise-induced hyperammonemia: peripheral and 
central effects. Int J Sports Med. 11 Suppl 2:S129-142, 1990. 

17. Barstow, IK, MD Bishop, and TW Kaminski. Is enhanced-eccentric resistance 
training superior to traditional rraining for increasing elbow flexor strength? J 
Sports Sci Med. 2:62-69, 2003. 

18. Berger, RA. Effect of varied weight training programs on strength. Res Q. 33:168-
181, 1962. 

19. Bhasin, S, L Woodhouse, and TW Storer. Proof of the effect of testosterone on 
skeletal muscle. J Endocrinol. 170:27-38, 2001. 

20. Bigland-Ritchie, B and JJ Woods. Integrated electromyogram and oxygen uptake 
during positive and negative work. J Physiol. 260:267-277, 1976. 

21. Bohannon, RW and PL Jones. Results of manual resistance exercise on a 
manifesting carrier of Duchenne muscular dystrophy. A case report. Phys Ther. 
66:973-975, 1986. 

22. Bonde-Petersen, F, HG Knuttgen, and J Henriksson. Muscle metabolism during 
exercise with concentric and eccentric contractions. J Appl Physiol. 33:792-795, 
1972. 

23. Borst, SE, DV De Hoyos, L Garzarella, K Vincent, BH Pollock, DT Lowenthal, 
and ML Pollock. Effects of resistance training on insulin-like growth factor-I and 
IGF binding proteins. Med Sci Sports Exerc. 33:648-653, 2001. 



76 

 

24. Bosco, C, R Colli, R Bonomi, SP von Duvillard, and A Viru. Monitoring strength 
training: neuromuscular and hormonal profile. Med Sci Sports Exerc. 32:202-208, 
2000. 

25. Brandenburg, JP and D Docherty. The effects of accentuated eccentric loading on 
strength, muscle hypertrophy, and neural adaptations in trained individuals. J 
Strength Cond Res. 16:25-32, 2002. 

26. Brodsky, IG, P Balagopal, and KS Nair. Effects of testosterone replacement on 
muscle mass and muscle protein synthesis in hypogonadal men--a clinical research 
center study. J Clin Endocrinol Metab. 81:3469-3475, 1996. 

27. Brown, LE and JP Weir. ASEP Procedural Recommendations I: Accurate 
Assessment of Muscular Strength and Power. J Ex Phys. 4:1-21, 2001. 

28. Brozek, J, F Grande, JT Anderson, and A Keys. Densitometric Analysis of Body 
Composition: Revision of Some Quantitative Assumptions. Ann N Y Acad Sci. 
110:113-140, 1963. 

29. Carroll, TJ, S Riek, and RG Carson. Neural adaptations to resistance training: 
implications for movement control. Sports Med. 31:829-840, 2001. 

30. Caruso, JF, DA Hernandez, K Saito, M Cho, and NM Nelson. Inclusion of 
eccentric actions on net caloric cost resulting from isoinertial resistance exercise. J 
Strength Cond Res. 17:549-555, 2003. 

31. Caruso, JF, WA Skelly, TD Cook, GJ Gibb, DR Mercado, and ML Meier. An 
isokinetic investigation of contractile mode's effect on the elbow flexors. J Strength 
Cond Res. 15:69-74, 2001. 

32. Chandler, RM, HK Byrne, JG Patterson, and JL Ivy. Dietary supplements affect the 
anabolic hormones after weight-training exercise. J Appl Physiol. 76:839-845, 
1994. 

33. Cheung, K, P Hume, and L Maxwell. Delayed onset muscle soreness: treatment 
strategies and performance factors. Sports Med. 33:145-164, 2003. 

34. Coleman, AE. Nautilus vs universal gym strength training in adult males. Am 
Correct Ther J. 31:103-107, 1977. 

35. Colliander, EB and PA Tesch. Effects of eccentric and concentric muscle actions in 
resistance training. Acta Physiol Scand. 140:31-39, 1990. 

36. Collins, MA, DW Hill, KJ Cureton, and JJ DeMello. Plasma volume change during 
heavy-resistance weight lifting. Eur J Appl Physiol Occup Physiol. 55:44-48, 1986. 



77 

 

37. Craig, BW, R Brown, and J Everhart. Effects of progressive resistance training on 
growth hormone and testosterone levels in young and elderly subjects. Mech 
Ageing Dev. 49:159-169, 1989. 

38. Deschenes, MR, WJ Kraemer, CM Maresh, and JF Crivello. Exercise-induced 
hormonal changes and their effects upon skeletal muscle tissue. Sports Med. 12:80-
93, 1991. 

39. Deschenes, MR, CM Maresh, LE Armstrong, J Covault, WJ Kraemer, and JF 
Crivello. Endurance and resistance exercise induce muscle fiber type specific 
responses in androgen binding capacity. J Steroid Biochem Mol Biol. 50:175-179, 
1994. 

40. Dill, DB and DL Costill. Calculation of percentage changes in volumes of blood, 
plasma, and red cells in dehydration. J Appl Physiol. 37:247-248, 1974. 

41. Diver, MJ. Analytical and physiological factors affecting the interpretation of 
serum testosterone concentration in men. Ann Clin Biochem. 43:3-12, 2006. 

42. Doan, BK, RU Newton, JL Marsit, NT Triplett-McBride, LP Koziris, AC Fry, and 
WJ Kraemer. Effects of increased eccentric loading on bench press 1RM. J 
Strength Cond Res. 16:9-13, 2002. 

43. Dreyer, HC, CE Blanco, FR Sattler, ET Schroeder, and RA Wiswell. Satellite cell 
numbers in young and older men 24 hours after eccentric exercise. Muscle Nerve. 
33:242-253, 2006. 

44. Duchateau, J, JG Semmler, and RM Enoka. Training Adapations in the Behavior of 
Human Motor Units. J Appl Physiol, 2006. 

45. Dudley, GA, PA Tesch, RT Harris, CL Golden, and P Buchanan. Influence of 
eccentric actions on the metabolic cost of resistance exercise. Aviat Space Environ 
Med. 62:678-682, 1991. 

46. Dudley, GA, PA Tesch, BJ Miller, and P Buchanan. Importance of eccentric 
actions in performance adaptations to resistance training. Aviat Space Environ 
Med. 62:543-550, 1991. 

47. Durand, RJ, VD Castracane, DB Hollander, JL Tryniecki, MM Bamman, S O'Neal, 
EP Hebert, and RR Kraemer. Hormonal responses from concentric and eccentric 
muscle contractions. Med Sci Sports Exerc. 35:937-943, 2003. 

48. Elias, AN, AF Wilson, S Naqvi, and MR Pandian. Effects of blood pH and blood 
lactate on growth hormone, prolactin, and gonadotropin release after acute exercise 
in male volunteers. Proc Soc Exp Biol Med. 214:156-160, 1997. 

49. Farthing, JP and PD Chilibeck. The effects of eccentric and concentric training at 
different velocities on muscle hypertrophy. Eur J Appl Physiol. 89:578-586, 2003. 



78 

 

50. Ferrando, AA, KD Tipton, D Doyle, SM Phillips, J Cortiella, and RR Wolfe. 
Testosterone injection stimulates net protein synthesis but not tissue amino acid 
transport. Am J Physiol. 275:E864-871, 1998. 

51. Friedmann, B, R Kinscherf, S Vorwald, H Muller, K Kucera, S Borisch, G Richter, 
P Bartsch, and R Billeter. Muscular adaptations to computer-guided strength 
training with eccentric overload. Acta Physiol Scand. 182:77-88, 2004. 

52. Fryburg, DA and EJ Barrett. Growth hormone acutely stimulates skeletal muscle 
but not whole-body protein synthesis in humans. Metabolism. 42:1223-1227, 1993. 

53. Fryburg, DA, RA Gelfand, and EJ Barrett. Growth hormone acutely stimulates 
forearm muscle protein synthesis in normal humans. Am J Physiol. 260:E499-504, 
1991. 

54. Fryburg, DA, RJ Louard, KE Gerow, RA Gelfand, and EJ Barrett. Growth 
hormone stimulates skeletal muscle protein synthesis and antagonizes insulin's 
antiproteolytic action in humans. Diabetes. 41:424-429, 1992. 

55. Gabriel, DA, G Kamen, and G Frost. Neural adaptations to resistive exercise: 
mechanisms and recommendations for training practices. Sports Med. 36:133-149, 
2006. 

56. Gettman, LR, JJ Ayres, ML Pollock, and A Jackson. The effect of circuit weight 
training on strength, cardiorespiratory function, and body composition of adult 
men. Med Sci Sports. 10:171-176, 1978. 

57. Gleeson, M, AK Blannin, NP Walsh, CN Field, and JC Pritchard. Effect of 
exercise-induced muscle damage on the blood lactate response to incremental 
exercise in humans. Eur J Appl Physiol Occup Physiol. 77:292-295, 1998. 

58. Gleeson, M, AK Blannin, B Zhu, S Brooks, and R Cave. Cardiorespiratory, 
hormonal and haematological responses to submaximal cycling performed 2 days 
after eccentric or concentric exercise bouts. J Sports Sci. 13:471-479, 1995. 

59. Godard, M, J Wygand, R Carpinelli, S Catalano, and R Otto. Effects of 
Accentuated Eccentric Resistance Training on Concentric Knee Extensor Strength. 
J Strength Cond Res. 12:26-29, 1998. 

60. Godfrey, RJ, Z Madgwick, and GP Whyte. The exercise-induced growth hormone 
response in athletes. Sports Med. 33:599-613, 2003. 

61. Golden, CL and GA Dudley. Strength after bouts of eccentric or concentric actions. 
Med Sci Sports Exerc. 24:926-933, 1992. 

62. Gonzalez-Santos, MR, OV Gaja-Rodriguez, R Alonso-Uriarte, I Sojo-Aranda, and 
V Cortes-Gallegos. Sleep deprivation and adaptive hormonal responses of healthy 
men. Arch Androl. 22:203-207, 1989. 



79 

 

63. Goto, K, K Sato, and K Takamatsu. A single set of low intensity resistance exercise 
immediately following high intensity resistance exercise stimulates growth 
hormone secretion in men. J Sports Med Phys Fitness. 43:243-249, 2003. 

64. Gotshalk, LA, CC Loebel, BC Nindl, M Putukian, WJ Sebastianelli, RU Newton, K 
Hakkinen, and WJ Kraemer. Hormonal responses of multiset versus single-set 
heavy-resistance exercise protocols. Can J Appl Physiol. 22:244-255, 1997. 

65. Graves, JE, ML Pollock, and JF Carroll. Exercise, age, and skeletal muscle 
function. South Med J. 87:S17-22, 1994. 

66. Griggs, RC, W Kingston, RF Jozefowicz, BE Herr, G Forbes, and D Halliday. 
Effect of testosterone on muscle mass and muscle protein synthesis. J Appl Physiol. 
66:498-503, 1989. 

67. Haddock, BL and LD Wilkin. Resistance training volume and post exercise energy 
expenditure. Int J Sports Med. 27:143-148, 2006. 

68. Hakkinen, K and A Pakarinen. Acute hormonal responses to heavy resistance 
exercise in men and women at different ages. Int J Sports Med. 16:507-513, 1995. 

69. Hakkinen, K and A Pakarinen. Acute hormonal responses to two different fatiguing 
heavy-resistance protocols in male athletes. J Appl Physiol. 74:882-887, 1993. 

70. Hakkinen, K, A Pakarinen, M Alen, H Kauhanen, and PV Komi. Neuromuscular 
and hormonal responses in elite athletes to two successive strength training sessions 
in one day. Eur J Appl Physiol Occup Physiol. 57:133-139, 1988. 

71. Hakkinen, K, A Pakarinen, M Alen, H Kauhanen, and PV Komi. Relationships 
between training volume, physical performance capacity, and serum hormone 
concentrations during prolonged training in elite weight lifters. Int J Sports Med. 8 
Suppl 1:61-65, 1987. 

72. Hakkinen, K, A Pakarinen, M Alen, and PV Komi. Serum hormones during 
prolonged training of neuromuscular performance. Eur J Appl Physiol Occup 
Physiol. 53:287-293, 1985. 

73. Hakkinen, K, A Pakarinen, WJ Kraemer, RU Newton, and M Alen. Basal 
concentrations and acute responses of serum hormones and strength development 
during heavy resistance training in middle-aged and elderly men and women. J 
Gerontol A Biol Sci Med Sci. 55:B95-105, 2000. 

74. Hammarqvist, F, C Stromberg, A von der Decken, E Vinnars, and J Wernerman. 
Biosynthetic human growth hormone preserves both muscle protein synthesis and 
the decrease in muscle-free glutamine, and improves whole-body nitrogen economy 
after operation. Ann Surg. 216:184-191, 1992. 



80 

 

75. Hansen, S, T Kvorning, M Kjaer, and G Sjogaard. The effect of short-term strength 
training on human skeletal muscle: the importance of physiologically elevated 
hormone levels. Scand J Med Sci Sports. 11:347-354, 2001. 

76. Hather, BM, PA Tesch, P Buchanan, and GA Dudley. Influence of eccentric 
actions on skeletal muscle adaptations to resistance training. Acta Physiol Scand. 
143:177-185, 1991. 

77. Held, T and B Marti. Substantial influence of level of endurance capacity on the 
association of perceived exertion with blood lactate accumulation. Int J Sports 
Med. 20:34-39, 1999. 

78. Hickson, RC, K Hidaka, C Foster, MT Falduto, and RT Chatterton, Jr. Successive 
time courses of strength development and steroid hormone responses to heavy-
resistance training. J Appl Physiol. 76:663-670, 1994. 

79. Higbie, EJ, KJ Cureton, GL Warren, 3rd, and BM Prior. Effects of concentric and 
eccentric training on muscle strength, cross-sectional area, and neural activation. J 
Appl Physiol. 81:2173-2181, 1996. 

80. Hirose, L, K Nosaka, M Newton, A Laveder, M Kano, J Peake, and K Suzuki. 
Changes in inflammatory mediators following eccentric exercise of the elbow 
flexors. Exerc Immunol Rev. 10:75-90, 2004. 

81. Hislop, HJ and JJ Perrine. The isokinetic concept of exercise. Phys Ther. 47:114-
117, 1967. 

82. Hoffman, JR, J Im, KW Rundell, J Kang, S Nioka, BA Spiering, R Kime, and B 
Chance. Effect of muscle oxygenation during resistance exercise on anabolic 
hormone response. Med Sci Sports Exerc. 35:1929-1934, 2003. 

83. Hollander, DB, RJ Durand, JL Trynicki, D Larock, VD Castracane, EP Hebert, and 
RR Kraemer. RPE, pain, and physiological adjustment to concentric and eccentric 
contractions. Med Sci Sports Exerc. 35:1017-1025, 2003. 

84. Holloszy, JO and EF Coyle. Adaptations of skeletal muscle to endurance exercise 
and their metabolic consequences. J Appl Physiol. 56:831-838, 1984. 

85. Horstmann, T, F Mayer, J Maschmann, A Niess, K Roecker, and HH Dickhuth. 
Metabolic reaction after concentric and eccentric endurance-exercise of the knee 
and ankle. Med Sci Sports Exerc. 33:791-795, 2001. 

86. Hortobagyi, T and P DeVita. Favorable neuromuscular and cardiovascular 
responses to 7 days of exercise with an eccentric overload in elderly women. J 
Gerontol A Biol Sci Med Sci. 55:B401-410, 2000. 



81 

 

87. Hortobagyi, T, P Devita, J Money, and J Barrier. Effects of standard and eccentric 
overload strength training in young women. Med Sci Sports Exerc. 33:1206-1212, 
2001. 

88. Hortobagyi, T, JP Hill, JA Houmard, DD Fraser, NJ Lambert, and RG Israel. 
Adaptive responses to muscle lengthening and shortening in humans. J Appl 
Physiol. 80:765-772, 1996. 

89. Hultman, E. Fuel selection, muscle fibre. Proc Nutr Soc. 54:107-121, 1995. 

90. Hunter, GR, D Seelhorst, and S Snyder. Comparison of metabolic and heart rate 
responses to super slow vs. traditional resistance training. J Strength Cond Res. 
17:76-81, 2003. 

91. Jackson, AS and ML Pollock. Generalized equations for predicting body density of 
men. 1978. Br J Nutr. 91:161-168, 2004. 

92. Jenkins, PJ. Growth hormone and exercise. Clin Endocrinol (Oxf). 50:683-689, 
1999. 

93. Johnson, BL, JW Adamczyk, KO Tennoe, and SB Stromme. A comparison of 
concentric and eccentric muscle training. Med Sci Sports. 8:35-38, 1976. 

94. Jones, DA and OM Rutherford. Human muscle strength training: the effects of 
three different regimens and the nature of the resultant changes. J Physiol. 391:1-
11, 1987. 

95. Kaminski, TW, CV Wabbersen, and RM Murphy. Concentric Versus Enhanced 
Eccentric Hamstring Strength Training: Clinical Implications. J Ath Train. 33:216-
221, 1998. 

96. Kang, J, JR Hoffman, J Im, BA Spiering, NA Ratamess, KW Rundell, S Nioka, J 
Cooper, and B Chance. Evaluation of physiological responses during recovery 
following three resistance exercise programs. J Strength Cond Res. 19:305-309, 
2005. 

97. Katz, B. The Relationship Between Force and Speed in Muscular Contraction. J 
Physiol. 96:45-64, 1939. 

98. Kawada, S and N Ishii. Skeletal muscle hypertrophy after chronic restriction of 
venous blood flow in rats. Med Sci Sports Exerc. 37:1144-1150, 2005. 

99. Kell, RT, G Bell, and A Quinney. Musculoskeletal fitness, health outcomes and 
quality of life. Sports Med. 31:863-873, 2001. 

100. Kilgore, JL, GW Pendlay, JS Reeves, and TG Kilgore. Serum chemistry and 
hematological adaptations to 6 weeks of moderate to intense resistance training. J 
Strength Cond Res. 16:509-515, 2002. 



82 

 

101. Knuttgen, HG. Human performance in high-intensity exercise with concentric and 
eccentric muscle contractions. Int J Sports Med. 7 Suppl 1:6-9, 1986. 

102. Komi, PV and JT Viitasalo. Changes in motor unit activity and metabolism in 
human skeletal muscle during and after repeated eccentric and concentric 
contractions. Acta Physiol Scand. 100:246-254, 1977. 

103. Kraemer, RR, DB Hollander, GV Reeves, M Francois, ZG Ramadan, B Meeker, JL 
Tryniecki, EP Hebert, and VD Castracane. Similar hormonal responses to 
concentric and eccentric muscle actions using relative loading. Eur J Appl Physiol. 
96:551-557, 2006. 

104. Kraemer, WJ, K Adams, E Cafarelli, GA Dudley, C Dooly, MS Feigenbaum, SJ 
Fleck, B Franklin, AC Fry, JR Hoffman, RU Newton, J Potteiger, MH Stone, NA 
Ratamess, and T Triplett-McBride. American College of Sports Medicine position 
stand. Progression models in resistance training for healthy adults. Med Sci Sports 
Exerc. 34:364-380, 2002. 

105. Kraemer, WJ, GA Dudley, PA Tesch, SE Gordon, BM Hather, JS Volek, and NA 
Ratamess. The influence of muscle action on the acute growth hormone response to 
resistance exercise and short-term detraining. Growth Horm IGF Res. 11:75-83, 
2001. 

106. Kraemer, WJ, SJ Fleck, JE Dziados, EA Harman, LJ Marchitelli, SE Gordon, R 
Mello, PN Frykman, LP Koziris, and NT Triplett. Changes in hormonal 
concentrations after different heavy-resistance exercise protocols in women. J Appl 
Physiol. 75:594-604, 1993. 

107. Kraemer, WJ, SJ Fleck, CM Maresh, NA Ratamess, SE Gordon, KL Goetz, EA 
Harman, PN Frykman, JS Volek, SA Mazzetti, AC Fry, LJ Marchitelli, and JF 
Patton. Acute hormonal responses to a single bout of heavy resistance exercise in 
trained power lifters and untrained men. Can J Appl Physiol. 24:524-537, 1999. 

108. Kraemer, WJ, AC Fry, BJ Warren, MH Stone, SJ Fleck, JT Kearney, BP Conroy, 
CM Maresh, CA Weseman, NT Triplett, and et al. Acute hormonal responses in 
elite junior weightlifters. Int J Sports Med. 13:103-109, 1992. 

109. Kraemer, WJ, SE Gordon, SJ Fleck, LJ Marchitelli, R Mello, JE Dziados, K Friedl, 
E Harman, C Maresh, and AC Fry. Endogenous anabolic hormonal and growth 
factor responses to heavy resistance exercise in males and females. Int J Sports 
Med. 12:228-235, 1991. 

110. Kraemer, WJ, K Hakkinen, RU Newton, BC Nindl, JS Volek, M McCormick, LA 
Gotshalk, SE Gordon, SJ Fleck, WW Campbell, M Putukian, and WJ Evans. 
Effects of heavy-resistance training on hormonal response patterns in younger vs. 
older men. J Appl Physiol. 87:982-992, 1999. 



83 

 

111. Kraemer, WJ, L Marchitelli, SE Gordon, E Harman, JE Dziados, R Mello, P 
Frykman, D McCurry, and SJ Fleck. Hormonal and growth factor responses to 
heavy resistance exercise protocols. J Appl Physiol. 69:1442-1450, 1990. 

112. Kraemer, WJ, BJ Noble, MJ Clark, and BW Culver. Physiologic responses to 
heavy-resistance exercise with very short rest periods. Int J Sports Med. 8:247-252, 
1987. 

113. Kraemer, WJ and NA Ratamess. Hormonal responses and adaptations to resistance 
exercise and training. Sports Med. 35:339-361, 2005. 

114. Kraemer, WJ, RS Staron, FC Hagerman, RS Hikida, AC Fry, SE Gordon, BC 
Nindl, LA Gothshalk, JS Volek, JO Marx, RU Newton, and K Hakkinen. The 
effects of short-term resistance training on endocrine function in men and women. 
Eur J Appl Physiol Occup Physiol. 78:69-76, 1998. 

115. Kraemer, WJ, JS Volek, JA Bush, M Putukian, and WJ Sebastianelli. Hormonal 
responses to consecutive days of heavy-resistance exercise with or without 
nutritional supplementation. J Appl Physiol. 85:1544-1555, 1998. 

116. Kraemer, WJ, JS Volek, DN French, MR Rubin, MJ Sharman, AL Gomez, NA 
Ratamess, RU Newton, B Jemiolo, BW Craig, and K Hakkinen. The effects of L-
carnitine L-tartrate supplementation on hormonal responses to resistance exercise 
and recovery. J Strength Cond Res. 17:455-462, 2003. 

117. Lagally, KM, RJ Robertson, KI Gallagher, FL Goss, JM Jakicic, SM Lephart, ST 
McCaw, and B Goodpaster. Perceived exertion, electromyography, and blood 
lactate during acute bouts of resistance exercise. Med Sci Sports Exerc. 34:552-
559; discussion 560, 2002. 

118. LaStayo, PC, GA Ewy, DD Pierotti, RK Johns, and S Lindstedt. The positive 
effects of negative work: increased muscle strength and decreased fall risk in a frail 
elderly population. J Gerontol A Biol Sci Med Sci. 58:M419-424, 2003. 

119. Lastayo, PC, TE Reich, M Urquhart, H Hoppeler, and SL Lindstedt. Chronic 
eccentric exercise: improvements in muscle strength can occur with little demand 
for oxygen. Am J Physiol. 276:R611-615, 1999. 

120. Lauber, RP and NF Sheard. The American Heart Association Dietary Guidelines 
for 2000: a summary report. Nutr Rev. 59:298-306, 2001. 

121. Lepage, R. Measurement of testosterone and its sub-fractions in Canada. Clin 
Biochem. 39:97-108, 2006. 

122. Linnamo, V, T Moritani, C Nicol, and PV Komi. Motor unit activation patterns 
during isometric, concentric and eccentric actions at different force levels. J 
Electromyogr Kinesiol. 13:93-101, 2003. 



84 

 

123. Livingston, EH and L Cassidy. Statistical Power and Estimation of the Number of 
Required Subjects for a Study Based on the t-Test: A Surgeon's Primer(1). J Surg 
Res. 128:207-217, 2005. 

124. Luger, A, B Watschinger, P Deuster, T Svoboda, M Clodi, and GP Chrousos. 
Plasma growth hormone and prolactin responses to graded levels of acute exercise 
and to a lactate infusion. Neuroendocrinology. 56:112-117, 1992. 

125. MacRae, HS, SC Dennis, AN Bosch, and TD Noakes. Effects of training on lactate 
production and removal during progressive exercise in humans. J Appl Physiol. 
72:1649-1656, 1992. 

126. Margo, K and R Winn. Testosterone treatments: why, when, and how? Am Fam 
Physician. 73:1591-1598, 2006. 

127. Marx, JO, NA Ratamess, BC Nindl, LA Gotshalk, JS Volek, K Dohi, JA Bush, AL 
Gomez, SA Mazzetti, SJ Fleck, K Hakkinen, RU Newton, and WJ Kraemer. Low-
volume circuit versus high-volume periodized resistance training in women. Med 
Sci Sports Exerc. 33:635-643, 2001. 

128. McCall, GE, WC Byrnes, SJ Fleck, A Dickinson, and WJ Kraemer. Acute and 
chronic hormonal responses to resistance training designed to promote muscle 
hypertrophy. Can J Appl Physiol. 24:96-107, 1999. 

129. Menard, MR, AM Penn, JW Lee, LA Dusik, and LD Hall. Relative metabolic 
efficiency of concentric and eccentric exercise determined by 31P magnetic 
resonance spectroscopy. Arch Phys Med Rehabil. 72:976-983, 1991. 

130. Mjolsnes, R, A Arnason, T Osthagen, T Raastad, and R Bahr. A 10-week 
randomized trial comparing eccentric vs. concentric hamstring strength training in 
well-trained soccer players. Scand J Med Sci Sports. 14:311-317, 2004. 

131. Morrissey, MC, EA Harman, PN Frykman, and KH Han. Early phase differential 
effects of slow and fast barbell squat training. Am J Sports Med. 26:221-230, 1998. 

132. Myers, J and E Ashley. Dangerous curves. A perspective on exercise, lactate, and 
the anaerobic threshold. Chest. 111:787-795, 1997. 

133. Nindl, BC, WJ Kraemer, JO Marx, AP Tuckow, and WC Hymer. Growth hormone 
molecular heterogeneity and exercise. Exerc Sport Sci Rev. 31:161-166, 2003. 

134. O'Hagan, FT, DG Sale, JD MacDougall, and SH Garner. Comparative effectiveness 
of accommodating and weight resistance training modes. Med Sci Sports Exerc. 
27:1210-1219, 1995. 

135. Opstad, PK and A Aakvaag. Decreased serum levels of oestradiol, testosterone and 
prolactin during prolonged physical strain and sleep deprivation, and the influence 
of a high calorie diet. Eur J Appl Physiol Occup Physiol. 49:343-348, 1982. 



85 

 

136. Paddon-Jones, D, M Leveritt, A Lonergan, and P Abernethy. Adaptation to chronic 
eccentric exercise in humans: the influence of contraction velocity. Eur J Appl 
Physiol. 85:466-471, 2001. 

137. Paddon-Jones, D, M Muthalib, and D Jenkins. The effects of a repeated bout of 
eccentric exercise on indices of muscle damage and delayed onset muscle soreness. 
J Sci Med Sport. 3:35-43, 2000. 

138. Palmer, RM, DJ Flint, JC MacRae, FE Fairhurst, LA Bruce, SC Mackie, and GE 
Lobley. Effects of growth hormone and an antiserum to rat growth hormone on 
serum IGF-I and muscle protein synthesis and accretion in the rat. J Endocrinol. 
139:395-401, 1993. 

139. Pardridge, WM. Serum bioavailability of sex steroid hormones. Clin Endocrinol 
Metab. 15:259-278, 1986. 

140. Paulsen, G, HB Benestad, I Strom-Gundersen, L Morkrid, KT Lappegard, and T 
Raastad. Delayed leukocytosis and cytokine response to high-force eccentric 
exercise. Med Sci Sports Exerc. 37:1877-1883, 2005. 

141. Peake, JM, K Suzuki, G Wilson, M Hordern, K Nosaka, L Mackinnon, and JS 
Coombes. Exercise-induced muscle damage, plasma cytokines, and markers of 
neutrophil activation. Med Sci Sports Exerc. 37:737-745, 2005. 

142. Pyka, G, RA Wiswell, and R Marcus. Age-dependent effect of resistance exercise 
on growth hormone secretion in people. J Clin Endocrinol Metab. 75:404-407, 
1992. 

143. Raastad, T, T Bjoro, and J Hallen. Hormonal responses to high- and moderate-
intensity strength exercise. Eur J Appl Physiol. 82:121-128, 2000. 

144. Ratamess, NA, WJ Kraemer, JS Volek, CM Maresh, JL Vanheest, MJ Sharman, 
MR Rubin, DN French, JD Vescovi, R Silvestre, DL Hatfield, SJ Fleck, and MR 
Deschenes. Androgen receptor content following heavy resistance exercise in men. 
J Steroid Biochem Mol Biol. 93:35-42, 2005. 

145. Rathbone, CR, JC Wenke, GL Warren, and RB Armstrong. Importance of satellite 
cells in the strength recovery after eccentric contraction-induced muscle injury. Am 
J Physiol Regul Integr Comp Physiol. 285:R1490-1495, 2003. 

146. Raue, U, B Terpstra, DL Williamson, PM Gallagher, and SW Trappe. Effects of 
short-term concentric vs. eccentric resistance training on single muscle fiber MHC 
distribution in humans. Int J Sports Med. 26:339-343, 2005. 

147. Reid, CM, RA Yeater, and IH Ullrich. Weight training and strength, 
cardiorespiratory functioning and body composition of men. Br J Sports Med. 
21:40-44, 1987. 



86 

 

148. Rhea, MR, BA Alvar, LN Burkett, and SD Ball. A meta-analysis to determine the 
dose response for strength development. Med Sci Sports Exerc. 35:456-464, 2003. 

149. Robergs, RA, F Ghiasvand, and D Parker. Biochemistry of exercise-induced 
metabolic acidosis. Am J Physiol Regul Integr Comp Physiol. 287:R502-516, 2004. 

150. Robergs, RA, MV Icenogle, TL Hudson, and ER Greene. Temporal inhomogeneity 
in brachial artery blood flow during forearm exercise. Med Sci Sports Exerc. 
29:1021-1027, 1997. 

151. Rooyackers, OE and KS Nair. Hormonal regulation of human muscle protein 
metabolism. Annu Rev Nutr. 17:457-485, 1997. 

152. Rubin, MR, WJ Kraemer, CM Maresh, JS Volek, NA Ratamess, JL Vanheest, R 
Silvestre, DN French, MJ Sharman, DA Judelson, AL Gomez, JD Vescovi, and 
WC Hymer. High-affinity growth hormone binding protein and acute heavy 
resistance exercise. Med Sci Sports Exerc. 37:395-403, 2005. 

153. Russell, WD. On the current status of rated perceived exertion. Percept Mot Skills. 
84:799-808, 1997. 

154. Sallinen, J, A Pakarinen, J Ahtiainen, WJ Kraemer, JS Volek, and K Hakkinen. 
Relationship between diet and serum anabolic hormone responses to heavy-
resistance exercise in men. Int J Sports Med. 25:627-633, 2004. 

155. Schapiro, RT. Symptom management in multiple sclerosis. Ann Neurol. 36 
Suppl:S123-129, 1994. 

156. Schwab, R, GO Johnson, TJ Housh, JE Kinder, and JP Weir. Acute effects of 
different intensities of weight lifting on serum testosterone. Med Sci Sports Exerc. 
25:1381-1385, 1993. 

157. Seger, JY, B Arvidsson, and A Thorstensson. Specific effects of eccentric and 
concentric training on muscle strength and morphology in humans. Eur J Appl 
Physiol Occup Physiol. 79:49-57, 1998. 

158. Seger, JY and A Thorstensson. Effects of eccentric versus concentric training on 
thigh muscle strength and EMG. Int J Sports Med. 26:45-52, 2005. 

159. Seliger, V, L Dolejs, and V Karas. A dynamometric comparison of maximum 
eccentric, concentric, and isometric contractions using emg and energy expenditure 
measurements. Eur J Appl Physiol Occup Physiol. 45:235-244, 1980. 

160. Sheffield-Moore, M. Androgens and the control of skeletal muscle protein 
synthesis. Ann Med. 32:181-186, 2000. 

161. Sheffield-Moore, M and RJ Urban. An overview of the endocrinology of skeletal 
muscle. Trends Endocrinol Metab. 15:110-115, 2004. 



87 

 

162. Sheppard, MC. The critical parameters in GH excess. J Endocrinol Invest. 28:92-
95, 2005. 

163. Smith, RC and OM Rutherford. The role of metabolites in strength training. I. A 
comparison of eccentric and concentric contractions. Eur J Appl Physiol Occup 
Physiol. 71:332-336, 1995. 

164. Sonksen, PH. Insulin, growth hormone and sport. J Endocrinol. 170:13-25, 2001. 

165. Spodaryk, K, U Szmatlan, and L Berger. The relationship of plasma ammonia and 
lactate concentrations to perceived exertion in trained and untrained women. Eur J 
Appl Physiol Occup Physiol. 61:309-312, 1990. 

166. Starkey, DB, ML Pollock, Y Ishida, MA Welsch, WF Brechue, JE Graves, and MS 
Feigenbaum. Effect of resistance training volume on strength and muscle thickness. 
Med Sci Sports Exerc. 28:1311-1320, 1996. 

167. Staron, RS, DL Karapondo, WJ Kraemer, AC Fry, SE Gordon, JE Falkel, FC 
Hagerman, and RS Hikida. Skeletal muscle adaptations during early phase of 
heavy-resistance training in men and women. J Appl Physiol. 76:1247-1255, 1994. 

168. Sturmi, JE and DJ Diorio. Anabolic agents. Clin Sports Med. 17:261-282, 1998. 

169. Tremblay, MS, JL Copeland, and W Van Helder. Effect of training status and 
exercise mode on endogenous steroid hormones in men. J Appl Physiol. 96:531-
539, 2004. 

170. Urban, RJ, YH Bodenburg, C Gilkison, J Foxworth, AR Coggan, RR Wolfe, and A 
Ferrando. Testosterone administration to elderly men increases skeletal muscle 
strength and protein synthesis. Am J Physiol. 269:E820-826, 1995. 

171. Vanhelder, WP, MW Radomski, and RC Goode. Growth hormone responses 
during intermittent weight lifting exercise in men. Eur J Appl Physiol Occup 
Physiol. 53:31-34, 1984. 

172. Vermeulen, A. Reflections concerning biochemical parameters of androgenicity. 
Aging Male. 7:280-289, 2004. 

173. Vingren, JL, LP Koziris, SE Gordon, WJ Kraemer, RT Turner, and KC Westerlind. 
Chronic alcohol intake, resistance training, and muscle androgen receptor content. 
Med Sci Sports Exerc. 37:1842-1848, 2005. 

174. Volek, JS, WJ Kraemer, JA Bush, T Incledon, and M Boetes. Testosterone and 
cortisol in relationship to dietary nutrients and resistance exercise. J Appl Physiol. 
82:49-54, 1997. 

175. Volpi, E, R Nazemi, and S Fujita. Muscle tissue changes with aging. Curr Opin 
Clin Nutr Metab Care. 7:405-410, 2004. 



88 

 

176. Weiss, LW, KJ Cureton, and FN Thompson. Comparison of serum testosterone and 
androstenedione responses to weight lifting in men and women. Eur J Appl Physiol 
Occup Physiol. 50:413-419, 1983. 

177. Westcott, WL, RA Winett, ES Anderson, JR Wojcik, RL Loud, E Cleggett, and S 
Glover. Effects of regular and slow speed resistance training on muscle strength. J 
Sports Med Phys Fitness. 41:154-158, 2001. 

178. Widrick, JJ, DL Costill, GK McConell, DE Anderson, DR Pearson, and JJ 
Zachwieja. Time course of glycogen accumulation after eccentric exercise. J Appl 
Physiol. 72:1999-2004, 1992. 

179. Willoughby, DS, B McFarlin, and C Bois. Interleukin-6 expression after repeated 
bouts of eccentric exercise. Int J Sports Med. 24:15-21, 2003. 

180. Willoughby, DS and L Taylor. Effects of sequential bouts of resistance exercise on 
androgen receptor expression. Med Sci Sports Exerc. 36:1499-1506, 2004. 

 



89 

 
BIOGRAPHICAL SKETCH 

Joshua F. Yarrow was born in Aurora, Illinois.  He moved to Phoenix, Arizona, in 

1986 with his family.  In 1997, Joshua graduated from Horizon High School, in 

Scottsdale, Arizona.  He started his college career at Paradise Valley Community College 

in Phoenix, Arizona, in August 1997.  One year later, he transferred to Arizona State 

University where he completed his bachelor’s degree in exercise science in May 2000.  In 

May 2002, he received a master’s degree in exercise and wellness at Arizona State 

University.  In August 2002, he began his doctoral degree in sports medicine/athletic 

training with a minor in human nutrition at the University of Florida. 

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ABSTRACT
	INTRODUCTION
	Significance
	Specific Aims and Hypotheses
	Specific Aim #1
	Hypothesis #1
	Specific Aim #2
	Hypothesis #2
	Specific Aim #3
	Hypothesis #3
	Specific Aim #4
	Hypothesis #4


	REVIEW OF LITERATURE
	Significance
	Eccentric Exercise
	Eccentric-Enhanced Exercise
	Anabolic Hormone Responses to Resistance Training
	Testosterone
	Growth Hormone
	Growth Hormone and Testosterone Responses to Resistance Exer

	Conclusion

	METHODS
	Subjects
	Inclusionary/Exclusionary Criteria
	Experimental Design
	Baseline Testing
	Exercise Training
	Follow-Up Testing
	Dietary Analysis
	Sleep Analysis
	Blood Collection
	Biochemical Analyses
	Sample Size


	RESULTS
	Subjects
	Biochemical Results
	Lactate
	Lactate Response to the Standardized Traditional Exercise Pr
	Lactate Responses to Standardized Traditional and Eccentric-
	Lactate Response to Standardized Traditional and Eccentric-E

	Testosterone
	Resting Testosterone
	Testosterone Responses to the Standardized Traditional Exerc
	Testosterone Responses to Standardized Traditional and Eccen
	Testosterone Responses to Standardized Traditional and Eccen

	Growth Hormone
	Growth Hormone Response to Standardized Traditional Exercise
	Growth Hormone Response to Standardized Traditional and Ecce
	Growth Hormone Response to Standardized Traditional and Ecce

	Plasma Volume
	Muscle Function
	Muscular Strength
	Muscular Endurance

	Rating of Perceived Exertion
	Training Volume
	Training Volume Per Exercise Session
	Total Accumulated Training Volume Across Five-Week Intervent

	Dietary Analysis
	Sleep Analysis

	DISCUSSION
	Metabolic Response to Resistance Exercise
	Lactate Responses to Standardized Traditional and Eccentric-
	Lactate Response to Resistance Training in Trained Men

	Testosterone
	Resting Testosterone
	Testosterone Response to Standardized Traditional Resistance
	Testosterone Response to Standardized Traditional and Eccent
	Testosterone Responses to Traditional and Eccentric-Enhanced

	Growth Hormone
	Growth Hormone Response to Standardized Traditional Resistan
	Growth Hormone Response to Standardized Traditional and Ecce
	Growth Hormone Response to Traditional and Eccentric-Enhance

	Muscular Function and Eccentric-Enhanced Resistance Training
	Muscular Strength
	Muscular Endurance

	Training Volume
	Conclusion
	Clinical Implications
	Future Directions

	HEALTH HISTORY QUESTIONNAIRE
	PHYSICAL ACTIVITY AND DIETARY QUESTIONNAIRE
	LIST OF EXCLUDED NUTRITIONAL SUPPLEMENTS
	DIETARY RECORD
	POWER CALCULATIONS
	PLASMA VOLUME FLUCTATIONS FOLLOWING EXERCISE
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH



