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Abstract 

The purpose of this study was twofold: 1. To determine the effect of isokinetic 

eccentric training at high and low contraction velocity on cross education, and 2. To 

determine the effect of isokinetic eccentric and concentric training at high and low 

contraction velocity on muscle hypertrophy. Cross Education is defined as an increase in 

strength of the untrained (contralateral) limb after a period of unilateral (single limb) 

resistance training. The effect is especially evident after eccentric training. Muscle 

hypertrophy is the increase in muscle size. Twenty-six untrained volunteer subjects (11 

males and 15 females, age 18-36) were randomized into either a fast velocity (180°/s) 

training group (FAST) or a slow velocity (30°/s) training group (SLOW), where they 

would complete two eight-week phases of unilateral isokinetic resistance training of the 

elbow flexors muscle group. Each training phase was separated by a five-week wash out 

phase. Phase I included only eccentric training of either the right or left arm 

(randomized), and Phase II included only concentric isokinetic training of the opposite 

arm. Ten additional subjects (2 males and 8 females) served as non-training controls 

(CTR). Pre and post elbow flexors peak torque in both arms at eccentric fast (180°/s) and 

slow (30°/s), and concentric fast (180°/s) and slow (30°/s) velocity was measured on a 

Biodex isokinetic dynamometer. Pre and post elbow flexors muscle thickness in both 

arms was measured by B-mode muscle ultrasound. Electromyography (EMG) 

measurements were taken from the elbow flexors of both arms during a single training 

session in both phases of the experiment. At the completion of eccentric training at the 

end of Phase I, cross education could be analyzed. Fast velocity eccentric training 

resulted in significant cross education (13%; p< .05), which was specific to the training 
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velocity (180°/s). Slow velocity eccentric training failed to result in any significant 

strength changes in the untrained arm. After Phase I, there were no significant changes in 

muscle thickness for the untrained arm in any group, and the average EMG activity in the 

non-training arm of the training groups was negligible (1.6% ofEMG during maximal 

isometric contractions). At the end of Phase II, six separate groups of arms were 

compared: 1. Eccentric fast trained (ECCF AST), 2. Eccentric slow trained (ECCSLOW), 

3. Concentric fast trained (CONF AST), 4. Concentric slow trained (CONSLOW), 5. 

Eccentric control arm (CTR), and 6. Concentric control arm (CTR). Overall the 

eccentrically trained arms resulted in greater changes in muscle thickness than the 

concentrically trained arms {p<.Ol). The control group arms showed no significant 

changes in muscle thickness. ECCF AST showed a significantly greater change in muscle 

thickness (13%) than CONFAST (2.6%), CONSLOW (5.3%), and CTR (-1.2%) (p<.01). 

ECCSLOW showed a significantly greater change in muscle thickness (7.8%) than CTR 

{p<.O 1 ). CONSLOW and CONF AST showed no significant difference from CTR. There 

was a non-significant trend for higher median frequency (MF) for ECCF AST than 

CONFAST, and higher MF for CONSLOW than ECCSLOW (p = .051). We conclude 

that cross education, specific to contraction velocity, occurs after fast but not slow 

eccentric training. High velocity eccentric training is most beneficial for muscle 

hypertrophy. This may be due to a greater recruitment of fast-twitch motor units during 

high velocity eccentric contractions. 

111 



Acknowledgements 

I would like to thank my advisor Dr. Phil Chilibeck for all his wisdom and input 

that went into this thesis. Thank you for all the time you spent with me running statistics 

and reviewing my writing. Thank you especially for the interest you showed in my 

project. You made me feel more like a colleague than a student, and that allowed me to 

feel confident in sharing my ideas with you. 

I would also like to thank my committee members Dr. Karen Chad and Dr. Don 

Drinkwater for their input towards this thesis, and especially for their time spent in 

committee meetings and reviewing my thesis. 

A special thank you to Doug Jacobson who was very patient with me as I spent 

many hours down in the physiology lab testing and training subjects. Thank you also for 

helping with the lab equipment when they needed adjustments or repair. 

I would also like to acknowledge the College of Kinesiology for the scholarship 

support that I received throughout the duration of my Master's program. 

iv 



Dedication 

This thesis is dedicated to my wife Danielle and to my mother Grace, and father 

Gerald. To my wife Danielle, for being very patient with me as I spent long hours in the 

lab and at the computer, and for her love and support. To my mother and father, for 

always encouraging but never pushing me, and for their love and support. 

v 



Table of Contents 

Permission to Use ..................................................................................... i 

Abstract ................................................................................................ ii 

Acknowledgements .................................................................................. iv 

Dedication ............................................................................................. v 

Table of Contents .................................................................................... vi 

List of Tables .......................................................................................... x 

L. fF' .. tst o tgures ....................................................................................... x11 

L . fA d' ... 1st o ppen tees ................................................................................. XIII 

Chapter 1 Scientific Framework .................................................................... 1 

1.1 Introduction .............................................................................. 1 

1.2 Review of Literature .................................................................... 3 

Part A: Cross Education ..................................................................... 3 

A.1. Cross Education and Training Duration, Intensity, and Volume ...... 5 

A.2. Cross Education and Contraction Type and Velocity .................... 6 

A.3. Cross Education and Specificity .......................................... 10 

A.4. Cross Education and Muscle Group ...................................... .11 

A.5. Cross Education and Contralateral Limb Activation ................... 12 

A.6. Mechanisms of Cross Education .......................................... 14 

Part B: Muscle Hypertrophy .............................................................. 20 

B.l. Muscle Hypertrophy and Contraction Type and Velocity ............. 21 

B.2. Muscle Hypertrophy and Training Duration, Intensity and Volume.27 

B.3. Muscle Hypertrophy and Muscle Group ................................. 30 

vi 



B.4. Muscle Hypertrophy and Gender .......................................... 33 

B.S. Muscle Hypertrophy and EMG Activity ................................. 34 

B.6. Mechanisms of Muscle Hypertrophy ..................................... 38 

1.3 Statement of the Problem and Hypotheses ........................................ .43 

1.3.1 Statement of the Problem .......................................................... .44 

1.3.2 Hypotheses ............................................................................ 44 

Part A: Cross Education ......................................................... .44 

Part B: Muscle Hypertrophy .................................................... .44 

Chapter 2 Methods ................................................................................. 45 

2.1 Research Design ....................................................................... 45 

2.2 Subjects .................................................................................. 46 

2.3 Procedures ............................................................................... 48 

2.3.1 Familiarization ....................................................................... 48 

2.3.2 Test Protocol ......................................................................... 49 

Part A: Strength Measures ....................................................... 50 

Part B: Muscle Thickness Measures ............................................ 52 

Part C: EMG Measures ........................................................... 55 

2.3.4 Resistance Training Program ............................................. 58 

2.4 Statistical Analysis .................................................................... 61 

Part A: Cross Education Analysis ....................................................... 61 

Part B: Muscle Hypertrophy Analysis ................................................... 62 

Chapter 3 Results and Discussion ................................................................. 65 

3.1 Results ................................................................................... 65 

Vll 



3.1.1 Subjects ...................................................................... 65 

Part A: Phase I .............................................................................. 66 

A.1. Subjects ....................................................................... 66 

A.2. Dominant Arm ............................................................... 66 

A.3. Strength and Muscle Thickness in the Untrained Arm ................. 66 

A.4. Strength in the Trained Arm ............................................... 70 

A.5. Torque Velocity Relationships ............................................ 72 

A.6. Mean Absolute Value EMG ............................................... 74 

Part B: Phase II ............................................................................ 75 

B.l. Subjects ...................................................................... 75 

B.2. Dominant Arm .............................................................. 76 

B.3. Muscle Thickness in the Eccentrically and Concentrically 

Trained Arm ........................................................................ 76 

B.3.1 Proximal Site ...................................................... 76 

B.3.2 Mid Site ............................................................ 79 

B.3 .3 Distal Site .......................................................... 81 

B.4. Strength in the Trained Arm ................................................ 82 

B.S. Torque Velocity Relationships ............................................. 84 

B.6. Median Frequency EMG ................................................... 86 

3.2 Discussion ............................................................................... 87 

Part A: Cross Education .......................................................... 87 

A.l. Specificity ........................................................... 87 

A.2. Magnitude of Cross Education ................................... 91 

Vlll 



A.3. Mecha11isms ......................................................... 92 

Part B: Muscle Hypertrophy ..................................................... 96 

B.l. High and Low Velocity Training ................................. 96 

B.2. Eccentric and Concentric Training .............................. 99 

B .3. Mechanisms ........................................................ 1 02 

Chapter 4- Summary and Conclusions ................................................ 106 

4.1 Summary ..................................................................... 1 06 

4.2 Conclusions .................................................................. 1 07 

4.3 Limitations ................................................................... 1 07 

4.4 Future Research .............................................................. 110 

Part A: Cross Education ................................................ 11 0 

Part B: Muscle Hypertrophy .......................................... 111 

References ................................................................................. 113 

Appendices ................................................................................. 125 

IX 



Table 2.1 

Table 2.2 

Table 2.3 

Table 3.1 

Table 3.2 

Table 3.3 

Table 3.4 

Table 3.5 

Table 3.6 

Table 3.7 

Table 3.8 

Table 3.9 

List of Tables 

Group descriptive statistics for subjects who completed Phase I. .......... 4 7 

Group descriptive statistics for subjects who completed Phase II ......... .47 

Training program progression .................................................... 60 

Eccentric peak torques in the untrained arm at two testing velocities 

(180°/s and 30°/s) after eight weeks of eccentric training ................... 67 

Concentric peak torque in the untrained arm at two testing velocities 

(180°/s and 30°/s) after eight weeks of eccentric training ................... 68 

Muscle thickness (em) changes at the proximal, mid, and distal sites 

of the elbow flexors of the untrained arm after Phase I ...................... 70 

Eccentric peak torque in the trained arm at two testing velocities 

(180°/s and 30°/s) after eight weeks of eccentric training ................... 71 

Concentric peak torque in the trained arm at two testing velocities 

(180°/s and 30°/s) after eight weeks of eccentric training ................... 72 

EMG activity in the training and non-training arm of the fast and slow 

training groups during the first and sixth set of a single training session, 

expressed as a percentage of the peak isometric EMG activity ............. 75 

Muscle thickness (em) changes at the proximal, mid, and distal sites 

of the elbow flexors of the eccentrically trained arm ........................ 78 

Muscle thickness (em) changes at the proximal, mid, and distal sites 

of the elbow flexors of the concentrically trained arm ....................... 79 

Eccentric peak torque in the trained arm at two testing velocities 

(180°/s and 30°/s) after eight weeks of concentric training ................. 83 

X 



Table 3.10 Concentric peak torque in the trained arm at two testing velocities 

(180°/s and 30°/s) after eight weeks of concentric training ................ 84 

Xl 



Figure 1-1 

Figure 1-2 

Figure 1-3 

Figure 1-4 

Figure 3-1 

Figure 3-2 

Figure 3-3 

Figure 3-4 

Figure 3-5 

Figure 3-6 

Figure 3-7 

List of Figures 

Ipsilaterally descending fibres controlling cross education .................. 15 

The crossed-extension reflex .................................................... 18 

Theoretical Force Velocity Relationship ....................................... 23 

Location of satellite cells in the muscle cell ................................... 39 

Percent change in peak torque at both testing velocities 

(180°/s and 30°/s) for the fast trained (trained at 180°/s), slow 

(trained at 30°/s) and control groups ............................................ 69 

Torque velocity relationships before and after eight weeks of eccentric 

training .............................................................................. 7 3 

Proximal site muscle thickness percent changes across groups after 

Phase II .............................................................................. 77 

Mid site muscle thickness percent changes across groups after 

Phase II .............................................................................. 80 

Distal site muscle thickness changes across groups after Phase II ......... 82 

Torque velocity relationships before and after eight weeks of concentric 

training .............................................................................. 85 

The median frequency relationship for a single training session during 

eccentric (Phase I) and concentric (Phase II) training for the fast 

and slow training groups ......................................................... 86 

Xll 



List of Appendices 

Appendix A Data Collection Sheet. .......................................................... 126 

Appendix B Consent Form and Certificate of Approval .................................. 128 

Appendix C Subject Training Log ........................................................... .132 

Appendix D Mean Absolute Value EMG Data ............................................. 134 

Appendix E Median Frequency EMG Data ................................................ .136 

Appendix F Statistical Tables for all ANOV As and ANCOV As ........................ 138 

Xlll 



Chapter 1- Scientific Framework 

1.1 Introduction 

The ability of the human skeletal muscle to produce force is a function of 

increased neural drive (motor unit recruitment) and muscle size (Sale et al., 1988; 

Chilibeck et al., 1998). Since the ability to produce more force within a muscular 

contraction is advantageous for everything from normal everyday activities to 

competitive sport, abundant research has examined different methods of increasing 

muscular strength and hypertrophy. Research has shown that in the initial stages of 

resistance training, the neuromuscular system will adapt to increasing demands by 

activating more motor units within the muscle, subsequently recruiting a greater 

percentage of available muscle tissue (Moritani and de Vries, 1979; Enoka, 1997). The 

result is an increase in the amount of force that can be exerted by the muscle (or an 

increase in strength) in the absence of muscle hypertrophy (Moritani and de Vries, 1979). 

The increase in strength without measurable muscle hypertrophy is not restricted 

to trained muscle, but is also evident in untrained muscle. Single limb resistance training 

of either an arm or leg muscle group has been shown to increase the strength in the 

trained muscle, as well as the homologous untrained muscle (Stromberg, 1986). This 

neural adaptation has been termed cross education. The ability to increase the strength in 

an untrained muscle group could provide advantages for individuals who have a 

unilateral immobilized or motion limited limb, such as those subjected to long periods of 

casting, or individuals suffering from cerebral palsy or stroke induced paralysis. Several 

resistance training protocols have been applied in investigating the magnitude of cross 
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education. To date, the most effective protocols have used unilateral eccentric isokinetic 

training (Hortobagyi et al., 1997). A few studies have measured cross education 

following isokinetic training (Housh et al., 1992; Hortobagyi et al., 1997; Seger et al., 

1998), but no study has compared a high and low velocity training group to determine the 

effect of contraction velocity. This is surprising since several studies have shown that the 

amount of force that can be exerted by a muscle changes with high and low contraction 

velocity (Wickiewicz et al., 1984; Hortobagyi and Katch, 1990a; Westing et al., 1990). It 

is possible that cross education could vary after resistance training with high or low 

contraction velocity. 

In the later stages of resistance training, further strength increases are attributed to 

muscle hypertrophy (Sale et al., 1988; Chilibeck et al., 1998). For trained individuals 

such as competitive athletes, further increases in strength are probably only attainable by 

increasing muscle size since neural adaptation has likely already occurred. Therefore, 

determining the most effective protocol for increasing muscle hypertrophy is important. 

Many studies have measured muscle hypertrophy after periods of resistance training, and 

the most effective protocols seem to include eccentric rather than concentric training 

(Hortobagyi et al., 1996b) because high levels of muscle damage and cross-bridge 

disruption are consequentially produced (Stauber, 1989; Enoka, 1996). Muscle damage 

is a stimulus for increased levels of protein synthesis and muscle repair, which results in 

muscle hypertrophy (MacDougall, .1992; Enoka, 1996). The increased muscle damage 

and disruption following eccentric training is thought to be the result of higher force 

output during muscular contraction (Behm, 1995). Given that force output varies with 

high and low eccentric contraction velocity, it is surprising that no study has compared 
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muscle hypertrophy following high and low velocity eccentric resistance training. 

Logically, if higher force output is a precursor for more muscle damage, then hypertrophy 

would be greater after resistance training under conditions where force output during 

muscular contraction is the greatest. In general, high velocity eccentric contractions 

produce the greatest force output during muscular contraction (Hortobagyi and Katch, 

1990a). 

The present investigation will determine the effect of high and low velocity 

eccentric training on cross education in untrained males and females, and compare the 

effectiveness of high and low velocity concentric and eccentric training for muscle 

hypertrophy. 

1.2 Review of Literature 

Part A: Cross Education 

Significant increases in muscular strength following periods of resistance training 

have been shown in the absence of changes in muscle hypertrophy, suggesting that neural 

adaptations contribute to maximal strength increase (Moritani and de Vries, 1979; Sale, 

1988; Colliander and Tesch, 1990; Chilibeck et al., 1998). Cross education (also referred 

to as cross-over, cross training, cross transfer) is a neural adaptation that occurs after 

unilateral (single limb) exercise training, and was first described by Scripture et al. (1894) 

who defined it as performance enhancement in an inactive limb following exercise 

training of a remote limb. It suggests that unilateral exercise training will not only result 

in performance increases in the ipsilateral trained limb, but also in the opposite or 
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contralateral, untrained limb (Stromberg, 1986; Sale, 1988; Enoka, 1997). The majority 

of research on cross education has been done with resistance training protocols (Smith, 

1970; Houston et al., 1983; Davies et al., 1985; Parker et al., 1985; Cabric and Appell, 

1987; Narici et al., 1989; Housh et al., 1992; Kannus et al., 1992; Weir et al., 1995; 

Hortobagyi et al., 1996a; Hortobagyi et al., 1997; Hortobagyi et al., 1999; Tracey et al., 

1999) while a few have looked at endurance or range of motion exercise (Stromberg, 

1986; Shields et al., 1999). Cross education is generally only apparent in untrained 

individuals with little resistance training experience (Weir et al., 1995; Hortobagyi et al., 

1996a; Hortobagyi et al., 1997; Hortobagyi et al., 1999; Tracey et al., 1999), shows 

specificity to the training prescribed (Hortobagyi et al., 1997; Zhou, 2000), and is not 

affected by gender or age (Hortobagyi et al., 1996a; Hortobagyi et al., 1996b; Hortobagyi 

et al., 1997; Tracey et al., 1999). 

The literature on cross education is unclear as to the expected magnitude of the 

effect. Researchers report contralateral strength gains ranging anywhere from 6% 

(Hortobagyi et al., 1996a) to 77% (Hortobagyi et al., 1997) after voluntary contraction 

training, and up to 104% after electrically stimulated contraction training (Hortobagyi et 

al., 1999). A review by Enoka (1997) reported that the most common range of cross 

education is 10-15%. More recently, Zhou (2000) reported that cross education is 

approximately 60o/o of the magnitude of ipsilateral strength increase. However, it is 

apparent that the amount of cross education is dependent on the design of the experiment 

and the characteristics of the resistance training protocol. Cross education results differ 

depending on training duration and intensity, training volume, contraction type used in 

training (eccentric, concentric, or isometric; voluntary or stimulated), contraction 

4 



velocity, muscle group, and the restriction of movement/activation in the contralateral 

limb during training. 

A.l. Cross Education and Training Duration, Intensity, and Volume 

There does not seem to be an obvious relationship between the duration and 

intensity of training and the magnitude of cross education (Zhou, 2000). There is 

evidence to suggest however, that longer resistance training protocols will result in 

greater cross education. Most of the literature has shown significant contralateral 

strength increases following resistance training protocols of at least five weeks (Cannon 

and Cafarelli, 1987; Davies et al., 1985; Kannus et al., 1992; Hortobagyi et al., 1997; 

Tracey et al., 1999; Shields et al., 1999). However, the greatest amount of cross 

education (77%) was shown after the longest reported resistance training regimen ( 12 

weeks) (Hortobagyi et al., 1997), and has also been shown to gradually increase with 

training duration when the contralateral limb was tested at regular intervals during the 

experiment (Hortobagyi et al., 1999). 

Most cross education research has used training intensities above 60% of maximal 

voluntary contraction (Zhou, 2000). However, it is difficult to compare the effects of 

intensity on cross education unless similar contraction types are used, simply because 

contraction type will also affect the magnitude of cross education (Hortobagyi et al., 

1997). When comparing studies that used the same contraction type during training, it is 

apparent that greater magnitudes of cross education have been shown when contractions 

of maximal intensity were required (Davies et al., 1985; Housh et al., 1992; Hortobagyi et 

al., 1997; Tracey et al., 1999). 
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Even more critical to the homogeneity of the cross education effect could be the 

application of similar training volumes. Hortobagyi et al. (1997) reported 30% cross 

education after maximal concentric training three days per week for twelve weeks ( 4-6 

sets of 8-12 repetitions, knee extensions), while Tracey et al. (1999) reported 10-12% 

cross education after maximal concentric training three days per week for nine weeks ( 5 

sets of 5-10 repetitions, knee extensions). It is difficult to accurately compare the effect 

of training volume on cross education without consistency across studies regarding 

resistance training protocol, especially regarding sets and repetitions. 

A.2. Cross Education and Contraction Type and Velocity 

Unilateral training using eccentric contractions (muscle lengthens during 

contraction) rather than concentric (muscle shortens during contraction) or isometric 

contractions Goint angle remains constant) appears to be most effective for cross 

education. Fittingly, eccentric training protocols have consistently been shown to 

produce greater overall strength increases than concentric or isometric (Colliander and 

Tesch, 1990; Higbie et al., 1996; Hortobagyi et al., 1996a; Hortobagyi et al., 1996b; 

Hortobagyi et al., 1997), in part due to the fact that greater force outputs can be generated 

with eccentric contractions (Hortobagyi and Katch, 1990a; Westing et al., 1990). 

Admittedly, most research reporting contralateral strength increases has looked at 

isometric training (Davies et al., 1985; Parker, 1985; Cabric and Appell, 1987; Jones and 

Rutherford, 1987; Carolan and Cafarelli, 1992; Kannus et al., 1992; Weir et al., 1995; 

Oakman et al., 1999) rather than eccentric or concentric training (Plautz et al., 1994; 

Weir et al., 1995; Hortobagyi et al., 1996a; Housh et al., 1996; Hortobagyi et al., 1997; 
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Tracey et al., 1999). Few studies have directly compared unilateral eccentric and 

concentric training and cross education (Hortobagyi et al., 1996; Seger et al., 1998; 

Hortobagyi et al., 1997). Hortobagyi et al. (1997) found that eccentric training produced 

much greater cross education (77%) than concentric training (30% ), as did Seger et al. 

( 1998) who found a 16% increase in strength of the untrained limb after eccentric training 

and only a 10% increase after concentric training. In contrast, Hortobagyi et al. (1996a) 

found no significant cross education in either group, reporting 6% cross education after 

pooling the data from both training groups. Large differences in prescribed training 

intensity (maximal vs. submaximal) and duration (12 weeks vs. 6 weeks) between these 

studies is likely responsible for inconsistent findings. In a more recent study, Hortobagyi 

et al. ( 1999) compared isometric and eccentric training and found a trend for greater cross 

education with eccentric training, although it did not reach statistical significance. 

Concentric and isometric unilateral resistance training appear to produce similar 

contralateral strength increases (9-12%) if similar training protocols are applied (Davies 

et al., 1985~ Cannon and Cafarelli, 1987~ Kannus et al., 1992; Tracey et al., 1999). 

Hortobagyi et al. ( 1997) reported 30% cross education after maximal concentric training, 

but used a much longer training duration (12 weeks) then the previously mentioned 

studies. 

Some research suggests that training with electrically stimulated contractions or 

electromyostimulation (EMS) increases the magnitude of cross education. Hortobagyi et 

al. ( 1999) found that training with electrically stimulated eccentric contractions produced 

much greater cross education than training with voluntary eccentric contractions. 

Further, Cabric and Appell (1987) found that electrically stimulated isometric training 
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produced 39.7% cross education, over twenty percent greater than the magnitude of cross 

education reported in most other isometric unilateral training studies. Conversely, 

Oakman et al. (1999) found that training with isometric EMS contractions did not 

increase the magnitude of cross education more than voluntary isometric training (21% ), 

however the training intensity was set at only 65% of maximal. 

No cross education study has attempted to determine the effect of training 

eccentrically or concentrically with fast and slow contraction velocities on the 

contralateral limb. Isokinetic devices have been used often in cross education research to 

measure strength, and some studies have even included isokinetic strength training 

protocols where training was completed on the isokinetic dynamometer itself so that 

contraction velocity could be fixed (Kannus et al., 1992; Housh et al., 1992; Weir et al., 

1995; Hortobagyi et al., 1996a; Hortobagyi et al., 1997; Seger et al., 1998; Hortobagyi et 

al., 1999). Seger et al. (1998) compared eccentric and concentric training at 90°/s (1.57 

rad/s) and found that eccentric training produced greater strength increases in the 

untrained limb compared to concentric training ( 16o/o vs. 10%) at the allotted training 

velocity. Similarly, Hortobagyi et al. (1997) compared eccentric and concentric training 

at 60°/s (1.05 rad/s) and found that eccentric training produced more cross education 

(77%) than concentric training (30%). Surprisingly, no cross education study has 

compared training at two different contraction velocities with the same contraction type. 

Some research has compared concentric and eccentric force output during isokinetic 

contractions with varying velocity and has shown that peak torque output varies with 

changing contraction velocity (Wickiewicz et al., 1984; Hortobagyi and Katch, 1990a; 

Westing et al., 1990). With this, it is plausible to predict that training with fast versus 
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slow contractions would have different effects on contralateral limb strength gain. 

Generally with eccentric movements, as contraction velocity increases peak torque 

increases. However, peak torque values are similar at velocities greater than or equal to 

60°/s (Hortobagyi and Katch, 1990a). With concentric movements the opposite effect is 

true; as contraction velocity increases peak torque decreases (Hortobagyi and Katch, 

1990a; Westing et al., 1990). In fact, concentric peak torque values continually decrease 

even up to velocities as high as 360°/s (6.27 rad/s) (Westing et al., 1990). Given this, it 

is possible that training with the same contraction type at two distinct velocities could 

have different effects on strength gain, and hence cross education. In a very recent study, 

Paddon-Jones et al. (2001) found that unilateral training with eccentric fast (180°/s [3.14 

rad/s]) versus slow (30°/s [0.52 rad/s]) contraction velocity was markedly better for 

improving elbow flexors ipsilateral strength after ten weeks of training. The fast velocity 

group significantly increased eccentric (29.6%), and concentric (27.4%) torque at the fast 

testing velocity, and eccentric (25.2%) and isometric (21.3%) torque at the slow testing 

velocity, while the slow velocity group showed no significant changes in peak torque. 

These results indicate that eccentric training at high, not slow velocity is effective for 

increasing overall strength in the elbow flexors muscle group. Although cross education 

was not measured, it is logical to hypothesize that contralateral strength would increase 

only in the fast velocity training group. Similar to the results ofPaddon-Jones et al. 

(2001), several studies examining fast contraction training (120-300°/s [2.09 to 5.2 rad/s]) 

have found increases in peak torque output in the trained limb at lower velocities in 

addition to the training velocity (Colye et al., 1981; Bell et al., 1992), especially after 

eccentric training (Duncan et al., 1989; Ryan et al., 1991; Paddon-Jones et al., 2001). 
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These findings suggest that after fast velocity training, strength increases are not specific 

to the training velocity only. 

A.3. Cross Education and Specificity 

The effect of cross education has shown specificity to the type of training protocol 

prescribed. Not only does it remain specific to the homologous contralateral muscle 

group (Hortobagyi et al., 1999), but it also responds specifically to contraction type and 

velocity (Houston et al., 1983; Hortobagyi et al., 1997; Seger et al., 1998). Houston et al. 

( 1983) measured contralateral isokinetic concentric strength at different velocities, even 

though their subjects did not train at a fixed velocity, and found greater cross education 

after testing the slowest velocity (37% increase at 45°/s (0.78 rad/s]) versus the fastest 

velocity (12% at 270°/s [4.70 rad/s]). This is a logical finding since training 

concentrically at a slower versus a higher contraction velocity produces greater force and 

could lead to greater strength gain. Also, their strength training protocol was performed 

on universal equipment using concentric contractions for eight maximal repetitions, 

which would indicate that slower contractions were probably performed during training 

bouts. Similarly, Hortobagyi et al. (1997) found a 77% increase in contralateral eccentric 

strength and 18% increase in contralateral concentric strength after twelve weeks of 

eccentric training. In the same experiment, they reported a 30% increase in contralateral 

concentric strength and a 10% increase in contralateral eccentric strength following 

twelve weeks of concentric training. 

Interestingly, increases in contralateral strength have also been velocity specific. 

After ten weeks of training the left leg eccentrically at 90°/s (1.57 rad/s), Seger et al. 
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(1998) found that the right leg increased (16%) for only the eccentric 90°/s testing 

condition. Similarly, a separate group trained their left leg concentrically at 90°/s, and 

showed significant increases in the right leg (lOo/o) for only the concentric 90°/s testing 

condition. No other significant strength increases in the untrained leg for either the 

eccentrically or concentrically trained groups were reported for the isometric, concentric 

30°/s, concentric 270°/s, eccentric 30°/s, or eccentric 270°/s testing conditions. 

Cross education has also been shown to be specific to electromyostimulation 

(EMS) versus voluntary training. Hortobagyi et al. (1999) found that the greatest cross 

education was shown when the testing condition was specific to the type of training. 

They found that eccentric EMS training produced 1 04% cross education for the eccentric 

EMS testing condition, but only 66% for the isometric EMS testing condition and 34% 

for the eccentric voluntary testing condition. In this experiment, cross education was 

apparently more specific to the contraction initiation (EMS or voluntary) rather than the 

contraction type (eccentric or isometric). 

A.4. Cross Education and Muscle Group 

It is unclear whether the magnitude of cross education varies with the type of 

muscle group trained. Most research has been concentrated on the quadriceps muscle 

group (knee extensors) (Narici et al., 1989; Weir et al., 1995; Hortobagyi et al., 1996a; 

Hortobagyi et al., 1997; Hortobagyi et al., 1999; Tracey et al., 1999), while a few studies 

have tested the muscles of the forearm (Stromberg, 1986; Shields et al., 1999) and the 

hand, such as adductor pollicis (Cannon and Cafarelli, 1987) and dorsal interosseus 

(Davies et al., 1985). Results from these studies probably vary because of differences in 

11 



training regimen, rather than differing muscle groups. Housh et al. (1992) compared 

cross education magnitudes in four muscle groups including the knee extensors ( 6. 7%) 

and flexors (14.8%), and elbow extensors (14.6%) and flexors (10.6o/o). Although the 

results were not significant, each muscle group responded similarly, with the exception of 

the knee extensors. Kannus et al. (1992) also compared the knee extensors and flexors 

and found no difference in the magnitude of cross education. 

A.5. Cross Education and Contralateral Limb Activation 

Reporting an accurate magnitude of cross education is dependent on limiting the 

activation of the non-training limb during unilateral training. The greatest amount of 

cross education following voluntary contraction training has been reported by Hortobagyi 

et al. ( 1997), who found a 77% increase in strength of the untrained limb after twelve 

weeks of eccentric training. The high magnitude of cross education is not likely a result 

of contralateral limb activation during training since the subjects were constantly 

reminded to relax their contralateral limb. However the subjects were tested at three time 

points (baseline, 6 weeks, 12 weeks), which could have created a strength increase in the 

contralateral limb as a result of learning the testing procedure. This design could have 

increased the magnitude of cross education since some maximal activation in the 

untrained limb did take place prior to post-testing. However, significant increases in 

contralateral limb strength (41 %) were reported at six-weeks, which was the first testing 

time point. In a similar repeated measures design, Hortobagyi et al. (1999) reported 

104% cross education after training for six weeks with EMS-evoked eccentric 

contractions where the training effect was monitored at regular intervals, indicating that 
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some maximal activation of the non-training limb did take place between pre and post

testing. 

Some studies reporting cross education were not intending to examine the effect. 

Instead, the contralateral limb was used as a within subject control (Parker, 1985; Jones 

and Rutherford, 1987; Brown et al., 1990; Carolan and Cafarelli, 1992; Plautz et al., 

1994; Seger et al., 1998). As such, the researchers likely did not stress the importance of 

inactivation of the non-training limb during training, and the cross education could have 

been a result of contracting the contralateral muscles for purposes of stabilization. 

Hortobagyi et al. (1997) attempted to control for this factor by using an electromyogram 

(EMG) recording to measure the activation of the non-training quadriceps during 

training. They found that the contralateral muscles' electromyogram (EMG) activity 

averaged 8% of the maximal peak isometric EMG during the training of the ipsilateral 

limb. It is possible that some contralateral muscle activation is impossible to avoid if the 

ipsilateral muscles are maximally contracting, or the subjects may not have voluntarily 

relaxed their non-training homologous muscle adequately. In either case, the amount of 

contralateral limb activation (8%) reported by Hortobagyi et al. ( 1997) does not seem to 

account for the 77% increase in contralateral strength. 

Interestingly, research by Yue and Cole (1992) found a 22% increase in abduction 

force in the fifth digit of the left hand (trained) and an 11 °/o increase in force in the fifth 

digit of the right hand (untrained) after training with imagined contractions only, 

suggesting that a muscle group can increase in strength over a period of time without 

activation. They theorized that the initial neural phase of strength increase in any 

strength training protocol (absence of hypertrophy) is not the result of repetitive muscle 
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activation, but from learning within the motor system. Further research with cross 

education and imagined contractions should examine different muscle groups to 

determine if this response is authentic. 

A.6. Mechanisms of Cross Education 

The exact physiological mechanisms responsible for cross education are still not 

understood, although it is traditionally explained by adaptations in the cerebral cortex or 

brainstem (Zhou, 2000). Since there is no evidence of muscle hypertrophy in the 

contralateral musculature following unilateral strength training in most studies, cross 

education has always been attributed to neural adaptations (Zhou, 2000; Enoka, 1997). 

Hasan et al. (1985) speculated that strength increases in the absence of training or 

hypertrophy might be explained by programming/planning in the motor system, and that 

cross education may be more of a learning effect. Unilateral movement has been shown 

to elicit bilateral topography of the pre-motor and motor fields, suggesting that unilateral 

voluntary movement involves the activation of both cortical hemispheres (Kristeva et al., 

1991), and could potentially induce a learning effect in the opposite cortex (Zhou, 2000). 

Impulses from the corticospinal tract have also been proposed as a mechanism of 

cross education. Corticospinal tract nerves conduct impulses from the motor cortex of 

the brain to the spinal cord and typically descend contralaterally, anatomically 

representing the training limb in a unilateral training study since the motor cortex of one 

hemisphere controls movement on the opposite or contralateral side of the body. 

However, some research has shown that a small percentage of these impulses (-- 10%) 

also descend ipsilaterally (Nyberg-Hansen et al., 1963), which would anatomically 
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represent the contralateral, non-training limb in a unilateral training study. These 

ipsilateral descending fibres have been speculated to be responsible for cross education 

(see Figure 1-1.). Interestingly, Carr et al. (1994) found no evidence for a common drive 

from the corticospinal tract to left and right homologous upper limb muscle groups that 

normally act independently, but they did find a common neural drive for axial muscle 

groups such as the rectus abdominis and the diaphragm. 

Right 
Hemisphere 

Brain 

Left 
Hemisphere 

Figure 1-1: Ipsilaterally descending fibres controlling cross education. Corticospinal 
tract fibres descend from the motor cortex of the left hemisphere to the brainstem, where 
the majority of fibres (90%) will cross over at the pyramidal decussation, and then 
descend contralaterally to control movement in the right limb (training limb). A small 
percentage of fibres (10%) will not cross at the level of the brainstem, and descend 
ipsilaterally theoretically stimulating the tissues of the left limb (non-training) 
(Illustration adapted from Lindsay, 1996). 
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This finding seems to contradict the theory of ipsilateral descending impulses controlling 

cross education, however the EEG and EMG readings were taken during weak to 

moderate muscle activation. Maximal or near maximal muscle activation as seen in a 

typical training study may produce more stimulation in the ipsilaterally descending fibres 

of the corticospinal tract. 

The results ofHortobaygi et al. (1999) seem to suggest that central drive is not the 

critical mechanism for cross education. They found that electromyostimulation (EMS) 

training was more effective for cross education than voluntary training, and proposed that 

it was resulting from artificial muscle activation replacing cortical control. Electrical 

stimulation of the muscle will activate the neurons of muscle fibres, pain receptors, and 

other skin sensory afferents simultaneously, leading to greater excitation of Group II 

afferents (Howard and Enoka, 1991 ). Hortobaygi et al. (1999) suggested that EMS 

training produced greater excitation of the Group II afferents (responsible for excitation 

of flexors and inhibition of extensors ipsilaterally, and excitation of extensors and 

inhibition of flexors contralaterally), which over time could strengthen excitatory 

synaptic transmission in the contralateral muscle leading to better strength performance. 

Arguably, the pain and discomfort associated with EMS training could have resulted in 

supraspinal adaptations that led to cross education. Hortobaygi et al. ( 1999) suggested 

that if painful stimuli caused an adaptation in central drive, then stimulated eccentric 

strength gain would be similar to voluntary strength gain after EMS training. Yet, they 

reported 70% more stimulated eccentric contralateral strength gain than voluntary 

eccentric strength gain in the contralateral limb after EMS training. To further examine 

the possibility of pain stimulus contributing to cross education, Hortobaygi et al. ( 1999) 
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coupled remote ann muscle stimulation (rEMS) with voluntary eccentric quadriceps 

training, at the same intensity that the EMS training group received on the quadriceps. If 

the pain associated with EMS was responsible for cross education through increased 

central drive, then the rEMS training group would exhibit similar cross education as the 

EMS training group. However, the rEMS training group showed 39% less cross 

education than the EMS training group. Given this, Hortobaygi et al. (1999) concluded 

that there must be an adaptation at the level of the spine that was responsible for the 

greater magnitude of cross education displayed after EMS training. In concordance with 

the suggestions ofHortobaygi et al. (1999), other research has also documented that 

ipsilateral cutaneous stimulation has been shown to increase the motor neuron excitability 

of the contralateral muscle groups (Pierrot-Deseilligny et al., 1973; Robinson et al., 

1979). In animals, cutaneous stimulation produced a withdrawal reflex, which involved 

the excitation of the flexors and the inhibition of the extensors in the ipsilateral limb, 

combined with the excitation of the extensors and the inhibition of flexors in the 

contralateral limb, termed the crossed-extension reflex (Rothwell, 1987) (Figure 1-2). 

Potentially, this crossed-extension reflex could train the contralateral limb by 

strengthening excitatory synaptic transmission (Hortobaygi et al., 1999). Similar to the 

findings ofRothwell (1987), Howard and Enoka (1987) showed that ifthe cutaneous 

stimulation produced pain, a withdrawal reflex would occur in the stimulated limb 

(flexion) and the opposite limb (extension). They also found that greater ipsilateral force 

could be produced if the homologous contralateral musculature was stimulated 

simultaneously, indicating that force production in one limb is related to the opposite 

limb. 
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Improved coordination could also be partially responsible for cross education. 

Carolan and Cafarelli (1992) found a 16.2% increase in contralateral knee extension 

strength after eight weeks of isometric training, coupled with a 13% decrease in 

hamstring (antagonist) coactivation. If the activation of the antagonist muscle group 

during agonist contraction is decreased, then less opposing force would be applied against 

the agonist muscle group, allowing it to produce more force. 

Pain Stimulus 
on Right Leg 

Cutaneous 
Afferent from Pain 
Receptor on Right Leg 

Extensor Muscle 

Spinal Cord 

Stimulated Leg Withdrawals Contralateral Leg Supports 

Extensor Muscle 

Figure 1-2: The crossed-extension reflex. Stimulation of a nociceptor on the right leg 
causes a withdrawal reflex, which incorporates stimulation of the flexors and inhibition of 
the extensors ipsilaterally, and stimulation of the extensors and inhibition of the flexors 
contralaterally (Illustration adapted from Ghez and Gordon, 1995). 
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Hence, it is possible that decreased coactivation during post-test measures could account 

for the increased contralateral force production. It is theorized that coactivation is a 

strategy used by the nervous system when there is uncertainty or unfamiliarity about a 

given task (Enoka, 1997), which could be the case during pre-test strength measures in a 

training study. However, Hortobaygi et al. (1997) found no changes in EMG activity of 

the hamstrings muscle during quadriceps exercise from pre-test to post-test, indicating 

that less antagonist activation did not contribute to improved post-test strength scores in a 

contralateral untrained limb. 

There is some speculation that cross education is partly affected by variations in 

emotional or psychological factors, such as motivation and mood state. In any study 

measuring maximal voluntary strength, motivational factors can play a role in 

performance, therefore it is especially important in cross education research to attempt to 

control for these factors influencing the untrained limb (Yue and Cole, 1992). However, 

few cross education studies have reported making conscious efforts to control subject 

motivation during the testing procedures (Yue and Cole, 1992; Tracey et al., 1999). 

The physiological mechanisms responsible for cross education are not well 

understood, and most research has reported only speculative conclusions. It is probable 

that cross education is controlled by more than one of the mechanisms described above, 

since the effect has been documented with various training protocols and experimental 

procedures. If the exact mechanism of cross education is to be determined, more 

unilateral training studies that adequately control the activity of the contralateral limb 

while monitoring EMG activity and subject motivation are required. The present 

investigation has attempted to accurate I y measure cross education by providing each 
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subject with the same motivation during the testing procedures and training sessions, and 

by controlling the activity of the contralateral limb (constantly reminding the subjects to 

relax their non-training limb during training, and disallowing any stabilization 

contractions). In order to compare the activity in the contralateral limb across studies, 

EMG activity in both the training and non-training limb was recorded during a single 

training session. 

Part B: Muscle Hypertrophy 

Muscle hypertrophy is defined as an increase in muscle size, and is directly 

related to muscle tissue damage and its subsequent repair. Behm (1995) described 

muscle hypertrophy as being the result of greater protein synthesis than protein 

degradation. This anabolic effect is typically increased after repeated muscle 

contractions associated with resistance training (Housh et al., 1992). Studies have shown 

that muscle hypertrophy is greater with increased duration of resistance training (Moritani 

and de Vries, 1979; Abe et al., 2000), and that there is a strong relationship between the 

cross-sectional area (CSA) of a muscle and its strength (Maughan et al., 1983; Sale et al., 

1987). Sale et al. (1987) found that elbow flexors strength and muscle CSA were highly 

correlated in each of three different groups; untrained males, untrained females, and male 

bodybuilders, suggesting that differences in muscle size and strength across individuals 

does not affect the relationship between strength and muscle hypertrophy. Nevertheless, 

in the time course of strength gain, significant strength increases have been shown in the 

absence of muscle hypertrophy in the early stages of a resistance training protocol 
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(Moritani and deVries, 1979; Jones and Rutherford, 1987; Narici et al., 1989; Ploutz et 

al., 1994; Enoka, 1997), and these increases have been attributed to neural adaptations, 

such as increased motor unit synchronization (Enoka, 1997) or decreased coactivation of 

the antagonists (Carolan and Cafarelli, 1992). 

Studies examining the time course of strength gain and muscle hypertrophy do not 

report significant increases in muscle size until after four weeks of resistance training 

(Moritani and de Vries, 1979; Abe et al., 2000). Beyond four weeks of strength training, 

muscle hypertrophy is thought to be the main contributor to further increases in strength 

(Moritani and de Vries, 1979). Recent research has compared different resistance training 

programs to determine which is most effective for muscle hypertrophy. Results vary 

depending on training duration and intensity, training volume, contraction type, muscle 

group, and subject gender. 

B.l. Muscle Hypertrophy and Contraction Type and Velocity 

The majority of research on muscle hypertrophy and contraction type has 

compared eccentric and concentric training (Duncan et al., 1989; Higbie et al., 1996; 

Seger et al., 1998) or eccentric/concentric training and concentric training (Colliander and 

Tesch, 1990; Dudley et al., 1991; O'Hagan et al., 1995). Even though both eccentric and 

concentric training result in significant muscle hypertrophy following periods of 

resistance training (O'Hagan et al., 1995; Higbie et al., 1996; Abe et al., 2000), eccentric 

training has been shown to produce greater muscle hypertrophy than concentric training 

(Higbie et al., 1996; Hortobagyi et al., 1996b; Seger et al., 1998), and eccentric and 
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concentric training combined produces greater muscle hypertrophy than concentric 

training alone (O'Hagan et al., 1995). Interestingly, eccentric training protocols have 

also shown greater increases in strength than concentric training protocols (Duncan et al., 

1989; Colliander and Tesch, 1990; Higbie et al., 1996; Hortobagyi et al., 1996a; 

Hortobagyi et al., 1996b; Hortobagyi et al., 1997). Since eccentric contractions produce 

greater force than concentric or isometric contractions (Doss et al., 1965; Hortobagyi and 

Katch, 1990a; Westing et al., 1990) mainly due to increased tension on the actin myosin 

cross-bridge as the muscle resists against being forced to lengthen, it has been 

hypothesized that superior strength improvement from eccentric training is a result of 

increased force exertion during contraction (Colliander and Tesch, 1990). As such, it is 

logical to presuppose that greater force production could also be a determining factor for 

greater muscle hypertrophy. 

Some studies comparing eccentric and concentric training have shown no 

differences in strength gain (Johnson et al., 1976; Ellenbecker et al., 1988; Hortobagyi 

and Katch, 1990b; Tomberlin et al., 1991 ). Johnson et al. (1976) trained concentrically at 

80% of the concentric 1RM and eccentrically at 120% of the concentric 1RM, and found 

no differences in strength gain between the two training conditions. Similarly, 

Hortobagyi and Katch ( 1990b) found similar increases in peak torque output following 

concentric and eccentric training, but they tested at an angular velocity of 5°/s (0.09 

rad/s), which minimizes the differences in force output that are shown between concentric 

and eccentric contractions according to the force-velocity curve (Figure 1-3). Testing 

with such a low velocity would be a more specific test following an isometric rather than 

concentric or eccentric training period. Surprisingly, Tomberlin et al. (1991) tested and 
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trained at 1 00° Is ( 1. 7 4 rad/ s) and still found that concentric training produced the most 

significant strength gains, even when testing eccentrically. However, their training 

duration was relatively short ( 6 weeks) and they trained with low volume (3 sets of 10 

repetitions). 

Given the relationship between contraction velocity and force output during 

eccentric and concentric contractions (Figure 1-3), it is surprising that very few studies 

have compared fast and slow contraction velocity training and its effect on muscle 

hypertrophy (Coyle et al., 1981 ). 
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Figure 1-3: Theoretical Force . Velocity Relationship. Negative values indicate 
contraction velocities eccentrically, and positive values indicate contraction velocities 
concentrically. The zero point indicates an isometric contraction. Concentrically, force 
output parabolically decreases as contraction velocity increases. Eccentrically, force 
output increases as contraction velocity increases, but marginally beyond 60°/s. Adapted 
from Wickiewicz et al. (1984), Sale et al. (1987), Hortobaygi and Katch, (1990), Westing 
et al. (1990) and Westing et al. (1991). 

23 



Typically with concentric contractions, force output has been shown to 

parabolically decrease with increasing contraction velocity (Wickiewicz et al., 1984; 

Hortobagyi and Katch, 1990a; Westing et al., 1990; Westing et al., 1991). Conversely 

with eccentric contractions, force output will increase with increasing contraction 

velocity (Hortobagyi and Katch, 1990a; Westing et al., 1990), although Westing et al. 

(1990) showed no significant changes beyond 60°/s. As contraction velocity decreases 

both eccentrically and concentrically, isometric contractions are mimicked, and therefore 

the differences in force output between eccentric and concentric contractions are 

attenuated. Given the relationship described above, eccentric training with faster 

contraction velocities would theoretically elicit greater strength increases and muscle 

hypertrophy than eccentric training with slower contraction velocities. Conversely, faster 

contraction concentric training would theoretically be less effective for strength and 

muscle hypertrophy than slower concentric training. Since the greatest differences in 

force output values are seen when comparing faster eccentric contractions to faster 

concentric contractions (Hortobagyi and Katch, 1990a; Westing et al., 1990), then it is 

plausible that greater differences in muscle hypertrophy between eccentric and concentric 

training would be seen when comparing them at faster contraction velocities. Conversely, 

smaller differences would be seen when comparing eccentric and concentric training at 

slower velocities. Paddon-lones et al. (2001) compared elbow flexor eccentric training 

at fast (180°/s) and slow (30°/s) contraction velocity for ten weeks, and found that only 

the fast velocity group significantly increased in strength. Although it is surprising that 

the slow velocity group did not also significantly increase in strength, this may have been 
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a result of low subject numbers and decreased statistical power. Nevertheless, based on 

the force velocity relationship, it is not surprising that the fast velocity group showed 

greater strength improvements. If force output is a determining factor in generating 

muscle hypertrophy, then muscle hypertrophy comparisons after eccentric and concentric 

training with different contraction velocities should emulate the force velocity curve. 

However, one study comparing six weeks of concentric fast (300°/s [5.23 radls]) or slow 

(60°/s) isokinetic training found that only the fast training group significantly increased 

( 11 °/o) Type II muscle fibre area (Coyle et al., 1981 ). This suggests that increasing force 

output concentrically is not a determining factor for muscle hypertrophy, since less force 

can be exerted during high versus slow velocity concentric contractions. To account for 

the difference in torque output between the two training groups, Coyle et al. ( 1981) 

matched the training programs for each group based on total work. Since more work was 

done after a slow velocity training session, they increased the training volume for the fast 

training group. The exposure to higher training volume over time for the fast training 

group could have contributed to greater muscle hypertrophy. 

In contrast to Coyle et al. (1981 ), increases in strength following either eccentric 

or concentric training at a fixed contraction velocity have been shown to parallel the force 

velocity relationship (Hortobaygi and Katch, 1990b; Hortobaygi et al., 1996b; Hortobaygi 

et al., 1997; Seger et al., 1998). Two of these studies simultaneously measured muscle 

hypertrophy and strength and found that eccentric training produced greater increases in 

both (Seger et al., 1998; Hortobaygi et al., 1996b). Hortobaygi et al. (1996b) compared 

twelve weeks of eccentric training and concentric training at 60°/s, and found that 

eccentric knee extensor training increased eccentric strength 46% and concentric training 
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increased concentric strength only 13o/o, while type II muscle fibre area increased 

approximately ten times more in the eccentric than concentric group. Fittingly, Westing 

et al. (1990) showed that in males, eccentric force output at 60°ls was approximately 7S% 

greater than concentric force output at the same velocity. Hortobaygi and Katch (1990b) 

tested eccentric and concentric peak torque at S0ls and found no differences in strength 

again after eccentric and concentric training. This result is logical since at S01s (nearly an 

isometric contraction) the differences in force output between concentric and eccentric 

contractions are very minimal. Seger et al. ( 1998) compared eccentric and concentric 

training at 90°ls for ten weeks, and found that eccentric training increased eccentric 

strength 3S% at the 90°ls testing condition, and concentric training increased concentric 

strength from 8-1S% at velocities equal to or lower than 90°ls. They also found that only 

the eccentric group showed significant muscle hypertrophy (S.7%). 

One study did not parallel the force velocity relationship when comparing 

eccentric and concentric contractions (Tomberlin et al., 1991). They tested and trained 

isokinetically at 1 00°IS and found that concentric training produced the most significant 

increases in strength. They found that concentric quadriceps training resulted in 

concentric and eccentric strength increases, while eccentric training only resulted in 

eccentric strength increases. In caution, Tomberlin et al. (1991) used a lower training 

volume (3 sets of 10 repetitions) and a relatively short training duration (6 weeks) in 

comparison to Hortobaygi et al. (1996b) and Seger et al. (1998). 

The present investigation will attempt to compare both eccentric and concentric 

training at high (180°ls) and low (30°ls) contraction velocity to determine if force output 

difference due to high and low velocity within a given contraction type will affect muscle 
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hypertrophy. If force is a determinant of muscle hypertrophy, then high and low velocity 

training should elicit different muscle hypertrophy responses within a contraction type. 

That is, fast eccentric training should produce greater hypertrophy than slow eccentric 

training, and slow concentric training should produce greater hypertrophy than fast 

concentric training. If comparing all contraction types and velocities according to the 

force-velocity curve (Figure 1-3), the training that should elicit the greatest hypertrophy 

would be eccentric fast (180°/s), followed by eccentric slow (30°/s), concentric slow 

(30°/s), and concentric fast (180°/s). 

B.2. Muscle Hypertrophy and Training Duration, Intensity, and Volume. 

Many different training designs have induced significant muscle hypertrophy, and 

the most effective protocols appear to include longer training durations (O'Hagan et al., 

1995; Higbie et al., 1996; Chilibeck et al., 1998; Seger et al., 1998; Abe et al., 2000). 

However, it is difficult to determine the effect of training duration on muscle hypertrophy 

since few studies have periodically measured muscle hypertrophy repeatedly throughout 

an experiment (Chilibeck et al., 1998; Abe et al., 2000). Abe et al. (2000) applied a 

twelve-week resistance training program and measured muscle thickness (ultrasound) 

after two, four, six, eight, and twelve weeks of training. They found that upper and lower 

body muscle thickness increased as training duration increased, with the greatest 

differences in muscle thickness shown when comparing pretest measures to twelve-week 

(posttest) measures. Chilibeck et al. (1998) measured lean mass (dual-energy X-ray 

absorptiometry or DEXA) at pretest, mid (10 weeks), and posttest (20 weeks), and also 
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found that training duration had an additive effect on muscle hypertrophy. Arm lean 

mass increased after ten weeks (significantly), and further after twenty weeks, but not 

significantly. The trunk and legs lean mass showed no significant changes after ten 

weeks, but each significantly increased after the full twenty weeks of training. 

The literature is unclear as to how training intensity and volume affect muscle 

hypertrophy, mainly because it is difficult to compare the magnitude of muscle 

hypertrophy after a period of resistance training depending on the type of measurement 

(magnetic resonance imaging (MRI), computer tomography (CT), DEXA, muscle 

ultrasound), the training mode (isokinetic or free weight), and the contraction type used in 

training across studies. Some studies have applied free weight or universal training 

protocols with an 8-12 repetition maximum (RM) or volitional failure, with training 

intensities ranging from 50-90% 1RM (O'Hagan et al., 1995; Starkey et al., 1996; 

Chilibeck et al., 1998; Abe et al., 2000), while others have been able to impart 10-12 

repetitions of maximal training intensity by using isokinetic training (Colliander and 

Tesch, 1990; Housh et al., 1992; O'Hagan et al., 1995; Higbie et al., 1996; Seger et al., 

1998). Chilibeck et al. ( 1998) and Abe et al. (2000) found similar relative arm muscle 

hypertrophy (--13%) even though Chilibeck et al. ( 1998) used a higher training intensity 

(75-90% of 1 RM) than Abe et al. (2000) (60-70% of lRM) with similar training modes 

(weight training). However, it is difficult to compare the effectiveness for muscle 

hypertrophy across these two studies since one used DEXA to measure total arm lean 

mass (Chilibeck et al., 1998), while the other used B-mode ultrasound to measure biceps 

and triceps muscle thickness (Abe et al., 2000). Alternatively, when training protocols 

are relatively consistent and muscle hypertrophy is measured by the same method, 
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muscular hypertrophy is very similar. Starkey et al. (1996) and Abe et al. (2000) both 

assessed muscle thickness with B-mode ultrasound, and employed similar training 

durations (14 weeks and 12 weeks respectively), training intensities (50-60% 1RM and 

60-70% 1RM respectively), training modes (weight training), and training volumes (3 

times/week, 1-3 sets, 8-12 RM), and found similar increases in quadriceps muscle 

thickness ( -2-3 mm). 

Some evidence suggests that training volume is more important for muscle 

hypertrophy than training duration. Housh et al. (1992) and Higbie et al. (1996) both 

used magnetic resonance imaging (MRI) to measure muscle CSA, and prescribed 

maximal concentric isokinetic training. However, Housh et al. (1992) employed a higher 

training volume (3 times/week, 6 sets, 10 maximum repetitions) than Higbie et al. ( 1996) 

(3 times/week, 3 sets, 10 maximum repetitions), and found greater relative increases in 

quadriceps muscle CSA (34.4% vs. 8.6%) despite having a shorter training duration (8 

weeks vs. 10 weeks). 

The findings of Starkey et al. ( 1996) partially reject the influence of higher 

volume training on muscle hypertrophy. They found that one set of high intensity 

resistance training was as effective as three sets for increasing muscle thickness. Both 

training groups displayed absolute muscle thickness increases of approximately 1-1.5 

millimeters for the quadriceps and 3.0 millimeters for the hamstrings after fourteen weeks 

of training. It can be argued that training with one or three sets of 8-12 repetitions is low 

volume muscle hypertrophy training, and further research should compare higher volume 

resistance training protocols and muscle hypertrophy. 
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Based on the above research, there is a need to compare eccentric and concentric 

training using high training volume to ensure that substantial muscle hypertrophy changes 

are reached, and sufficiently long training duration to allow for neural adaptation to 

subside and significant hypertrophy to occur. Therefore, the present investigation 

includes higher volume (6 sets, 3 times/week), high intensity (maximal) eccentric and 

concentric elbow flexor training for eight weeks. 

B.3. Muscle Hypertrophy and Muscle Group 

There is no solid evidence to suggest that different muscle groups affect the 

magnitude of muscle hypertrophy. Admittedly, it is difficult to compare muscle 

hypertrophy across studies if different methods of measuring hypertrophy are applied. 

Some studies have compared muscle hypertrophy in different muscle groups within the 

same experiment (Brown et al., 1990; Housh et al., 1992; Welle et al., 1996; Chilibeck et 

al., 1998; Abe et al., 2000). Brown et al. (1990) compared the elbow flexors and the knee 

flexors and extensors muscle groups and found that the elbow flexors showed a greater 

relative increase (17o/o) in muscle cross-sectional area (CSA) (by computer tomography

CT) than the knee flexors (4.4%) and extensors (9.9%). Welle et al. (1996) compared 

muscle hypertrophy in a young and old group and found that the young group showed 

14% and 18o/o more muscle hypertrophy (CSA) in the elbow flexors versus the knee 

flexors and extensors respectively. Abe et al. (2000) found that after twelve weeks of 

training, upper body muscle groups (biceps, triceps, chest) had greater increases in 

muscle thickness than lower body muscle groups (quadriceps, hamstrings). Biceps, 

triceps, and chest muscle thickness increased by 16%, 11%, and 19o/o respectively, while 
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both quadriceps and hamstrings muscle thickness increased by an average of 7%. Given 

that Abe et al. (2000) did apply more upper body exercises (4) than lower body exercises 

(2) in their resistance training program, it is difficult to conclude from these results that 

upper body muscle groups will show more hypertrophy. 

Similar to the results described above, Chilibeck et al. (1998) found that after 

twenty weeks of training, the lean mass of the arms, trunk, and legs all increased by 

approximately the same absolute magnitude (0.5 kg). But since the trunk and legs both 

had higher initial lean mass values ( -22 kg and-14.5 kg) than the arms ( -4 kg), the arms 

did increase by a larger relative magnitude (13%) than the trunk and legs (2% and 3%). 

Again, more upper body exercises ( 4) were performed than lower body exercises (3), so it 

could be argued that the arms were subjected to more training. 

Interestingly, both Chilibeck et al. (1998) and Abe et al. (2000) found that the 

muscles of the upper extremity displayed significant muscle hypertrophy quicker than the 

muscles of the lower extremity. Chilibeck et al. ( 1998) reported significant trunk and 

legs lean mass increases after twenty weeks of training, whereas the arms lean mass 

increased significantly after ten weeks training. Similarly, Abe et al. (2000) found earlier 

significant increases in the biceps ( 4 weeks), triceps ( 6 weeks), and chest ( 6 weeks) 

muscle thickness, than the quadriceps (no significant increases) and hamstrings (8 

weeks). Chilibeck et al. (1998) explained that the quicker muscle hypertrophy displayed 

by the arms versus the trunk and legs related to task complexity. In their experiment, the 

arms were trained using a simple exercise (defined as movement at a single joint- arm 

curl), while the trunk and legs were trained using more complex exercises (movement in 
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multiple joints- bench press and leg press). As such, the simple exercises had a shorter 

period of initial neural adaptation, which could result in quicker muscle hypertrophy. 

In contrast to the findings of Chilibeck et al. (1998) and Abe et al. (2000), Housh 

et al. ( 1992) found that the leg extensors and flexors showed greater muscle hypertrophy 

than the forearm extensors and flexors. Exposed to exactly the same training volume, the 

forearm extensors and flexors CSA increased by as much as 17.7%, and 14.4%, while the 

leg extensors and flexors increased by as much as 34.4% and 25.9%. The utilization of 

the non-dominant limb during training combined with higher training volume could 

explain the unusually large increases in quadriceps muscle CSA. Other similar reports 

applying quadriceps concentric isokinetic training have documented increases ranging 

from only 5.7 (Seger et al., 1998) to 8.6% (Higbie et al., 1996). 

One recent paper provided evidence that different muscles within a muscle group 

will be recruited differently depending on the prescribed contraction velocity (Kulig et 

al., 2001 ). During fast and slow elbow flexor exercise, biceps brachii was preferentially 

activated during the fast protocol (eccentric to concentric ratio- 1 : 1 ), while brachialis was 

preferentially activated during the slow protocol (eccentric to concentric ratio- 5: 1 ). 

These findings could have implications for research analyzing muscle fibre type changes 

or hypertrophy via muscle biopsies. For example, using only biceps brachii muscle 

biopsies to analyze muscle hypertrophy following a period of fast velocity eccentric 

training would not accurately represent the degree of muscle hypertrophy changes in the 

elbow flexors muscle group. 
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The present study will measure muscle thickness changes in the elbow flexors 

muscle group since they tend to show greater and quicker muscle hypertrophy than other 

muscle groups. 

B.4. Muscle Hypertrophy and Gender 

Previously untrained males and females have shown similar relative muscle 

hypertrophy and strength increases after a period of resistance training (Cureton et al., 

1987; Davies et al., 1988; Staron et al., 1994; O'Hagan et al., 1995; Abe et al., 2000). In 

all cases, males have larger musculature than females as determined by muscle thickness 

(Abe et al., 2000), computer tomography CSA (Cureton et al., 1987; Davies et al., 1988), 

muscle biopsy CSA (Staron et al., 1994), and upper arm circumference (Cureton et al., 

1987). As such, males will show greater absolute increases in muscle size following 

resistance training (Cureton et al., 1987; Staron et al., 1994; Abe et al., 2000). Abe et al. 

(2000) found that after twelve weeks of resistance training, males and females showed no 

significant differences for relative increases in biceps (16% vs. 18%), triceps (11% vs. 

9°/o), and chest (19% vs. 28%) muscle thickness. Similarly, no significant differences in 

relative muscle thickness were evident in the quadriceps (7% vs. 6.6%) at three sites 

combined, or the hamstrings (7% vs. 6.5%) at two sites combined. In agreement with 

Abe et al. (2000), O'Hagan et al. (1995) found no differences between relative response 

to muscle hypertrophy in women and men for the elbow flexor muscle group (26% vs. 

15%) after twenty weeks of training, and Cureton et al. ( 1987) found no differences in 

muscle CSA (CT) in men and women for the upper arm (15.9% vs. 22.8%) or thigh 

(2.9% vs. 2.9%). Davies et al. (1988) found no muscle CSA (CT) differences between a 
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male and female group after six weeks of training, so they pooled the results in their 

report. Similar to Davies et al. (1988), Staron et al. (1994) found no significant changes 

in muscle CSA (muscle biopsy) in either the male group or the female group after eight 

weeks of training. 

There is little evidence to suggest that males and females differ in their time 

course changes in muscle hypertrophy. Abe et al. (2000) found that males showed 

significant biceps muscle hypertrophy earlier than the females, but the relative increases 

in biceps muscle thickness were similar for both genders at four weeks (males-8% vs. 

females-5°/o), six weeks (12% vs. 10%), and eight weeks (14% vs. 12%). In all other 

muscle groups, both males and females displayed nearly identical time course muscle 

hypertrophy, suggesting that gender does not influence the time course of muscle 

hypertrophy. Similar to the findings of Abe et al. (2000), Staron et al. (1994) also found 

that males and females showed similar time course changes in lower extremity muscle 

hypertrophy in the earlier stages of resistance training. 

Given the above comparison of muscle hypertrophy and gender, the present 

investigation will combine both males and females into groups with no concern that they 

will differ in their relative response to muscle hypertrophy. 

B.S. Muscle Hypertrophy and EMG Activity 

Electromyogram (EMG) data is mainly used in research to determine muscle 

activation, but can also be used to estimate muscle fibre type (fast vs. slow twitch) 

recruitment (Moritani and Muro, 1987; Gerdle et al., 1988; Kupa et al., 1995; Gerdle et 

al., 1997; Pincivero et al., 2001). As such, it also has the potential to be useful in muscle 
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hypertrophy research, because fast-twitch (Type II) muscle fibres are thought to have 

greater capacity for muscle hypertrophy compared to slow-twitch (Type I) muscle fibres 

(MacDougall, 1992). Raw EMG is often converted to median frequency data (divides the 

power density spectrum in two regions having the same amount of power- similar to 

mean frequency, mean power frequency), which can be used to determine the relative 

contribution of different motor unit types (high and low threshold) and it is related to 

muscle fibre type composition and muscle fibre CSA (Kupa et al., 1995). Median 

frequency has been shown to negatively correlate with the proportion of Type I muscle 

fibres (Gerdle et al., 1988), and positively correlate with the proportion of Type II muscle 

fibres (Komi and Tesch, 1979; Wretling et al., 1987; Gerdle et al., 1997). 

Increases in median frequency are believed to reflect the additional recruitment of 

larger diameter fibres as force is increased (Bilodeau et al., 1995; Moritani and Muro, 

1987), and thus could be used to estimate the recruitment of more Type II muscle fibres. 

Type II muscle fibres are innervated by the larger high threshold motor units and are 

generally larger, stronger, and more difficult to recruit than Type I fibres (Sale, 1988). 

Motor units are recruited according to the "size" principle, which indicates that the 

smaller lowest threshold motor units will be recruited first, and the larger highest 

threshold motor units will be recruited last (Henneman et al., 1965). Type II fibres have 

more potential for muscle hypertrophy (MacDougall et al., 1979; Tesch et al., 1983; 

Staron et al., 1989), and are preferentially recruited during eccentric contractions versus 

concentric or isometric contractions because they produce more force (Enoka, 1997). 

Median frequency increases as force output and intensity increases (Moritani and Muro, 

1987; Pincivero et al., 2001), and decreases as force output decreases with fatigue 
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(Bigland-Ritchie et al., 1983) providing some evidence that higher median frequency is 

due to more Type II fibre activation. Given this, median frequency could be used to 

determine more or less Type II fibre contribution, which could clarify discrepancies in 

muscle hypertrophy between different resistance training protocols, such as eccentric 

versus concentric training. The present investigation will examine the differences in 

median frequency during maximal eccentric and concentric contractions. Theoretically, 

if eccentric contractions produce greater muscle hypertrophy and strength, then more 

Type II muscle fibres were probably recruited and higher median frequency values would 

be present during contraction. 

Some evidence suggests that median frequency can vary with muscle group 

exercised. Pincivero et al. (200 1) found that overall median frequency was the highest in 

the vastus lateralis muscle group versus rectus femoris or vastus medialis, and for only 

the vastus lateralis, median frequency increased as contraction intensity increased. They 

concluded that the potential for median frequency to predict muscle fibre recruitment 

might be dependent on the muscle fibre make up, and that muscles containing a greater 

proportion of Type I fibres may not demonstrate increased median frequency with 

increasing force. Bilodeau et al. (1995) found that median frequency parameters varied 

across different force levels during isometric ramp contractions between the triceps 

brachii and anconeus muscles. However, they reported that the skinfold layer on the 

triceps played a significant role in changing the median frequency as force increased, 

while it did not for the anconeus muscle. In fact, they found that individuals with a 

thicker skinfold layer over the triceps showed a loss of power in the high frequency 

region as force increased. These results indicate the potential problem in comparing 
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EMG data from person to person since variations in skinfold thickness can affect 

frequencies at higher force levels. The EMG signal is also affected by blood flow, 

temperature, muscle CSA and extracellular pH during fatiguing contractions (Moritani et 

al., 1982; Tesch et al., 1983; Arendt-Nielson and Mills, 1985; Roy et al., 1986; Brody et 

al., 1991; Kupa et al., 1995). In our examination of median frequency, we will compare 

activity during eccentric and concentric contractions in the same individual, attempting to 

control for variability in muscle fibre type proportion and subcutaneous fat across 

subjects. Given this, an individual can still show variation in blood flow, temperature, 

and muscle CSA from one testing time point to the next. 

Since higher median frequency and mean power frequency values are produced as 

force production increases, it is logical to hypothesize that higher frequency values would 

be seen during eccentric versus concentric or isometric contractions. However, eccentric 

contractions show greater force with decreased EMG and muscle sympathetic nerve 

(MSNA) activity (Komi and Rusko, 197 4; Eloranta and Komi, 1980; Moritani et al., 

1988; Tesch et al., 1990; Carrasco et al., 1999). The research has been equivocal as to 

why this occurs. However, it has been documented that there is an incomplete activation 

of the muscle during voluntary eccentric contractions (Westing et al., 1991 ), which 

probably explains why it is difficult to fatigue a muscle during eccentric work (Tesch et 

al., 1990). Further, some research has reported variable synergistic activity during 

eccentric, concentric, and isometric contractions (Nakazawa et al., 1993), suggesting that 

there is unique activation between contraction types (Enoka, 1997). Some evidence 

suggests that there is a limit imposed by the central nervous system on the number of 

motor units that can be activated during eccentric contractions (Enoka, 1997), and that the 
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descending signals apparent under eccentric conditions could modify which motor 

neurons will be excited or inhibited (Enoka, 1996). If the low threshold motor units are 

inhibited while the high threshold motor units are simultaneously excited, it could clarify 

why eccentric contractions recruit more Type II muscle fibres and display less EMG 

activity. 

B.6. Mechanisms of Muscle Hypertrophy 

Simply described, muscle hypertrophy will occur if protein synthesis is greater 

than protein degradation (Behm, 1995). This anabolic effect is evident after a bout of 

repeated muscular contractions where muscle damage and its subsequent repair will 

occur. These effects however, are directly related to the demands put on the muscle from 

overload to immobilization (Houston et al., 1983; MacDougall et al., 1980). As muscle 

hypertrophy will occur after resistance training, muscle atrophy will occur after periods 

of immobilization. All muscle fibres will show hypertrophy, but Type II fibres show 

greater relative hypertrophy than Type I fibres (Tesch et al., 1985; Staron et al., 1989; 

Staron et al., 1994). During high intensity resistance training, myofibrillar proteins 

increase substantially (Goldberg et al., 1975) along with rates of protein degradation 

(Behm, 1995). Increased levels of intracellular amino acids provide a precursor for 

protein synthesis (Behm, 1995) leading to muscle tissue repair and eventually muscle 

hypertrophy. As muscle hypertrophy initiates, protein synthesis is coupled with increases 

in RNA activity, suggesting that hypertrophy is controlled by post-transcriptional 

regulation (Booth et al., 1998). The increase in fibre area after training is related to both 

an increase in myofibril area and number, coupled with an increase in the number of actin 
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and myosin filaments (MacDougall, 1986). Once the myofibril reaches a certain size and 

strength, forceful contractions are thought to cause Z-disc ruptures, which could result in 

myofibril splitting (Goldspink, 1970). More recent research suggests that an increase in 

the number ofmyonuclei within the myofibrils leads to an increase in size (Allen et al., 

1999). 

Satellite cells are also thought to play a role in the repair of muscle tissue 

following protein degradation and fibre damage (Bischof, 1989; Schultz, 1989; 

Stockdale, 1997). Satellite cells were first identified by Mauro (1961), who described 

them as non-functioning reserve cells that reside within the basal lamina but outside the 

muscle fibre plasma membrane (Figure 1-4). 

Plasmalemma 

Figure 1-4: Location of satellite cells in the muscle cell. Satellite cells resemble 
myonuclei but reside between the basal lamina and the plasmalemma (Adapted from 
Kadi, 2000). 

Also called adult myoblasts, satellite cells are normally inactive but can be 

induced to divide under conditions of muscle damage or increased activation (Allen et al., 

1999). The satellite cells of the injured fibre will begin mitotic proliferation and travel 

down the fibre length to the damaged site where they will fuse and form a multinucleated 
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myotube, which will develop into a new muscle fibre (Bischof, 1989; ·Schultz, 1989; 

Stockdale, 1997). In short, a new muscle fibre is generated to replace the damaged one 

(Schultz, 1989). Schultz et al. {1986) found that satellite cells are only activated on 

damaged muscle fibres and not on normal fibres. It is possible then that more satellite 

cell activation would occur after intense muscular contractions, especially eccentrically, 

since more muscle damage occurs (Friden et al., 1983). The exact signal responsible for 

the activation of satellite cell proliferation is not known, and in general, the mechanisms 

that control satellite cell activity are poorly understood (Allen et al., 1999). 

The relationship between satellite cells and exercise is not clear. Most research 

involving satellite cell measurements has been done in animals, likely because of the 

invasiveness of the procedure. In animals, there is evidence that satellite cells increase in 

number in an overloaded muscle (Giddings et al., 1985; Snow, 1990; Rosenblatt et al., 

1994; Dangott et al., 2000). In humans, Appell et al. (1988) discovered the presence of 

myotubes in the trained versus untrained muscles after unilateral cycling exercise 

providing some evidence for the formation of new fibres through satellite cell activation. 

Yet, Appell et al. (1988) did not actually assess changes in satellite cell number, so it is 

difficult to conclude that the satellite cells actually contributed to muscle tissue repair. 

In another human study, Kadi et al. ( 1999) found that superior muscle hypertrophy in 

steroid users versus non-steroid users was a function of increased activation of satellite 

cells. 

Eccentric training has been shown to produce greater muscle hypertrophy than 

concentric training (Colliander and Tesch, 1990; O'Hagan et al., 1995; Higbie et al., 

1996; Seger et al., 1998), mainly because it will induce more muscle tissue damage and 
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protein degradation (Friden et al., 1983; Newham et al., 1983; Stauber et al., 1990; 

Enoka, 1996). The muscle damage associated with eccentric contractions is theorized to 

be a result of muscle cross-bridge disruption (Stauber, 1989; Enoka, 1996). The muscle 

cross-bridge theory explains that a muscle generates force by the interaction of actin and 

myosin filaments (Hanson and Huxley, 1953; Huxley and Niedergerke, 1954). When the 

muscle fibres are lengthened in an eccentric contraction the bond between actin and 

myosin is likely disrupted (Stauber, 1989), placing high stress on the involved muscle 

tissue structures (Enoka, 1996). In fact, eccentric contractions have been shown to 

induce many cross-bridge related disruptions within the muscle tissue including 

inflammation, delayed onset muscle soreness (DOMS), myofibrillar abnormalities, 

accumulation of neutrophils ( technetium-99m ), increased interleukin-6 (IL-6), increased 

c-Jun NH2-terminal kinase (JNK), disruption of the sarcolemma, plasma membrane 

lesions, myosin heavy chain fragments, cytoskeleton damage, increased serum creatine 

kinase ( CK), increased blood bradykinin concentration, fragmentation of the 

sarcoplasmic reticulum, and enlarged mitochondria (Stauber, 1992; Friden and Lieber, 

1992; Enoka, 1996; Blais et al., 1999; Boppart et al., 1999; Foley et al., 1999; Macintyre 

et al., 2000; Macintyre et al., 2001). These cross-bridge disruptions that occur after 

eccentric training could be a result of increased force levels during each contraction 

(Behm, 1995). Although these muscle tissue disruptions are not attributable to only 

eccentric contractions, they do occur in greater amounts after eccentric work. Given the 

evidence of increased muscle damage after eccentric exercise, more satellite cell 

activation and proliferation could be the overriding mechanism responsible for more 

muscle tissue repair and hypertrophy after eccentric training. Since satellite cells are 
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triggered by damage within the myofibrils, then eccentric contractions could induce more 

satellite cell activity. 

Increased muscle damage following eccentric contractions is also thought to be 

the result of higher stress on individual muscle fibres of an activated motor unit (Behm, 

1995), since fewer motor units are activated during eccentric versus concentric 

contractions (Bigland-Ritchie and Woods, 1976). However, eccenttic contractions can 

produce more force than concentric contractions, so for a given load, less muscle tissue 

activation would be required eccentrically. In credit to this theory, eccentric contractions 

have also been shown to elicit less EMG activity than concentric contractions even under 

rnaximal conditions (Tesch et al., 1990). 

Although the present investigation does not compare the degree of muscle 

damage and the subsequent physiological changes that occur within the muscle tissue that 

lead to muscle hypertrophy, it does attempt to determine whether or not high and low 

contraction velocity training will effect muscle hypertrophy with eccentric and concentric 

training. With either contraction type, the contraction velocity will increase 

(eccentrically) or decrease (concentrically) force production and could positively or 

negatively affect muscle growth. Theoretically, if more muscle damage occurs under 

eccentric conditions (especially at high velocities) then eccentric training should induce 

greater hypertrophy compared to concentric training. Presumably, if the greatest muscle 

damage occurs under the highest force condition (eccentric fast training), then more 

muscle hypertrophy should also occur. 
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1.3 Statement of the Problem and Hypotheses 

1.3.1 Statement of the Problem 

The interaction between eccentric and concentric contractions and angular 

velocity can greatly influence force production during muscular contraction. Differences 

in force output during muscular contraction can have major implications on strength and 

muscle hypertrophy. Surprisingly, only one very recent study has attempted to compare 

the effects of fast and slow velocity eccentric training on strength (Paddon-J ones et al., 

2001 ), and no study has attempted to determine the effect of contraction velocity on 

muscle hypertrophy. To date, no study had attempted to determine the effect of 

contraction velocity on cross education. 

The purpose of this investigation was twofold: First, to determine the effect of 

fast and slow eccentric contraction velocity training on cross education, and second, to 

determine the effect of fast and slow eccentric and concentric velocity training on muscle 

hypertrophy. 
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1.3.2 Hypotheses 

Part A: Cross education 

1. The strength increase in the untrained contralateral limb will be specific to the 

allotted training velocity, either fast or slow. That is, training at fast velocity will 

preferentially increase strength at fast velocities in the untrained limb, and 

training at slow velocity will increase strength at slow velocities in the untrained 

limb. 

Part B: Muscle hypertrophy 

1. Eccentric training will result in greater muscle hypertrophy than concentric 

training. 

2. The greatest difference in muscle hypertrophy will be seen when comparing 

eccentric fast velocity training to concentric fast velocity training. 

3. Eccentric training will show greater median frequency EMG activity than 

concentric training. 
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Chapter 2- Methods 

2.1 Research Design 

The experiment applied a between-within repeated measures design with the 

between factor being the groups (fast, slow) and the within factor being the pretest and 

posttest measures for each dependent variable (cross education and muscle hypertrophy). 

The experiment was broken up into two eight-week strength-training phases (one for each 

arm) separated by a five-week washout phase where no training took place. As a result, 

there were four different testing points- pre and post testing for Phase I and pre and post 

testing for Phase II. Phase I of the experiment included only eccentric training on one 

arm (randomized) while Phase II included only concentric training on the opposite arm. 

Prior to the start of Phase I, the subjects were randomized into either a fast or slow 

training group (as determined by contraction velocity) where they would remain for the 

duration of the experiment. A control group was also included in the experiment but they 

were designated as controls before the training subjects were randomized into either 

group. Thus, the control group was not randomly assigned. 

The design is perhaps more easily explained by giving an example. An individual 

who was selected to train in the fast group with their right arm first, would train their 

right arm eccentrically fast in Phase I, and then train their left arm concentrically fast in 

Phase II. Similarly, if an individual were selected to train in the slow group with their 

right arm first, they would train their right arm eccentrically slow in Phase I, and then 

train their left arm concentrically slow in Phase II. It is important to note that half the 
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subjects trained their right arm first while half trained their left arm first (randomized), in 

order to control for the effect of the dominant limb. 

2.2 Subjects 

Thirty-six untrained volunteers (13 male, 23 female) with little strength training 

experience participated in the study. Thirty-three subjects were recruited from the 

College of Kinesiology at the University of Saskatchewan, while the remaining three 

were recruited by word of mouth. Twenty-six subjects participated in either the fast 

group ( 4 male, 9 female) or the slow group (7 male, 6 female), while ten subjects (2 male, 

8 female) served as controls. All thirty-six subjects completed Phase I of the experiment 

while thirty-four completed Phase II. The twenty-six subjects designated to participate in 

one of the training groups were randomized by the flip of a coin into either the fast group 

or the slow training group until half of the total number of subjects was placed in one 

group, after which the remainder was placed in the other group. The fast group would 

train using 180°/s as their training contraction velocity, and the slow group would train 

using 30° Is as their training contraction velocity. 

To attempt to control for the potentially different results that may be shown 

between training the dominant limb versus the non-dominant limb, the subjects were once 

again randomized by the flip of a coin to train either their right arm or their left arm in 

Phase I, and hence the opposite arm in Phase II. Tables 2.1 and 2.2 describe the subject 

groups at the completion of Phase I (cross education analysis) and Phase II (muscle 

hypertrophy analysis) respectively. 
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Table 2.1 

Group descriptive statistics for subjects who completed Phase I 
(mean±SE) 

Fast Group Slow Group Control Group 
(n = 4males & (n = 7 males & (n=2 males & 

9 females) 6 females) 
Age (years) 21.9 ± 1.5 19.4±0.5 

Height (em) 167.1 ± 2.2 174.9 ±2.1 * 

Weight (kg) 65.6 ± 3.8 74.3 ± 3.0 

Strength Training Experience 1.2 ± 0.6 2.3 ±0.9 
In Previous Year (months) 

*Slow group> Fast group (p < .05) 

Table 2.2 

Group descriptive statistics for subjects who completed Phase II 
(mean± SE) 

Fast Group Slow Group 

8 females) 
22.7 ±0.9 

168.8 ± 2.6 

65.2 ± 3.2 

2.3 ± 1.1 

Control Group 
(n = 4 males & (n= 7 males & (n = 2 males & 

9 females) 4 females) 8 females) 
Age (years) 21.9 ± 1.5 19.6 ± 0.7 22.7 ± 0.9 

Height (em) 167.1 ± 2.2 175.7 ± 2.3* 168.8 ± 2.6 

Weight (kg) 65.6 ± 3.8 74.6 ± 3.5 65.2 ± 3.2 

Strength Training Experience 1.2 ± 0.6 2.7 ± 1.1 2.3 ± 1.1 
In Previous Year (months) 

*Slow group> Fast Group (p < .05) 
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Since significant cross education has been shown only in untrained individuals, 

any potential volunteers who were currently strength training were screened from 

participation in experimental groups. No other exclusion criteria were administered 

except that the age range was restricted to 18-35 years. The control subjects were 

permitted to maintain their current strength training program, as long as they were not 

training their arms. Three control subjects (1 male, 2 female) reported maintaining a 

strength training regimen throughout the study, but it consisted of mostly lower body 

exercises and did not include any arm training. Both males and females were included in 

the experiment since similar responses in cross education have been shown in studies 

including males (Cannon and Cafarelli, 1987; Hortobagyi et al., 1997; Shields et al., 

1999), females (Hortobagyi et al., 1996a; Hortobagyi et al., 1999), and both males and 

females (Stromberg, 1986; Kannus et al., 1992; Tracy et al., 1999). Further, recent 

studies have also shown no difference between untrained males and females in their 

relative increase in muscle hypertrophy following a period of resistance training (Cureton 

et al., 1988; Davies et al., 1988; Staron et al., 1994; O'Hagen et al., 1995; Abe et al., 

2000). 

2.3 Procedures 

2.3.1 Familiarization 

One week following the recruitment process, each subject was required to attend a 

laboratory familiarization session, which included the completion of a consent form 
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(Appendix B) and orientation to the testing procedure. Each participant completed one or 

two sub-maximal eccentric and concentric contractions on the Biodex isokinetic 

dynamometer at each velocity (fast, slow) so they were familiar with how to perform a 

test repetition before the pre-testing commenced. The purpose of the familiarization 

procedure was to control for the possibility that learning could influence the posttest 

results if the subjects were required to perform maximal test repetitions without prior 

familiarization. 

2.3.2 Test Protocol 

There were four separate testing points- pre and post testing for Phase I, and pre 

and post testing for Phase II. The testing protocol was identical at all four time points 

and the primary researcher performed all data collection for the experiment. Prior to any 

testing measures for strength and muscle thickness at the beginning of the experiment, 

each subject's height and weight was recorded. At this time the subjects were also 

questioned for their age (years) and resistance training experience in the previous year 

(months). One month of resistance training experience was defined as training three 

times per week for four weeks. The subjects were asked to report their best estimation of 

previous resistance training experience based on this definition. 

Part A below describes the strength testing protocol, and Part B below describes 

the muscle thickness testing protocol. The strength measures for the untrained arm were 

used to determine cross education, which would be analyzed at the end of Phase I, while 

the muscle thickness measures were used to determine muscle hypertrophy, which would 

be analyzed at the end of Phase II. The strength measures for the trained arm were 
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analyzed at the end of Phase II, and were used to determine which type of strength 

training (eccentric/concentric, fast/slow) is better for increasing strength. 

Part A: Strength Measures 

The ann strength testing protocol was completed over two successive days. On 

day one, all participants had their right ann tested, and on day two they had their left arm 

tested. Right and left ann eccentric and concentric strength measures were assessed using 

an isokinetic dynamometer (Biodex System 3, Biodex Medical Systems Inc, Shirley, NY) 

set up for elbow flexion/extension in the concentric/eccentric mode, along with the 

appropriate System 3 computer Software required to produce an onscreen peak torque 

value expressed in Newton·meters. Even though during the eccentric testing conditions 

the ann is actually extending, the entire testing procedure targeted the elbow flexors. 

During eccentric contractions the muscle is lengthening during the contraction, and in 

order for the elbow flexors to lengthen during an eccentric contraction, the ann must be 

extending. 

Each subject was required to complete four separate testing conditions on each 

arm: 1) Eccentric Fast (180°/s); 2) Eccentric Slow (30°/s); 3) Concentric Fast (180°/s); 4) 

Concentric Slow (30°/s). Each testing condition, consisted of three maximal repetitions 

separated by one minute, of which the highest peak torque value was recorded for 

reference on a data collection sheet (Appendix A). The torque measures were corrected 

for the effects of gravity on the lever arm and the handle of the dynamometer, and for 

each subject's individual limb weight. The protocol for each testing condition (i.e. one 

minute rest between maximal repetitions) could be fixed into the System 3 computer 
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Software to help control for human error during the timing of the procedure. The elbow 

flexion/extension attachment on the dynamometer was set to 100° range of motion(- 60° 

- 160°) for each subject and for each testing condition, where 0° was in farthest arm 

flexion ( 60°), and 1 00° was in full arm extension ( 160°). 

The Biodex chair and elbow flexion/ extension attachment were adjusted to fit 

each subject comfortably. The chair provided full back and head support and was set to 

produce an angle of 85° of hip flexion. The lever arm attachment length, chair back, and 

arm pad height were all individualized for each participant, but the dynamometer floor 

position, angle of dynamometer rotation (30° outward from the chair), dynamometer 

height, chair height, and chair floor position were kept constant. The dynamometer 

height and floor position were positioned to be coaxial with the elbow axis of rotation 

(lateral epicondyle) during the testing. Stabilization belts were fastened across the lap 

and across the chest, and a Velcro arm strap was secured tightly around the upper arm to 

keep the elbow axis of rotation in the correct position. Each subject's chair and 

dynamometer settings were recorded and reserved for the remainder of the study 

(Appendix A). 

The entire testing procedure for one arm could be completed in approximately 

twelve to fifteen minutes for each subject, which included testing eccentric and 

concentric strength at both the fast and slow velocities. To control for the potential factor 

of fatigue, the testing order was randomized (order drawn from a hat) for each subject, 

and for each arm (i.e. any given subject would test their right arm in a different order than 

their left). The Biodex isokinetic dynamometer and System 3 Software was always 

operated by the primary researcher, and its torque output was checked with a calibration 
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weight prior to each of the four testing time points. Only the primary researcher 

encouraged the subjects during the testing and attempted to provide each subject with the 

same motivation. The subjects were not blinded to their test scores during the testing, but 

were always encouraged to perform their best. 

The reproducibility of the tests for peak torque measurement was assessed on nine 

subjects (2 male and 7 female) on two separate days. For the concentric torque 

measurements at the fast (180°/s) and slow (30°/s) velocities, the coefficients of variation 

were 3.6% and 7.3% respectively, and the test-retest correlation coefficients were 0.99 

and 0.98, respectively. For the eccentric torque measurements at the fast and slow 

velocities, the coefficients of variation were 5.7o/o and 7.1 o/o, respectively, and the test

retest correlation coefficients were 0.99 and 0.97, respectively. 

Part B: Muscle Thickness Measures 

The elbow flexor muscle thickness measures were performed on the day prior to 

any strength measures because the strength testing protocol would result in muscle 

damage and increased blood flow to the biceps muscle, creating an inaccurate muscle 

thickness measure. The muscle thickness protocol was completed within ten minutes for 

each subject. 

Elbow flexor muscle thickness was measured on both arms of each subject using 

B-Mode ultrasound (Aloka SSD-500, Tokyo, Japan). B-Mode ultrasound involves the 

transmission of high frequency sound waves in selected tissues resulting in various echo 

patterns, which are computer enhanced for display and measurement (Weiss and Clark, 

1987). Muscle thickness measurement via B-Mode ultrasound highly correlates with 
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ultrasound muscle CSA measurements after a period of resistance training (SipiHi and 

Suominen, 1996). An extensive procedure was adhered to in order to ensure that the 

muscle thickness measure was always taken from the same position on the biceps. 

Standing relaxed with both arms hanging at their side in the anatomical position, each 

subject was measured for the distance (em) from the acromion process of the shoulder 

joint to the olecranon process of the elbow joint. A flexible tape measure was used so 

that the distance could be measured flush to the skin. A small mark was drawn on the 

lateral side of the arm to indicate exactly two-thirds of the distance (em) down from the 

acromion process to the olecranon process. The tape measure was then wrapped around 

the arm at the two-thirds mark and used to mark another reference point on the bulk of 

the biceps. The procedure was then repeated for the opposite arm. The reference points 

would eventually correspond to where the center of the ultrasound probe would be 

placed. 

Once the reference points were taken each subject laid one arm or the other flat 

down on a tabletop with their biceps facing upwards. They were then asked to fully 

suppinate their forearm so that the palm of the hand was also facing upwards. A blank 

overhead transparency with a hole in it cut exactly the width and length of the ultrasound 

probe was then laid over the entire upper arm with the center of the hole placed where the 

bicep reference marking was located. A washable marking pen was used to trace the 

shape of the hole onto the skin over the bulk of the bicep, surrounding the reference 

point. Following this, any skin blemishes or markings such as moles, scars, and freckles 

were traced onto the transparency along with the crease markings located at the elbow 

joint. The same procedure was repeated for the other arm and both transparencies were 
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kept on file. On subsequent testing dates, the transparency was brought out and placed 

over the upper arm and lined up to match each skin blemish that was previously traced on 

the transparency. When the markings were lined up properly, the hole in the 

transparency was once again traced onto the skin and muscle thickness could be 

measured. This ensured that identical sites were measured on each testing occasion. 

Once both arms were marked with the pen, a water-soluble transmission gel was 

applied to the site and the ultrasound probe was rested on the biceps with the end 

corresponding to the proximal site on the ultrasound monitor placed closer to the shoulder 

joint. A 5-MHz ultrasound probe was rested on the arm but not pressed, and held 

vertically upright. Once the researcher was satisfied with the quality of the image 

produced, the image on the monitor was frozen. With the image frozen, a cursor could be 

enabled in order to measure the thickness of the elbow flexors (em) at three sites- the 

proximal site, the mid site, and the distal site, as determined by the divisions (1 em) on 

the monitor. The distal and proximal sites on the monitor were six centimeters apart with 

the mid site located equidistant between them. The mid site would correspond to where 

the reference mark was drawn on the bulk of the biceps. 

The muscle thickness measure was extracted from the monitor image using a 

similar method as described by Abe et al. (2000). The layer of subcutaneous adipose 

tissue and the surface of the humerous bone were identified from the monitor image, and 

the distance from adipose layer to the surface of the bone was taken as elbow flexor 

muscle thickness. Once all three values were obtained, the process was repeated another 

two times so that three muscle thickness measures were taken at each of three sites. The 

closest two values were then taken and averaged to achieve a final muscle thickness value 
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for that site. If the two closest could not be determined by the previous three measures 

(i.e. high and low values were the same distance from the middle value), then a fourth 

measurement was performed. The muscle thickness values were recorded on a data sheet 

and kept on file (Appendix A). 

Reproducibility of the muscle thickness measurements was determined on two 

separate days for ten subjects (6 male, 4 female). For the distal, mid and proximal sites 

of the elbow flexors muscles, the coefficients of variation were 1.8%, 1.8%, and 2.6%, 

and the test-retest correlation coefficients were 0.98, 0.98, and 0.95, respectively. 

Part C: EMG Measures 

EMG measurements were taken during training sessions nineteen and twenty, in 

both phases of the experiment. These sessions were chosen because they fell into the 

time period where the highest training volume per session was applied. A two lead 

analog surface EMG (Bagnoli-2, Delsys Inc., Boston, MA) along with the EMGworks 

computer software program was used to measure muscle activation. One electrode was 

fastened to each biceps in the same position as the reference point described in Part B. of 

section 2.3.2. A reference electrode (ground wire) with an alligator clip was stuck to the 

kneecap with a single conductor. Prior to the start of the training session, bicep EMG 

activity was recorded during a five-second maximal isometric contraction with the arm 

flexed at 90°. This was done so that EMG activity during maximal eccentric and 

concentric muscle activation, and EMG activity without activation in the non-training 

arm could be compared against maximal isometric EMG activity. Following this, EMG 

activity in both the training and non-training arms was recorded during the first and sixth 
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sets of the training session. This was done to examine how fatigue and discomfort would 

affect the activation of the non-training arm, especially if the subjects found it difficult to 

relax their non-training arm as the training session wore on. 

The EMG main amplifier unit included single differential electrodes with a 

bandwidth of20 ±5Hz to 450 ±50 Hz, a 12 dB/octave cut-off slope, and a maximum 

output voltage frequency range ± 5 volts. The overall amplification or gain per channel 

was 1000 dB. The system noise was< 1.2 J..!V (rms) for the specified bandwidth. The 

electrodes were two silver bars (1 0 mm x 1 mm diameter) spaced 10 mm apart, with a 

Common Mode Rejection Ratio (CMRR) of92 dB. The electrodes were placed so that 

the silver bars (electrodes) were transverse to the length of the muscle fibres. After the 

skin surface was cleaned with alcohol and shaved if necessary, the electrode was 

positioned and fastened down with medical tape. 

The EMG was recorded as raw EMG (volts) and stored in the computer for 

analysis. The sampling rate was set at 1024Hz for 120 seconds, which is more than 

double the highest frequency cut-off value of the bandwidth (450Hz) as required by the 

Nyquist criterion. The raw EMG data was then used to calculate a mean absolute value 

(MA V) value and median frequency (MDF) using the EMGworks software. 

The MA V is calculated using the following equation: 

where: 

m(t) = the raw EMG signal 

T = the length of time for which the MA V is calculated 

t =the time in seconds 
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The MDF is calculated using the following equation: 

where: 

Sm(f) =the power density spectrum of the EMG signal 

fmed =the median frequency of the EMG signal 

f = the frequency in hertz 

Once the raw EMG data was converted to a MAV, the highest value during each 

of the eight contractions was extracted and an average MA V value for the training set 

was calculated and used for comparison (Appendix D). After the raw EMG was 

converted to MDF, an average MDF value for the duration of the training set was 

calculated and used to compare the eccentric and concentric training arm within each 

subject of both the fast and slow training groups (Appendix E). 

The EMG data served two purposes. The first purpose was to show that there was 

limited muscle activation in the elbow flexors of the non-training arm during a training 

session. EMG activity was expressed as a percentage of the peak isometric EMG activity 

recorded during a maximal isometric contraction (Hortobagyi et al., 1997). At the 

completion of Phase I, if significant strength increase could be shown in the untrained 

arm without muscle activation, it would provide further evidence that cross education is 

controlled by neural mechanisms, and was not magnified by the activation of the 

contralateral muscle group. The second purpose of the EMG data was to determine the 

median frequency of the elbow flexors muscle activation in the training arm, and 
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compare it between eccentrically and concentrically trained arms at the completion of 

Phase II. Median frequency data is used in research to attempt to determine the relative 

contribution of different motor unit types and could thus be used to estimate muscle fibre 

recruitment (Moritani and Muro, 1987; Gerdle et al., 1988; Gerdle et al., 1997; Pincivero 

et al., 2001). If a higher median frequency is shown, then it is expected that more Type II 

or fast twitch muscle fibres were activated. Type II muscle fibres are innervated by 

larger high threshold motor units, have a greater potential for muscle hypertrophy, and 

are recruited more during eccentric contractions (Enoka, 1997). 

2.3.4 Resistance Training Program 

The resistance training program was identical for both phases of the study, with 

the exception that in Phase I only eccentric repetitions were performed, while in Phase II 

only concentric repetitions were performed. Since both arms of each subject were used 

for comparison, a five-week washout phase was included in the experiment to help 

alleviate the effect that cross education might have on the results in Phase II. 

The arm strength training program began on the first Monday following the week 

of testing. The subjects trained their arm three times per week for eight weeks for a total 

of twenty-four training sessions. The subjects were not eligible to posttest until all 

twenty-four training sessions were completed to ensure that every subject was exposed to 

exactly the same training volume (total sets x total reps) prior to post-testing. A subject 

training log was kept daily to track their progress (Appendix C). 
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All subjects training the right arm in Phase I trained on Monday, Wednesday, and 

Friday of each week, while all subjects training the left arm in Phase I trained on 

Tuesday, Thursday, and Saturday. In Phase II, the subjects trained on the same days as in 

Phase I, except they would now be training the opposite arm. Each set had a timed rest of 

one minute, so each training session could be completed within ten minutes. 

All training sessions were completed on the Biodex isokinetic dynamometer and 

the primary researcher was present to supervise each training session. A supervised 

training program completed on the Biodex isokinetic dynamometer provides several 

advantages. Supervision ensures that each subject completes the entire training session, 

as well as provides a sense of accountability for the subjects to attend regularly. Further, 

it allows for the supervisor to provide the same encouragement for each person. The 

advantage of the dynamometer is that it allows each repetition to be performed 

maximally, since the contraction velocity is held constant regardless of the force being 

exerted by the subject. Due to fatigue, any individual cannot exert the same amount of 

force maximally during their eighth repetition as they could during their first. Hence, in a 

normal resistance training program using free weights, in order to complete eight 

repetitions at a given resistance, maximal resistance cannot be applied on every 

repetition. Another advantage of training on the Biodex is that the arm, shoulders, and 

waist can all be fastened down tightly, so that better isolation of a muscle group can be 

achieved. 

Most of the subjects had very limited if any prior experience with strength 

training, so in order to limit the effects of over-training and possible injury, a progression 

of training volume was included in the program (Table 2.3). The progression included a 
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gradual increase from two to six sets of eight maximal repetitions per training session, 

and a taper down to three sets of eight maximal repetitions prior to post-testing. A taper 

is commonly referred to as a reduction in training volume while training intensity is kept 

constant. The taper was included in the program because it has been shown to result in 

significantly higher posttest force output following an elbow flexor strength training 

protocol (Gibala et al. 1994). 

During each training session in Phase I, the primary researcher constant! y 

reminded the subjects to relax their non-training arm throughout each repetition. Strictly 

monitoring the activity of the contralateral limb during training would help control for 

any variables besides the activity of the training arm contributing to the effect of cross 

education. Even though the effect of cross education was not being analyzed during 

Phase II, the subjects were still encouraged to relax the non-training arm during training. 

This was done to ensure that the training program in Phase I was consistent with Phase II. 

Table 2.3 
Training program progression (8 weeks- 24 training sessions) 

Training Session No. of Sets 

1-2 2 

3-4 3 

5-6 4 

7-12 5 

13-22 6 

23-24 3 

*Phase I- eccentric contractions 
*Phase II- concentric contractions 

No. of Reps 

8 

8 

8 

8 

8 

8 
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2.4 Statistical Analysis 

All collected data was entered into a database, and then ·exported for statistical 

analysis to Statistica for windows (version 5) or SPSS for windows (version 10.05, SPSS 

Inc., Chicago, IL). Statistical significance for all analyses performed was set at p::; 0.05. 

Part A: Cross Education Analysis 

Cross education could be analyzed after the completion of Phase I of the 

experiment, which included eccentric training only. Pre and post eccentric strength 

values at both testing velocities (180°/s, 30°/s) for all three groups were compared. For 

each training group the strength values for the untrained arm were used. For the control 

group however, both arms were untrained, so the data was analyzed by randomizing 

which arm would be used for analysis for each control subject- the dominant or non

dominant arm. 

Since the subject pool included both males and females and was not matched for 

strength at baseline, pre-test strength values were different between groups and an 

analysis of covariance (ANCOV A) was applied. A 3 x 2 x 2 (group x contraction type x 

velocity) ANCOVA, with pre-test strength values entered as covariates, was used to 

compare the strength changes in the untrained limb over time between groups. Since 

relative strength changes in response to a strength training protocol do not differ between 

males and females (Cureton et al., 1988; Davies et al., 1988; Staron et al., 1994; O'Hagen 

et al., 1995; Abe et al., 2000), relative percent change strength scores were used in the 

ANCOV A. Percent change scores greatly simplify the representation of the data by 
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eliminating the factor of time, and they attempt to equivocate males and females 

regarding the measure of strength change over time. 

Another 3 x 2 x 2 (group x contraction type x velocity) AN COY A was applied to 

analyze the strength changes in the trained arm of both groups. Again, pre-test strength 

values were entered as co variates, and the same randomization procedure was used for 

the control group. 

To determine if the changes in strength in the untrained arm were accompanied by 

muscle hypertrophy, changes in muscle thickness of the untrained arm were determined 

by a 3 x 2 (group x time) analysis ofvariance {ANOYA). 

The mean absolute value (MAY) EMG data was expressed as a percentage of the 

peak isometric MAY for each subject, and was used as a descriptive statistic to report the 

level of activation in both the training and non-training arms during first and sixth set of a 

single training bout. The control group was not included in the EMG analysis because 

they did not train. 

In all cases, Tukey' s Honest Significant Difference (HSD) test was used for post 

hoc mean comparisons if significant interactions were found. 

Part B: Muscle Hypertrophy Analysis 

Muscle hypertrophy could be analyzed at the completion of Phase II of the 

experiment when each subject had·trained both arms: one eccentrically and one 

concentrically. Pre and post ultrasound muscle thickness data at the proximal, mid, and 

distal sites were collected for both the eccentrically trained arm and the concentrically 

trained arm of each subject in the training groups. As in the Phase I analysis, the same 
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problem arose for the control group at the end of Phase II in that both arms were 

untrained. For this analysis the control group arms were randomized at the end of each 

phase so that one arm (dominant or non-dominant) was compared to the training groups' 

eccentrically trained arm at the end of the first eight week period (Phase 1), and one arm 

(dominant or non-dominant) was compared to the training groups' concentrically trained 

arm at the end of the second eight week period (Phase II). This was done to ensure that 

each selected control group arm was exposed to the same training time period as each 

group of training arms, even though they were not training. Since the control group was 

tested in both phases, the muscle thickness values would not be identical for the same 

arm (dominant or non-dominant) from Phase I to Phase II. 

A 3 x 2 (group x arm) analysis ofvariance (ANOVA) was applied for each ofthe 

proximal, mid, and distal sites, comparing the muscle thickness changes over time 

between groups. Once more, in order to simplify the data and represent it in terms of 

relative change, percent change muscle thickness scores were applied for the proximal, 

mid and distal sites. 

A 3 x 2 x 2 (group x contraction type x velocity) ANCOV A was applied to 

analyze the strength changes in the concentrically trained arm of both groups. As in 

Phase I, pre-test strength values were entered as covariates, and the same randomization 

procedure was used for the control group. The non-training arm was not analyzed at the 

end of Phase II. 

Median frequency (MDF) EMG data was analyzed by a 2 x 2 x 2 (group x 

contraction type x set) ANOV A, to determine the difference between eccentric and 
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concentric training at high and low velocity. Again, the control group was not included 

in the EMG analysis because they did not train. 

In all cases, if significant interactions were found, Tukey' s HSD test was used for 

post hoc comparison of means. 
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3.1 Results 

3.1.1 Subjects 

Chapter 3- Results and Discussion 

At the beginning of the experiment prior to pre-testing, thirty-six subjects ( 13 

males and 23 females) were measured for height and weight, and asked to report their age 

(years) and resistance training experience during the year prior to the beginning of the 

study (months). A one-way ANOV A was applied to determine group differences. There 

were no significant differences between groups for age [F (2,33) = 2.523,p = 0.096], 

weight [F (2,33) = 2.316,p = 0.115], and resistance training experience [F (2,33) = 0.562, 

p = 0.575]. However, the slow group subjects were significantly taller than the fast group 

subjects [F (2,33) = 3.461,p = 0.043]. Phase I pretest strength scores for the slow group 

were significantly greater than the fast group for the eccentric fast (180°/s) [F (2,32) = 

3.581,p = 0.040], eccentric slow (30°/s) [F (2,32) = 4.267,p = 0.023], and concentric 

slow (30°/s) [F (2,32) = 3.929, p = 0.030] testing conditions, but not the concentric fast 

(180°/s) testing condition [F (2,32) = 2.257, p = 0.121]. There were no significant 

differences between groups for any of the testing conditions at the beginning of Phase II 

(Appendix F), and there were no significant differences between groups for any pretest 

muscle thickness scores at the beginning of Phase I or Phase II (Appendix F). Since 

subjects were randomly assigned to the training groups, these differences can be 

attributed to chance. 
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Part A: Phase I 

A.l. Subjects 

Thirty-five subjects completed the testing at the end of Phase I. One subject did 

not complete the strength post-testing due to illness, so his data was excluded. Therefore, 

twelve fast training (3 males and 9 females), thirteen slow training (7 males and 6 

females) and ten control subjects (2 males and 8 females) were used in the Phase I 

analyses for strength in the trained and untrained ann, muscle thickness in the untrained 

arm, and EMG activity. 

A.2. Dominant Arm 

Each training subject was randomized to train either their right or left arm in 

Phase I. In the fast group (n = 12), eight subjects trained their dominant arm, while four 

subjects trained their non-dominant arm. In the slow group (n = 13), five subjects trained 

their dominant arm, while eight subjects trained their non-dominant ann. 

A.3. Strength and Muscle Thickness in the Untrained Arm 

Eccentric and concentric torque in the untrained arm at each testing velocity 

(30°/s and 180°/s) before and after eccentric training is presented in Table 3.1 and Table 

3.2 for all groups. The 3 x 2 x 2 (group x contraction type x velocity) ANCOVA using 

relative percent change strength scores revealed a significant group x velocity interaction 

[F (2, 32) = 3.752, p = 0.034]. Post hoc analyses revealed that for the fast training group, 

the change in torque at the fast testing velocity (180°/s) was significantly greater than at 

the slow testing velocity (30°/s) (p = 0.050) (Figure 3-1). Further, the change in torque 
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for the fast training group at the fast velocity was significantly greater than the change in 

torque for the slow training group at the fast (p = 0.002) and slow (p = 0.000) testing 

velocities, and for the control group at the fast (p = .008) but not slow (p = 0.072) testing 

velocity (Figure 3-1 ). These results indicate that cross education occurs following fast 

(180°/s) but not slow (30°/s) velocity eccentric training, and is specific to contraction 

velocity after fast velocity training. There was no significant group x contraction type 

interaction meaning that there was no specificity of training regarding contraction type 

(eccentric or concentric) after eccentric training. 

Table 3.1 
Eccentric peak torque in the untrained arm at two testing velocities (180°/s and 30°/s) 
after eight weeks of eccentric training. All values are means ± SE. 

Group 

Fast 
(180°/s) 
N=l2 

Slow 
{30°/s) 
N=l3 

Control 
N=lO 

Pre 

57.1±5.9 

77.4±5.2 

58.6±7.0 

Eccentric 180°/s 

Post 0/oChange 

63.8± 6.1 13.3±4.8 

74.5±4.6 -2.2±2.9 

58.9±5.9 2.9±3.7 

67 

Eccentric 30°/s 

Pre Post o/oChange 

54.1±5.5 55.3±6 1.9±2.3 

75.4±5.6 72.6±5.0 -2.7±2.4 

55.0±6.7 55.2±5.4 2.9±3.6 



Table 3.2 
Concentric peak torque in the untrained arm at two testing velocities (180°/s and 30°/s) 
after eight weeks of eccentric training. All values are means ± SE. 

Group 

Fast 
(180°/s) 
N=l2 

Slow 
(30°/s) 
N=l3 

Control 
N=IO 

Pre 

33.7±3.5 

45.4±4.6 

34.2±5.4 

Concentric 180°/s 

Post %Change 

37.8±4.1 13.1±4.3 

44.6±4.0 2.3±6.5 

32.3±4.4 -1.2±5.4 
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Concentric 30°/s 

Pre Post %Change 

36.4±3.9 38.0±3.8 6.4±4.5 

50.9±4.5 49.5±4.3 -1.1±3.8 

33.4±5.7 33.8±4.8 4.7±4.8 
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Figure 3-1: Percent change in peak torque at both testing velocities (180°/s and 30°/s) for 
the fast trained (trained at 180°/s), slow (trained at 30°/s) and control groups. Chart 
includes means± SE. *Change in torque significantly greater than all except the control 
group at the slow velocity (30°/s). 

The 3 x 2 (group x time) ANOVA for muscle hypertrophy in the untrained arm 

revealed no significant changes in muscle thickness over time in any group at the 

proximal [F (2,32) = 0.845,p = 0.439], mid [F (2,32) =1.865,p = 0.171], or distal 

[F (2,32) = 1.035,p = 0.367] site (Table 3.3). Although not significant, the fast group 

showed an average (all three sites) muscle thickness change of 3 .2%, while the slow and 

control groups averaged 0.7% and -0.7% respectively. 
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Table 3.3 
Muscle thickness (em) changes at the proximal, mid, and distal sites of the elbow flexors 
of the untrained arm after Phase I. All values are means ± SE 

Proximal Site Mid Site Distal Site 

Pre Post %Change Pre Post %Change Pre Post %Change 
Group 

Fast 
0800/s 2.78±0.17 2.87±0.18 3.77±2.73 3.12±0.16 3.21±0.18 2.74±1.89 3.39±0.15 3.49±0.17 2.97±1.81 

N=12 

Slow 
(30o/s) 3.17±0.14 3.16±0.15 -0.07±2.30 3.51±0.13 3.54±0.14 0.71±1.43 3.79±0.13 3.85±0.14 1.45±0.83 

N=l3 

Control 2.93±0.20 2.90±0.18 -0.44±3.00 3.29±0.18 3.22±0.16 -1.82±1.94 3.53±0.17 3.51±0.12 0.03±2.01 
N=lO 

A.4. Strength in the Trained Arm 

Eccentric and concentric torque in the trained arm at each testing velocity (30° Is 

and 180°/s) before and after training is presented in Table 3.4 and Table 3.5 respectively, 

for all groups. The 3 x 2 x 2 (group x contraction type x velocity) ANCOV A for the 

change in torque revealed a significant group effect [F (2,28) = 15.241,p = 0.000]. Post 

hoc analyses showed that the change in torque for the fast group was significantly greater 

than both the slow (p = 0.014) and control (p = 0.000) groups. There was also a trend for 

a greater change in torque for the slow group than the control group (p = 0.065). There 

was no significant group x contraction type [F (2,32) = 1.120,p = 0.339] or group x 
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velocity [F (2,32} = 1.111, p = 0.341] interaction, indicating that the change in torque for 

the trained arm exhibited no specificity of training. 

Table 3.4 
Eccentric peak torque in the trained arm at two testing velocities (180°/s and 30°/s) after 
eight weeks of eccentric training. All values are means ± SE. 

Group 

Fast 
(180°/s) 
N=l2 

Slow 
(30°/s) 
N=13 

Control 
N=lO 

Pre 

59.2±6.0 

72.2±5.4 

58.6±7.0 

Eccentric 180°/s 

Post %Change 

68.8±6.5 17.6±2.8 

76.2±4.7 7.5±3.9 

58.9±5.9 2.9±3.6 
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Eccentric 30°/s 

Pre Post %Change 

56.9±6.2 64.2±6.4 14.9±3.3 

70.2±5.0 73.5±4.8 5.4±2.0 

55.0±6.7 55.2±5.4 2.9±3.6 



Table 3.5 
Concentric peak torque in the trained arm at two testing velocities (180°/s and 30°/s) after 
eight weeks of eccentric training. All values are means ± SE. 

Group 

Fast 
(180°/s) 
N=l2 

Slow 
(30°/s) 
N=l3 

Control 
N=lO 

Pre 

36.5±3.8 

44.7±3.7 

34.2±5.4 

Concentric 180°/s 

Post 

44.2±4.4 

51.4±4.8 

32.3±4.4 

A.5. Torque Velocity Relationships 

Concentric 30°/s 

'%Change Pre Post %Change 

22.1±4.2 34.6±4.0 42.5±4.5 23.9±3.4 

16.1±6.2 47.2±3.7 52.7±4.3 12.1±3.4 

-1.2±5.4 33.4±5.7 33.8±4.8 4.7±4.8 

A comparison of the eccentric and concentric torque velocity relationship for both the 

trained and untrained arm at both the fast (180°/s) and slow (30°/s) testing velocity before 

and after eccentric training is presented in Figure 3-2 for the training groups. Since the 

control group did not train and both arms were untrained, the results from only one arm 

(randomized) are included in Figure 3-2. 
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Figure 3-2: Torque velocity relationships before and after eight weeks of eccentric 
training. Negative angular velocities denote torque values during eccentric testing 
conditions, while positive angular velocities denote torque values during concentric 
testing conditions. All values are means. 

For all groups, torque output during eccentric contractions was greater than concentric 

contractions, and the highest torque output was generated during the eccentric fast 
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velocity (180°/s) testing condition. In all cases except the pre and post-test conditions for 

the fast group trained arm and the pre-test condition for the control group, the lowest 

torque output was generated during the concentric fast velocity (180°/s) condition. 

Pooling all data for both the trained and untrained arm for all subjects, torque 

output for the eccentric fast and slow velocity testing conditions averaged 63.9 (Nm) and 

61.1 (Nm) for the pre-test conditions, and 66.9 (Nm) and 62.7 (Nm) for the post-test 

conditions, respectively. Further, torque output for the concentric fast and slow velocity 

testing conditions averaged 38.1 (Nm) and 39.3 (Nm) for the pre-test conditions, and 40.4 

(Nm) and 41.7 (Nm) for the post-test conditions, respectively. 

A.6. Mean Absolute Value EMG 

The mean absolute value (MA V) EMG activity was expressed as a descriptive 

statistic to report the activation level of the non-training arm during training. EMG 

activity for training and non-training arm during the first and sixth set of training is 

described in Table 3.6 for the fast and slow training groups. The control group is not 

included because they did not train. Both the fast and slow groups showed similar 

activation in the non-training arm, and the slow group showed greater activation in the 

training arm. 
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Table 3.6 
EMG activity in the training and non-training arm of the fast and slow training groups 
during the first and sixth set of a single training session, expressed as a percentage of the 
peak isometric EMG activity. All values are means± SE. 

0/o Activation (SET 1) 

Group 

Fast 
(180°/s 
N=12 

Slow 
(30°/s) 
N=l3 

Training Arm 

68.0±5.2 

84.8±5.2 

Part B: Phase II 

B.l. Subjects 

Non-Training Arm 

1.3±0.4 

1.7±0.5 

0/o Activation (SET 6) 

Training Arm Non-Training Arm 

63.4±5.4 2.2±0.7 

80.5±9.0 1.0±0.2 

Thirty-four subjects completed the testing at the end of Phase II. Two subjects 

from the slow group dropped out prior to the start of Phase II. One additional slow group 

subject was ill for the strength post-testing, and one fast group subject did not complete 

the EMG testing due to technical difficulties during data collection. Therefore, thirteen 

fast group ( 4 males and 9 females), eleven slow group (7 males and 4 females), and ten 

control group (2 males and 8 females) subjects were included in the trained arm muscle 

thickness analysis, thirteen fast group (4 males and 9 females), ten slow group (6 males 

and 4 females), and ten control group (2 males and 8 females) subjects were included in 
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the trained arm strength analysis, and twelve fast group (4 males and 8 females) and 

eleven slow group (7 males and 4 females) subjects were included in the EMG analysis. 

B.2. Dominant Arm 

All subjects in the training groups trained the opposite arm that they trained in 

Phase I. Therefore in the fast group (n = 13), five subjects trained their dominant arm, 

while eight subjects trained their non-dominant arm, and in the slow group (n = 11), six 

subjects trained their dominant arm, while five subjects trained their non-dominant arm. 

B.3. Muscle Thickness in the Eccentrically and Concentrically Trained Arm 

The changes in muscle thickness for eccentrically and concentrically trained arms 

at the proximal, mid, and distal sites for all groups are presented in Table 3.7 and 3.8, 

respectively. Eccentric fast training resulted in a greater average (all three sites) muscle 

thickness change (13o/o) than eccentric slow (7.8%), concentric slow (5.3o/o), and 

concentric fast (2.6%) training. 

B.3.1. Proximal Site 

The 3 x 2 (group x arm) ANOV A for the change in muscle thickness at the 

proximal site revealed a significant arm effect [F ( 1,31) = 4.161, p = 0.049] and group 

effect [F (2,31) = 5.565, p = 0.009], indicating that overall the eccentrically trained arm 

showed a greater change in muscle thickness than the concentrically trained arm, and that 

the fast and slow training groups showed a greater change in muscle thickness than the 

control group (p = 0.013 and p = 0.022, respectively). The group x arm interaction 

approached significance [F (2,31) = 2.975,p = 0.066]. The relationship for changes in 
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muscle thickness at the proximal site between the four groups of trained arms and the two 

groups of control arms is illustrated in Figure 3-3. 
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Figure 3-3: Proximal site muscle thickness percent changes across groups after Phase II 
(data for two arms per group- eccentric and concentric). All values are means± SE. 
*Significantly greater than control (eccentric and concentric arms combined). 
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Table 3.7 
Muscle thickness (em) changes at the proximal, mid, and distal sites of the elbow flexors 
of the eccentrically trained arm. All values are means ± SE 

Pre 
Group 

Fast 
0800/s) 2.8±0.2 

N=l3 

Slow 
(30°/s) 
N=ll 

Control 
N=IO 

3.2±0.1 

2.9±0.2 

Proximal Site 

Post '%Change Pre 

3.1±0.2 13.0±3.7 3.2±0.2 

3.4±0.2 7.3±1.9 3.5±0.1 

2.9±0.2 -0.4±3.0 3.3±0.2 
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Mid Site Distal Site 

Post 'Yo Change Pre Post %Change 

3.6±0.2 13.1±2.6 3.5±0.2 3.9±0.2 12.9±1.6 

3.8±0.2 6.8±1.6 3.8±0.1 4.1±0.2 9.3±0.9 

3.2±0.2 -1.8±1.9 3.5±0.2 3.5±0.1 0.0±2.0 



Table 3.8 
Muscle thickness (em) changes at the proximal, mid, and distal sites of the elbow flexors 
of the concentrically trained arm. All values are means± SE 

Pre 
Group 

Fast 
( 800/ ) 2.8±0.2 1 s 
N=I3 

Slow 
(30°/s) 
N=l1 

Control 
N=IO 

3.1±0.2 

2.8±0.1 

B.3.2 Mid Site 

Proximal Site 

Post %Change Pre 

2.9±0.2 1.5±1.5 3.2±0.2 

3.3±0.1 6.7±2.4 3.5±0.2 

2.7±0.1 -1.4±2.6 3.1±0.1 

Mid Site Distal Site 

Post 0/oChange Pre Post o/oChange 

3.2±0.2 2.1±0.6 3.5±0.2 3.6±0.2 4.1±1.1 

3.6±0.1 5.0±1.5 3.8±0.2 3.9±0.1 4.3±1.4 

3.1±0.1 -0.8±1.6 3.4±0.2 3.3±0.2 -1.4±1.0 

The 3 x 2 (group x arm) ANOVA for the change in muscle thickness at the mid 

site revealed a significant group x arm interaction [F (2,31) = 6.82l,p = 0.004]. Post hoc 

analyses revealed that the fast eccentrically trained arm showed a greater change in 

muscle thickness than the fast concentrically trained arm (p = 0.001 ), the slow 

concentrically trained arm (p = 0.032), the designated control eccentric arm (p = 0.000), 

and the designated control concentric arm (p = 0.000). Further, the fast eccentrically 

trained arm did not show a significantly greater change in muscle thickness than the slow 

eccentrically trained arm (p = 0.148). The change in muscle thickness in the slow 

eccentrically trained arm was greater than the designated control eccentric arm (p = 
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0.027) but not the designated control concentric arm (p = 0.068). Neither the fast nor 

slow concentrically trained arms showed a significantly greater change in muscle 

thickness than either the designated eccentric or concentric control arm (fast concentric: p 

= 0.655 and p = 0.869, respectively; slow concentric: p = 0.119 and p = 0.251, 

respectively). The relationship for changes in muscle thickness at the mid site between 

the four groups of trained arms and the two groups of control arms is illustrated in Figure 

3-4. 

17.5 
15 

12.5 
G) 10 
C) 

; 7.5 

c3 5 
cf!. 2.5 

0 

-2.5 
-5 

Muscle Thickness- Mid Site 

Fast Training Slow Training 

.ECCArm 

CCON Arm 

Control 

Figure 3-4: Mid site muscle thickness percent changes across groups after Phase II (data 
for two arms per group- eccentric and concentric). All values are means± SE. 
*Significantly greater than all except the eccentric arm from the slow training group. 
**Significantly greater than the designated control eccentric arm. 
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B.3.3 Distal Site 

The 3 x 2 (group x arm) ANOV A for the change in muscle thickness at the distal 

site revealed a significant group x arm interaction [F (2,31) = 4.007,p = 0.028]. Similar 

to the mid site, post hoc analyses revealed that the fast eccentrically trained arm showed a 

greater change in muscle thickness than the fast concentrically trained arm (p = 0.000), 

the slow concentrically trained arm (p = 0.001), the designated control eccentric arm (p = 

0.000), and the designated control concentric arm (p = 0.000). The change in muscle 

thickness in the slow eccentrically trained arm was significantly greater than both the 

designated control eccentric (p = 0.001) and concentric (p = 0.000) arms. Similar to the 

mid site, both concentrically trained arms did not show a significantly greater change in 

muscle thickness than either the designated eccentric or concentric control arms (fast: p = 

0.322 and p = 0.087, respectively; slow: p = 0.294 and p = 0.077, respectively). The 

distal site change in muscle thickness relationship between the groups is presented in 

Figure 3-5. 
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Figure 3-5: Distal site muscle thickness changes across groups after Phase II. All values 
are means± SE. 
*Significantly greater than all except the eccentric arm from the slow training group. 
**Significantly greater than both control group arms. 

B.4. Strength in the Trained Arm 

Eccentric and concentric torque in the trained arm at both testing velocities 

(180°/s and 30°/s) after concentric training is presented in Table 3.9 and Table 3.10 

respectively, for all groups. The 3 x 2 x 2 (group x contraction type x velocity) 

ANCOV A for the change in torque revealed a significant group effect [F (2,26) = 4.172, 

p = 0.027]. Post hoc analyses revealed that the slow training group showed a greater 

change in torque than the control group (p = 0.039) but not the fast training group (p = 

0.194). Further, the change in strength for fast training group was not different than the 

control group (p = 0.700). There was no significant group x contraction type [F (2,30) = 
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0.171,p = 0.844] or group x velocity [F (2,30) = 2.096,p = 0.141] interaction, indicating 

that there was no specificity of the change in torque after concentric training. 

Table 3.9 
Eccentric peak torque in the trained arm at two testing velocities (180°/s and 30°/s) after 
eight weeks of concentric training. All values are means ± SE. 

Group 

Fast 
(180°/s) 
N=13 

Slow 
(30°/s) 
N=lO 

Control 
N=lO 

Pre 

63.4±6.2 

73.5±5.9 

57.0±5.6 

Eccentric 180°/s 

Post %Change 

63.0±6.0 -0.5±1.3 

76.8±5.6 5.1±2.6 

54.4±4.0 -2.8±2.7 
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Eccentric 30°/s 

Pre Post %Change 

55.5±6.6 54.8±6.2 -0.6±2.0 

69.1±5.6 74.1±6.0 6.9±2.9 

56.2±7.2 52.4±5.7 -5.1±2.4 



Table 3.10 
Concentric peak torque in the trained ann at two testing velocities (180°/s and 30°/s) after 
eight weeks of concentric training. All values are means ± SE. 

Group 

Fast 
(180°/s) 
N=l3 

Slow 
(30°/s) 
N=IO 

Control 
N=IO 

Pre 

37.3±3.6 

45.0±5.5 

30.6±3.5 

Concentric 180°/s 

Post o/oChange 

39.3±3.0 7.8±4.3 

47.0±5.1 6.3±6.9 

31.4±3.6 4.0±4.9 

B.S. Torque Velocity Relationships 

Concentric 30°/s 

Pre Post %Change 

40.5±4.0 37.9±3.7 -5.9±3.0 

47.1±5.1 49.5±4.4 5.9±4.5 

35.7±4.9 33.6±4.8 -5.8±2.2 

A comparison of the eccentric and concentric torque velocity relationship for the trained 

arm at both the fast (180°/s) and slow (30°/s) testing velocity before and after concentric 

training is presented in Figure 3-4 for the training groups. Since the control group did not 

train and both arms were untrained, the results from only one ann (randomized) are 

included in Figure 3-7. Identical to Phase I, for all groups torque output during eccentric 

contractions was greater than concentric contractions, and the highest torque output was 

generated during the eccentric fast velocity (180°/s) testing condition. In all cases, the 

lowest torque output was generated during the concentric fast velocity (180°/s) condition. 
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Figure 3-6: Torque velocity relationships before and after eight weeks of concentric 
training. Negative angular velocities denote torque values during eccentric testing 
conditions, while positive angular velocities denote torque values during concentric 
testing conditions. All values are means. 

Pooling all data for the trained arm for all subjects, torque output for the eccentric 

fast and slow velocity testing conditions averaged 64.6 (Nm) and 60.3 (Nm) for the pre-

test conditions, and 64.7 (Nm) and 60.4 (Nm) for the post-test conditions, respectively. 

Further, torque output for the concentric fast and slow velocity testing conditions 

averaged 37.6 (Nm) and 41.1 (Nm) for the pre-test conditions, and 39.2 (Nm) and 40.3 

(Nm) for the post-test conditions, respectively. 
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B.6. Median Frequency EMG 

The 2 x 2 x 2 (group x contraction type x set) ANOVA for median frequency 

revealed a strong trend for a significant group x contraction type [F (1,21) = 4.277,p = 

0.051] interaction (Figure 3-7). As in Phase I, the control was not included in the EMG 

analysis because they did not train. There were no significant differences between the 

first and sixth set of training between groups [F (1 ,21) = 2.855, p = 0.1 06]. 
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Figure 3-7: The median frequency relationship for a single training session during 
eccentric (Phase I) and concentric (Phase II) training for the fast and slow training 
groups. There was a trend towards a higher median frequency for the fast training group 
during eccentric training and a trend towards a higher median frequency for the slow 
training group during concentric training (p = 0.0511 for the group x contraction type 
interaction). 
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3.2 Discussion 

Part A: Cross Education 

The major finding of this study is that increase in torque production in the 

untrained limb (cross education) was specific to contraction velocity after fast ( 180° Is) 

but not slow (30°/s) velocity eccentric training. Further, slow velocity eccentric training 

did not produce any significant changes in peak torque output in the untrained limb. This 

is in partial agreement with our hypothesis, which was based on the fact that strength 

increases in the untrained limb have been shown to be specific to the allotted training 

velocity (Houston et al., 1983; Seger et al., 1998). It stated that fast velocity training 

would lead to strength increases at the fast velocity in the untrained limb, and that slow 

velocity training would lead to strength increases at the slow velocity in the untrained 

limb. 

A.l. Specificity 

In partial agreement with our findings, Paddon-J ones et al. (200 1) found that fast 

(180°/s), but not slow (30°/s) eccentric training increased strength in the trained limb. 

However, contrary to our findings, they also found that the increase in strength was not 

specific to training velocity. In fact, other studies have also found that high velocity 

eccentric training has resulted in strength increases in the trained limb at the training 

velocity, and also at lower velocities (Duncan et al., 1989; Ryan et al., 1991; Paddon

Janes et al., 2001). It is possible that the velocity specific response to training is not the 

same in both the trained and untrained limbs after unilateral training. In our experiment, 

the change in torque for the trained limb of the fast training group showed no significant 
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specificity to training velocity (Tables 3.4 and 3.5), whereas the untrained limb did 

(Figure 3-1). The lack of specificity of training velocity in the trained limb is consistent 

with the findings ofPaddon-Jones et al. (2001) who found that high velocity (180°/s) 

eccentric training of the elbow flexors resulted in similar significant increases in peak 

torque in the trained arm for both the high (180°/s) and low (30°/s) velocity testing 

conditions. The specificity of training velocity shown in the untrained limb is consistent 

with the results of Seger et al. (1998), who found that after ten weeks of moderate 

velocity (90°/s) eccentric training, the greatest increase in strength (16%) in the untrained 

limb was at the training velocity. However, in contrast to our findings and the findings of 

Paddon-Janes et al. (200 1 ), Seger et al. (1998) reported velocity specific strength 

increases in the trained limb as well. Arguably, these findings suggest that high velocity 

eccentric training yields less specific strength increases in the trained limb than the 

untrained limb. 

The absence of significant cross education after slow velocity eccentric training 

(30°/s) is not consistent with previous research. Although no other study has tested the 

untrained limb after eccentric training at 30° Is, several studies have found significant 

cross education after slow velocity eccentric and concentric training (Houston et al., 

1983; Brown et al., 1990; Hortobagyi et al., 1997), and after isometric training (Parker, 

1985; Jones and Rutherford, 1987; Carolan and Cafarelli, 1992). Hortobagyi et al. (1997) 

found that twelve weeks of either slow velocity (60°/s) eccentric or concentric training of 

the knee extensors produced 77% and 30% cross education, respectively. Houston et al. 

(1983) found that after ten weeks of conventional weight training (where it can be 

assumed that slower concentric contractions were likely performed), greater increases in 

88 



contralateral strength were seen at the lower concentric testing velocities (3 7% increase at 

45°/s) than the higher velocities (12% increase at 270°/s). Further, Carolan and Cafarelli 

(1992) found a 16.2% strength increase in the untrained limb after eight weeks of 

isometric training. It is difficult to determine why our results differed from these studies, 

but variations in the muscle group trained, training duration and mode, and the activation 

in the untrained limb during training are plausible explanations. Our training protocol 

consisted of isokinetic eccentric training of the elbow flexors muscle group, whereas 

Houston et al. (1983) and Carolan and Cafarelli (1992) used conventional weight training 

and isometric training of the knee extensors, respectively. Hortobagyi et al. ( 1997) also 

imparted isokinetic eccentric training but they used the knee extensors muscle group as 

well and they applied a much longer training duration than our study (12 weeks versus 8 

weeks, respectively). Importantly in our experiment, the activation of the non-training 

limb during training was negligible (average of 1.6% maximal isometric EMG), whereas 

Houston et al. (1983) reported an average activation in the untrained limb equivalent to 

6% of the integrated EMG in the trained limb (iEMG) during knee extension exercise and 

23% ofiEMG during leg press training. Hortobagyi et al. (1997) reported an average 

non-training limb activation of8% of maximal isometric EMG activity during knee 

extensor training. Even though reporting much less untrained limb activation than that of 

Houston et al. (1983), Hortobagyi et al. (1997) still report more activation than our 

investigation. Undoubtedly, a greater amount of activation of the non-training limb 

during training could intensify cross education. If cross education is controlled by neural 

mechanisms, then controlling the activation or inactivation of the non-training limb is 

imperative. 
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Our results did not show that cross education was specific to contraction type. 

The eccentric fast-training group showed a similar strength increase in the untrained arm 

of 13o/o for both the eccentric and concentric fast velocity (180°/s) testing conditions. 

This is puzzling since specificity of cross education to contraction type has been 

documented in previous studies. Hortobagyi et al. (1997) found that eccentric training 

resulted in a 77% increase in eccentric torque compared to a 20% increase in concentric 

torque in the untrained limb. Similarly, concentric training resulted in a 30% increase in 

concentric torque compared to a 23% increase in eccentric torque in the untrained limb. 

Seger et al. (1998) found a similar specificity of cross education. They reported a 16% 

increase in eccentric torque of the untrained limb in their eccentrically trained group and 

a 10% increase in concentric torque in their concentrically trained group. Several 

differences between our study and these two studies are probably responsible for the 

discrepancies in the results. It is possible that the higher contraction velocity (180°/s) 

used in our study resulted in less specific increases in strength in the untrained limb. It 

has been documented that high velocity eccentric training results in strength increases not 

only at the training velocity, but also at lower velocities (Duncan et al., 1989; Ryan et al., 

1991; Paddon-Jones et al., 2001). Further, we randomized which limb would serve as the 

training limb in order to control the effect of the dominant limb, whereas both Seger et al. 

( 1998) and Hortobagyi et al. ( 1997) trained only the left limb with the right limb serving 

as the untrained limb. Finally, we trained the elbow flexors muscle group whereas the 

other studies trained the knee extensors, and it is possible that cross education is more or 

less specific depending on the muscle group trained. It also could be argued that the 

difference in the cross education effect in our experiment is a result of our experiment 
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including both male and female subjects rather than only male subjects as in the other two 

studies. This is unlikely to have accounted for the differences however, since our sub

analysis indicated that cross education is not apparently affected by gender (Tracy et al., 

1999). 

A.2. Magnitude of Cross Education 

The magnitude of cross education in our experiment was 13o/o, and is consistent 

with the common magnitude of cross education (10-15%) reported in the literature in a 

review by Enoka (1997). In a more recent review however, Zhou (2000) reported that the 

common magnitude of cross education should be regarded as approximately 60% of the 

strength increase achieved in the trained limb, since the magnitude of strength increase in 

any experiment is influenced by many factors such as training duration and volume. In 

our study, the trained limb of the eccentric fast training group increased at the fast 

velocity testing conditions (eccentric and concentric) by an average of 20%, while the 

untrained limb increased by an average of 13o/o. Subsequently, the increase in strength in 

the untrained limb is equivalent to 65% of the increase in the trained limb. Houston et al. 

(1983) reported a similar relative magnitude of cross education with a 37% increase in 

the untrained limb, combined with a 60% increase in the trained limb. In contrast to our 

results and the conclusions of Zhou (2000), Hortobagyi et al. (1997) reported a 77% 

increase in strength in the contralateral limb. This is puzzling because it was actually 

greater than the strength increase in the ipsilateral limb ( 46%) after training. Hortobagyi 

et al. ( 1997) is the only unilateral training study to our knowledge to report a greater 

strength increase in the untrained limb than the trained limb. 
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A.3. Mechanisms 

A number of mechanisms at different levels of the nervous system have been 

proposed for causing cross education (for review see Zhou 2000). The findings of 

Hortobagyi et al. (1999) suggest that cross education is controlled at the level of the 

spinal cord. They found greater cross education with training by electromyostimulation 

(EMS) compared to voluntary eccentric contraction training. With this, they 

hypothesized that the skin and muscle afferents activated in the stimulated limb by EMS 

could have excitatory effects on the untrained contralateral homologous muscle. It is 

possible that since eccentric contractions are known to produce substantial muscle fibre 

damage and injury (Gibala et al., 1995), that muscle afferents are activated. It is possible 

that this could be the mechanism by which cross education occurred in the present study, 

however it would not explain why the slow velocity eccentric training group failed to 

display cross education. 

There is also support for a mechanism higher in the nervous system controlling 

cross education, involving alteration in motor planning. Yue and Cole (1992) found that 

training with imagined contractions resulted in similar contralateral strength increases 

( 1 0°/o increase in force output of the untrained abductors of the fifth digit) as voluntary 

contraction training (14% increase in force of the untrained fifth digit). It is possible that 

some alteration in motor planning was associated with the fast training group in our study 

and produced cross education. Since high velocity eccentric contractions are not often 

experienced in everyday living, altered motor programming could have been responsible 

for the velocity specific strength increases in the untrained arm. It should be noted 

however, that the familiarization sessions included in our experiment prior to the pre-
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testing were intended to rectify the possibility of learning increasing the amount of cross 

education. It is possible that the familiarization sessions were sufficient enough to 

attenuate the amount of cross education elicited after slow velocity eccentric training, but 

more learning was required for the same response after fast velocity eccentric training 

since they are not as regularly performed in most everyday activities especially through a 

range of 100°. 

Another central nervous system mechanism proposed for cross education is the 

diffusion of central drive, where bilateral activation of the motor cortex occurs during a 

unilateral task (Kristeva et al., 1991). As reviewed by Zhou (2000), nerve impulses from 

the motor cortex are conducted through the corticospinal tract to the spinal cord, where 

most of the nerve fibres cross to the contralateral side to activate the muscle recruited 

during unilateral training. However, about 1 0% of these descending fibres remain on the 

ipsilateral side to theoretically innervate the spinal motoneurons of the non-training limb 

(Nyberg-Hansen et al., 1963). These ipsilateral descending fibres are thought to result in 

cross education through co-activation of bilateral homologous muscle groups during 

unilateral training (Zhou, 2000). This co-activation is not supported by our results in that 

the EMG activity of the non-training limb during training was negligible (Table 3.6), a 

finding supported by others (Hortobagyi et al., 1997; Hortobagyi et al., 1999). Further, if 

co-activation was occurring you may expect to see some degree of muscle hypertrophy in 

the untrained limb. Our training groups showed no significant muscle hypertrophy in the 

untrained limb, however it should be noted that the fast training group (13% cross 

education) did show an average muscle thickness change of3.2%, although non

significant, while the slow and control groups averaged 0. 7% and -0.7% respectively. A 
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longer training duration may be necessary to investigate if muscle hypertrophy 

contributes to cross education. Two previous studies have documented a small amount of 

muscle hypertrophy in the contralateral limb after training (Brown et al., 1990; Housh et 

al., 1992) (non-significant in the Housh et al. (1992) paper), however in both studies the 

untrained limb was intended to be used as a control and cross education was not the main 

purpose of the investigation. Conversely, a number of studies have assessed muscle 

hypertrophy in the untrained limb after unilateral training and reported no significant 

changes over time (Houston et al., 1983; Narici et al., 1989; Hortobagyi et al., 1996). 

Removal of neural inhibition is the most probable explanation for the specificity 

of cross education with fast velocity training in our study. Several studies have 

documented that maximal activation during eccentric contractions at high velocities may 

be limited by neural inhibition, which serves as a protective mechanism to prevent injury 

(Westing et al., 1990; Westing et al., 1991; Aagaard et al., 2000; Seger and Thortensson 

2000; see reviews by Stauber, 1989; Kellis and Baltopoulos, 1995). It is theorized that 

peripheral structures such as proprioceptors, tendon organs, and joint capsules may be 

involved in the inhibiting process (Kellis and Baltopoulos 1995; Aagaard et al., 2000). 

Neural inhibition could also be partially removed by psychological factors such as mood 

state and motivation. It is possible that an individual could recruit more motor units and 

activate more muscle tissue if they are more motivated to perform better, which could be 

the case in a post-testing environment. Aagaard et al. (2000) showed that after fourteen 

weeks of exposure to resistance training, neural inhibition was decreased or completely 

removed during high and low velocity eccentric contractions, as demonstrated by 

increased levels ofEMG activity post-training. They also reported that eccentric 
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contractions showed lower pretest EMG values than concentric contractions, indicating 

significantly more neural inhibition. This is consistent with the torque-velocity 

relationship in that untrained individuals exhibit a plateau in peak torque output with 

increasing eccentric velocities, whereas trained individuals show an increase in torque 

output with increasing eccentric velocities (Hortobagyi and Katch, 1990). Further, when 

electrical stimulation is imposed over maximal voluntary eccentric contractions, torque 

output has been shown to increase in sedentary but not in trained individuals (Amiridis et 

al., 1996), indicating that untrained individuals show a level of inhibition during maximal 

eccentric contractions. The removal of neural inhibition during fast eccentric 

contractions could potentially explain the results of our study; where cross education was 

specific to training velocity after high but not low velocity eccentric training (Table 3.1 

and 3.2, Figure 3-1). Aagaard et al. (2000) documented the removal of neural inhibition 

in trained muscle only, but it is likely that bilateral removal of inhibition would occur 

after unilateral training. That is, neural inhibition would be removed for the movement 

task in both the trained and untrained limbs after training. For all groups in our 

experiment, pre-training peak torque outputs in the untrained arm for fast velocity 

(180°/s) eccentric contractions were only slightly greater than for slow velocity (30°/s) 

eccentric contractions, which is in agreement with others studies of untrained individuals 

(Hortobagyi and Katch, 1990a). Post-training however, eccentric torque output for the 

fast velocity (180°/s) was substantially greater than for the slow velocity (30°/s) (Table 

3.1 and 3.2, Figure 3-2), indicating that neural inhibition at the fast contraction velocity 

may have been reduced, contributing to the strength increase in the untrained arm at only 

the fast velocities. In the absence of measurable hypertrophy, the increase in torque 
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output in the untrained arm after unilateral training was probably a consequence of 

activating more motor units (therefore more muscle tissue) during posttest maximal 

contractions. 

Part B: Muscle Hypertrophy 

B.l. High and Low Velocity Training 

The major finding of this study is that high velocity (180° Is) eccentric training is 

the most effective for increasing muscle hypertrophy in the elbow flexors muscle group. 

Further, combining the results for fast and slow velocity training, eccentric training was 

more effective than concentric training for increasing muscle hypertrophy. The latter is 

consistent with several studies comparing the effectiveness of eccentric and concentric 

training for muscle hypertrophy (Higbie et al., 1996; Hortobaygi et al., 1996b; Seger et 

al., 1998). Hortobaygi et al., 1996b reported a tenfold greater increase in Type II muscle 

fibre area after eccentric training than concentric training. In our experiment, the fast and 

slow eccentrically trained arms showed an average increase in muscle thickness of 13% 

and 7.8%, respectively, while the fast and slow concentrically trained arms showed an 

average increase of2.6% and 5.3%, respectively. Certainly, our results closely resemble 

the findings ofHortobaygi et al. (1996b) if eccentric and concentric training are 

compared at high velocity. However, our results do not concur if we compare eccentric 

and concentric training at low velocity. Hortobaygi et al. (1996b) imparted a relatively 

slow training velocity (60°/s) comparable to our slow training velocity (30°/s), but 

reported a substantially greater response following eccentric versus concentric training, 

whereas we reported no significant differences. One probable explanation is that their 
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training program consisted of thirty-six training sessions over twelve weeks whereas ours 

included only twenty-four sessions over eight weeks. Another possible explanation is 

that the higher slow contraction velocity used by Hortobaygi et al. ( 1996b) resulted in 

more muscle damage during eccentric training and hence more hypertrophy. Research 

has shown that with increasing eccentric contraction velocity, more force is generated 

(Figure 1-3) (Hortobaygi and Katch, 1990a; Westing et al., 1990). Further, as contraction 

velocity decreases eccentrically and concentrically, the difference in force generation 

between contraction types is attenuated (Figure 1-3), which could explain why our results 

indicate no significant differences between eccentric and concentric training at 30°/s. It is 

also possible that the knee extensors (Hortobaygi et al., 1996b) and the elbow flexors (our 

experiment) show a different hypertrophy response after training. It is possible that the 

amount of hypertrophy exhibited by these muscle groups could be affected by the 

difference in muscle size and the difference in force production. However, despite the 

greater force output that can be generated by the knee extensors, elbow flexors and knee 

extensors show similar torque-velocity relationships (Hortobaygi and Katch, 1990a; 

Westing et al., 1990). Our elbow flexor torque-velocity relationships closely resemble 

those previously documented for the knee extensors and elbow flexors (Figures 3-2 and 

3-5). 

The torque-velocity relationship also reveals that as contraction velocity increases 

both eccentrically and concentrically the difference in force generation between 

contraction types is exaggerated (Figure 1-3), which likely explains why in our 

experiment fast velocity eccentric training produced much greater hypertrophy than fast 

velocity concentric training. Westing et al. ( 1990) reported that the difference in 
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eccentric force production beyond 60°/s was minimal. So in fact, the force production 

generated during eccentric contractions at 60°/s may be more comparable to the eccentric 

force production at 180°/s rather than 30°/s in our study. This could explain why our 

results agree with those ofHortobaygi et al. (1996b), if we compare their results to fast 

velocity training in our study. Higbie et al. (1996) also used a training velocity of 60°/s, 

and their results partially agree with our findings and those ofHortobaygi et al. (1996b). 

They reported significantly more hypertrophy after ten weeks of eccentric training than 

concentric training (6.6% versus 5.0%). These changes resemble our results after eight 

weeks of training at 30°/s, with the exception that their results reached statistical 

significance. Our experiment was less powerful than that of Higbie et al. ( 1996) because 

their experiment included sixty subjects separated into three groups, whereas ours 

included thirty-four subjects separated into three groups. Our average observed power 

for all muscle hypertrophy analyses was 70% (Appendix F). This could explain why we 

failed to achieve significance despite a similar magnitude of hypertrophy. However even 

at 89% power as observed for the mid site hypertrophy analysis (Appendix F), slow 

eccentric training did not differ from slow concentric training in our study (Figure 3-3 ). 

It could also be argued that subject gender could in part be responsible for the 

discrepancies between our results, and those of Higbie et al. (1996) and Hortobaygi et al. 

( 1996b ). Our experiment included both males and females whereas Higbie et al. ( 1996) 

included only females, and Hortobaygi et al. (1996b) include only males. However, it 

has been shown repeatedly that relative muscle hypertrophy is similar between males and 

females in response to training (Cureton et al., 1987; Davies et al., 1988; Staron et al., 

1994; O'Hagan et al., 1995; Abe et al., 2000). 

98 



B.2. Eccentric and Concentric Training 

Our results also indicated that both fast and slow eccentric training showed 

significantly greater hypertrophy than control, whereas both fast and slow velocity 

concentric training did not. This finding is consistent with the results of two studies 

comparing eccentric and concentric training, which reported significant muscle 

hypertrophy only after eccentric training (Hortobaygi et al., 1996b; Seger et al., 1998). 

In contrast to our findings, one study comparing fast and slow concentric training and 

muscle hypertrophy found that only the fast concentric training group significantly 

increased Type II muscle fibre area (Coyle et al., 1981). Coyle et al. (1981) reported 

11% hypertrophy after high velocity (300°/s) concentric training, whereas we reported 

minimal hypertrophy (2.6%) after high velocity (180°/s) concentric training. This is 

difficult to explain since force generation is theoretically greater during slower concentric 

contractions (Figure 1-3) (Wickiewicz et al., 1984; Sale et al., 1987; Westing et al., 

1990). The results of Coyle et al. (1981) may be limited by the fact that the variation 

inherent in the measurement of fibre area from muscle biopsies is quite large (Bromstrand 

and Ekblom, 1982), and perhaps greater than the 11% difference they reported between 

pre and post-training. Another possible explanation for the results of Coyle et al. (1981 ), 

is that they adjusted their training program according the amount of work completed 

during a single training session. Therefore, since more torque could be produced during 

the low velocity (60°/s) concentric contractions they increased the volume of training for 

the high velocity (300°/s) group. 

Again in contrast to our results, several studies have reported significant 

hypertrophy after concentric training (Coyle et al., 1981; Housh et al., 1992; O'Hagan et 
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al., 1995; Higbie et al., 1996). It is difficult to determine why our results differ from 

these, but variations in training duration and volume, and muscle group are possible 

explanations. In relation to our study, one study also trained the elbow flexors muscle 

group but imparted over double the training duration (20 weeks) (O'Hagan et al., 1995), 

while the remaining studies trained the quadriceps (Coyle et al., 1981; Housh et al., 1992; 

Higbie et al., 1996). Compared to our eight-week training duration, two of the above 

studies trained for the same duration or less, but with a greater volume of training per 

session (Coyle et al., 1981; Housh et al., 1992), while the other two studies used longer 

training durations often weeks (Higbie et al., 1996) and twenty weeks (O'Hagan et al., 

1995), with similar training volume per session. As our sub-analysis indicated, variations 

in training volume and duration, and muscle group leads to discrepancies in the 

magnitude of muscle hypertrophy. It is also possible that our study lacked the statistical 

power (Appendix F) as a result ofhigh variance (Tables 3.7 and 3.8) to report significant 

hypertrophy after concentric training. In several cases, there was a trend for concentric 

training to be greater than the controls, but it only approached significance and never 

reached it. It is also important to note that cross education from Phase I of training could 

have attenuated the strength and hypertrophy response after concentric training. The 

five-week washout phase was intended to control for this factor, but the strength increase 

in the untrained limb at the fast velocity at the end of Phase I (Table 3.2- posttest scores) 

did not return to baseline for the start of Phase II pre-testing (Table 3.10- pretest scores). 

The finding in our study that fast velocity eccentric training is the most effective 

for muscle hypertrophy is difficult to contrast with previous studies, as research on high 

and low contraction velocity training and muscle hypertrophy has been scarce. Our 

100 



results are partially supported by a very recent study, which reported a significant 

increase in the percentage of Type lib muscle fibres in the elbow flexors after fast 

velocity (180°/s) eccentric training, whereas no significant changes were observed after 

slow velocity (30°/s) eccentric training (Paddon-lones et al., 2001). Since Type II muscle 

fibres are larger and are thought to have a greater potential for muscle hypertrophy 

(MacDougall, 1992), it is possible that the increase in Type lib muscle fibre percentage 

after fast eccentric training in the study by Paddon-lones et al. (200 1 ), was coupled with a 

greater muscle hypertrophy. This is only speculation however, since they did not actually 

report changes in muscle hypertrophy. Research studies that have measured muscle 

hypertrophy over time after isokinetic eccentric and concentric training have not 

attempted to use a training velocity higher than 90°/s (Seger et al., 1998), and have more 

commonly used 60°/s (Higbie et al., 1996; Hortobaygi et al., 1996b). By imparting high 

velocity (180°/s) training and comparing eccentric and concentric training and muscle 

hypertrophy, our study is unique. In comparing our results to others (Higbie et al., 1996; 

Seger et al., 1998), it appears that as training velocity increases, the observed difference 

in muscle hypertrophy between eccentric and concentric training is exaggerated. 

However, there are studies that contradict this statement (Hortobaygi et al., 1996b ), and it 

is apparent that further research comparing high and low contraction velocity training and 

muscle hypertrophy is warranted. 
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B.3. Mechanisms 

The mechanism responsible for greater muscle hypertrophy after eccentric 

training is likely related to an increased level of muscle fibre damage and protein 

degradation (Friden et al., 1983; Newham et al., 1983; Stauber et al., 1990; Enoka, 1996), 

which will result in greater satellite cell infiltration and a greater repair response. The 

muscle damage associated with eccentric contractions is likely caused by muscle cross

bridge disruptions resulting from high force contractions combined with muscle 

lengthening (Stauber, 1989; Behm, 1995; Enoka, 1996). Greater force production during 

eccentric than concentric contractions has been proposed as the precursor for more 

muscle damage, and hence more hypertrophy (Behm, 1995). Our study provides support 

for this theory, in that eccentric contractions always produced more force than concentric 

contractions (Figures 3-2 and 3-5). Interestingly, in our study the muscle hypertrophy 

results (Figures 3-3 and 3-4) mimicked the torque-velocity relationship (Figures 3-2 and 

3-5) in that the condition that exhibited the highest force production (fast eccentric) also 

showed the greatest hypertrophy after training (fast eccentric). We made the conclusion 

that fast eccentric training was the most effective for muscle hypertrophy based on the 

observable difference in the group means, and the fact that fast eccentric training resulted 

in significantly greater hypertrophy than slow concentric, fast concentric, and control, 

whereas slow eccentric training was only significantly greater than control. In 

concordance with our hypothesis, which was based on the theory that greater force 

production would lead to greater muscle hypertrophy, the largest difference in muscle 

hypertrophy was shown between the fast eccentric arm and the fast concentric arm of the 

training groups (Figure 3-3 and 3-4). As mentioned in our review of literature, this was 
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expected since the greatest difference in force production is shown when comparing high 

velocity eccentric contractions to high velocity concentric contractions. The difference in 

the level of force production between the two velocities within a contraction type was 

minimal, although fast eccentric contractions produced slightly more force than slow 

eccentric contractions, and slow concentric contractions produced slightly more force 

than fast concentric contractions. Fittingly, there were no significant differences between 

fast and slow velocity training within a given contraction type. Despite the minimal 

differences in force production during fast and slow eccentric contractions in our study, 

fast eccentric training resulted in much greater average hypertrophy (13%) than slow 

eccentric training (7 .8o/o ). It is possible that high velocity eccentric training generates 

more hypertrophy than slow eccentric training even if the force production was matched. 

The same level of force applied at a higher velocity may cause more muscle tissue 

disruption and hence more hypertrophy. At any rate, our results provide strong evidence 

that force level during contraction is a major determinant of muscle hypertrophy. 

Another potential mechanism for greater muscle hypertrophy with eccentric 

training is greater recruitment of fast-twitch (Type II) muscle fibres. As previously 

mentioned, fast-twitch muscle fibres are larger and are thought to have greater capacity 

for muscle hypertrophy compared to slow-twitch (Type I) muscle fibres (MacDougall, 

1992). Median frequency EMG has been shown to positively correlate with the 

proportion of Type II muscle fibres (Komi and Tesch, 1979; Wretling et al., 1987; Gerdle 

et al., 1997). Further, increases in median frequency are believed to reflect the additional 

recruitment of larger diameter fibres as force is increased (Bilodeau et al., 1995; Moritani 

and Muro, 1987). The median frequency results in our study partially support the theory 
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of greater fast-twitch fibre recruitment during eccentric training. Eccentric training 

showed a trend for higher median frequency than concentric training at the fast velocity, 

and lower median frequency than concentric training at the slow velocity (Figure 3-6). 

The median frequency results in our study after fast training are consistent with a very 

recent study that compared eccentric and concentric EMG activity at 150°/s and found 

that eccentric contractions showed higher median frequency (McHugh et al., 2001). It is 

difficult to explain why concentric training showed a trend for higher median frequency 

with slow training, especially since slow eccentric contractions produced more force. 

However, there was no difference in hypertrophy between slow concentric and slow 

eccentric training indicating that perhaps there was no difference in the level of Type II 

fibre recruitment. It has been noted that muscles containing a greater proportion of Type 

I fibres may not demonstrate increased median frequency with increased force (Pincivero 

et al., 2001 ). It should also be noted that we measured EMG activity on the biceps 

brachii whereas most previous research on median frequency and force output and fibre 

type proportion measured EMG activity on the quadriceps (Arendt-Nielsen et al., 1989; 

Gerdle et al., 1997; Pincivero et al., 2001). The potential difference in fibre type 

composition between the biceps brachii and the quadriceps could explain the discrepancy 

in the median frequency results. The biceps muscle group has been shown to contain a 

greater percentage of Type I fibres than the quadriceps muscle group, although both are 

primarily fast-twitch muscle groups (Johnson et al., 1973). However, if this were the case 

then the median frequency results with fast training would likely resemble the results 

with slow training. But it is possible that high velocity contractions, especially 

eccentrically, recruit more Type II muscle fibres. 
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In our study, the finding that eccentric training produced greater strength 

increases than concentric training is consistent with previous research (Duncan et al., 

1989; Colliander and Tesch, 1990; Higbie et al., 1996; Hortobagyi et al., 1996a; 

Hortobagyi et al., 1996b; Hortobagyi et al., 1997). Clearly in our experiment, fast 

eccentric training resulted in the greatest increases in strength after eight weeks (see 

Tables 3.4, 3.5, 3.9, and 3.1 0). Fast eccentric training also resulted in the greatest muscle 

hypertrophy (Figure 3-3 and 3-4), which is not surprising since previous research has 

shown a strong relationship between the size of a muscle and its strength (Maughan et al., 

1983; Sale et al., 1987). Interestingly, there was no evidence in our study to support 

training specificity to velocity or contraction type. High velocity training has shown less 

specificity for strength than low velocity training in the past (Coyle et al., 1981; Bell et 

al., 1992), especially eccentrically (Duncan et al., 1989; Ryan et al., 1991; Paddon-Janes 

et al., 2001), but specificity of contraction type has been repeatedly shown in previous 

studies (Tomberlin et al., 1991; Higbie et al., 1996; Hortobaygi et al., 1996a; Hortobaygi 

et al., 1996b; Hortobaygi et al., 1997). Importantly, all ofthese studies used training 

velocities lower than our training velocity (180°/s). Given this, it is possible that 

specificity to contraction type or velocity is only exhibited if the training velocity is low. 
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Chapter 4- Summary and Conclusions 

4.1 Summary 

A comparison of the effect of resistance training with either high or low velocity 

contractions on cross education and muscle hypertrophy has not been researched in the 

past. This is somewhat surprising considering the relationship between force production 

and eccentric/concentric contraction velocity as described in our review. Based on the 

torque-velocity relationship, the amount of force that can be exerted during contraction is 

dependent on the velocity at which the contraction is performed. Given this, the purpose 

of this investigation was to determine the effect of eccentric training with high (180°/s) 

and low (30°/s) contraction velocity on the strength of the untrained limb (cross 

education), and eccentric and concentric training at high (180°/s) and low (30°/s) 

contraction velocity on muscle hypertrophy. Our major hypotheses were that cross 

education would be specific to the allotted eccentric training velocity (fast or slow), and 

that the greatest difference in muscle hypertrophy would be shown when comparing fast 

velocity eccentric training to fast velocity concentric training. The first major hypothesis 

was partially supported by our results, in that fast velocity training resulted in strength 

increases at only the fast velocities in the untrained limb. Interestingly, fast velocity 

eccentric training resulted in significant cross education (13%) at the allotted training 

velocity both eccentrically and concentrically. Slow velocity eccentric training resulted 

in no significant strength changes in the untrained limb. The second major hypothesis 

was directly supported by our results. In comparing fast eccentric training, slow eccentric 

training, fast concentric training, and slow concentric training, the greatest difference in 
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hypertrophy was seen when comparing fast eccentric training (13%) to fast concentric 

training (2.6%). The muscle hypertrophy results closely resembled the torque-velocity 

relationship, in that the training condition that produce the greatest force during muscular 

contraction (fast eccentric) resulted in the greatest muscle hypertrophy. Fittingly, this 

training condition also produced the greatest increases in strength. 

4.2 Conclusions 

Based on our results after the first training phase, we conclude that velocity 

specific cross education occurred after fast but not slow velocity eccentric training, and 

that the magnitude of cross education was approximately 60% of the strength increase 

achieved in the trained limb. 

With the completion of all data collection at the end of the second phase of 

training, we conclude that fast eccentric training is the most effective protocol for muscle 

hypertrophy, and that eccentric training, regardless of contraction velocity, is more 

effective than concentric training for muscle hypertrophy. More generally, as contraction 

velocity increases, the difference between eccentric and concentric training for muscle 

hypertrophy is exaggerated, and as contraction velocity decreases, the difference is 

attenuated. 

4.3 Limitations 

The five-week washout phase that separated Phase I of training from Phase II was 

not sufficiently long enough to ensure that the strength improvements in the untrained 

arm returned to baseline levels. We expected cross education to be specific to contraction 
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type and contraction velocity, and therefore we expected that the strength increase would 

be only at the eccentric velocities since Phase I consisted of eccentric training only. 

However, since cross education was specific to contraction velocity but not type, the fast 

group showed strength increases for both the eccentric and concentric fast velocity testing 

conditions. As such, the concentric strength gains carried over into Phase II of training 

where concentric training took place. To our advantage, the main focus of our results 

following the completion of Phase II was muscle hypertrophy not strength, and no muscle 

hypertrophy was shown in the untrained arm after Phase I. Since strength and 

hypertrophy are related, the amount of hypertrophy exhibited by the fast group after 

Phase II could have been attenuated, but not likely to the degree that would have 

significantly affected our results. 

Another limitation of our study is that we did not match our groups for pretest 

strength scores. Our sub-analysis indicated that relative strength and hypertrophy 

increases do not differ between males and females, so we randomized the subject pool 

into groups disregarding gender, resulting in an uneven distribution of males and females 

in our groups. There was no significant difference between the groups for pretest muscle 

thickness scores, but the strength scores were different between the fast and slow groups. 

As a result, we had to apply an analysis of covariance to account for these differences in 

our analysis of cross education. 

The uneven distribution of males and females in our groups could also have 

contributed to the hypertrophy differences we observed. Although several studies have 

reported no significant differences between males and females for relative change in 

muscle hypertrophy (Cureton et al., 1987; Staron et al., 1994; Abe et al., 2000), the 
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genders did not respond identically to the resistance training protocol. Therefore, the 

distribution of males and females in our groups could have exaggerated the difference 

between high and low velocity training. 

Although there were no significant differences, the groups did show small 

discrepancies in the amount of reported resistance training experience. This could have 

led to a greater response to cross education and hypertrophy in the fast versus the slow 

training group, since untrained individuals show greater adaptation to resistance training, 

especially cross education. 

Another limitation of our experiment is that we did not blind our subjects to their 

muscle thickness and strength results during the testing procedure. Since the muscle 

thickness measures were always performed prior to the strength measures, if an 

individual was discouraged about their muscle thickness results they may not have 

performed to potential on the subsequent strength test. Undoubtedly, emotional state is 

always a limitation in strength testing, but it is important to try and limit this confound 

with a solid design. 

Our results are limited in their generalization because our subject pool consisted 

of mostly volunteer university students enrolled in kinesiology. This subject pool is 

likely more physically active, responsible, and motivated than the average population. 

The subject pool likely introduced several confounding variables characteristic of 

volunteers, such as willingness to succeed, and genuine interest in the outcome of the 

study. 
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4.4 Future Research 

Part A: Cross Education 

Further research on cross education should consider targeting other major muscle 

groups in the limbs, such as the elbow extensors, knee flexors, dorsiflexors, and 

plantarflexors, to determine if the magnitude and specificity of cross education is similar 

across muscle groups. In order to do this accurately however, it is imperative that similar 

resistance training programs are administered across studies. More importantly, future 

research should concentrate on the mechanisms controlling cross education. For 

example, to determine if the removal of neural inhibition is the controlling mechanism, 

EMG activity could be measured during pre and posttest strength testing, to determine if 

the level of activation is increased from pre to post in the absence of significant 

hypertrophy. The level of activation could also be measured on the antagonist muscles 

during pre and post-testing to determine if the increase in strength in the untrained limb 

was partially caused by decreased antagonist activation. Cross education could also be 

compared between a group of trained individuals and a group of untrained individuals. If 

the removal of neural inhibition is solely responsible for cross education, then trained 

individuals should not exhibit the effect. Another important study could consider the 

effect of cross education on individuals with an immobilized limb, such as casted 

individuals. It is possible that training the unaffected limb could reduce atrophy and 

strength loss in the affected limb, by limiting the onset of neural inhibition as a safety 

mechanism. More importantly, cross education could benefit stroke victims or 

individuals with cerebral palsy who have motion loss on their affected side. In stroke 

patients the use of the functional side can limit the use of the affected side by reinforcing 
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cortical mapping to the functional side. However, cross education could be useful in 

stimulating activation in the affected limb immediately after stroke when motion is not 

possible. 

Part B: Muscle Hypertrophy 

Future research on muscle hypertrophy should consider comparing muscle groups 

following identical resistance training regimens. It is very difficult to compare the 

magnitude of muscle hypertrophy between muscle groups if similar protocols are not 

administered. Further, it is possible that different muscle groups show more hypertrophy 

with different training protocols. For example, the elbow flexors may show more 

hypertrophy after training with a high number of sets, whereas the knee extensors may 

show more hypertrophy with a lower number of sets. From a more practical view, future 

muscle hypertrophy research should compare trained individuals such as competitive 

athletes, considering this population is more concerned with improving performance. 

In view that our study is the first to our knowledge to compare muscle 

hypertrophy after high and low contraction velocity training, future studies might 

consider comparing similar velocity training within other muscle groups. It is possible 

that two different muscle groups may respond differently to the same velocity of training. 

Further research should also investigate the effect of higher training velocities (greater 

than 180°/s) to determine the muscle hypertrophy response. It is likely that high velocity 

training is more beneficial than low velocity training for muscle hypertrophy only up to a 

certain velocity, after which the difference is attenuated. An important study could 

compare the magnitude of muscle hypertrophy after eccentric training at various 
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contraction velocities. With this, a specific training velocity that is most desirable for 

muscle hypertrophy could be identified. 

The generalized effect of fast eccentric training to improve strength warrants 

further study. It is possible that fast eccentric training will result in overall strength 

increases (eccentrically and concentrically at high and low velocity) only up to a certain 

velocity, after which the effect will be attenuated. Nevertheless, the non-specific strength 

response following fast eccentric training could apply to rehabilitation and training 

programs where overall increases in strength are targeted. For example, if fast eccentric 

training leads to strength increases at slower eccentric velocities and also to concentric 

training at various velocities, there may be no need to train at slow velocity. Future 

research should also determine if trained athletes respond to fast eccentric training 

similarly to untrained individuals. Eccentric training has been shown to result in 

significant muscle damage and injury including muscle fibre destruction (Foley et al., 

1999; Macintyre et al., 2000; Friden and Lieber, 2001 ), which may result in performance 

detriment in an experienced resistance training population such as athletes. 
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Appendix A: Data Collection Sheet 

126 



loata Collection Sheet 

Name: 

Muscle Thickness (Ultrasound) 

Right Arm Left Arm 
Proximal Middle Distal Proximal Middle Distal 

1 1 
2 2 
3 3 

Biodex (Strength Measures) 

Chair Dynamometer Lever Arm 
Right Left Right Left Right Left 

Height: 2.5 2.5 Height: 8 8 Height: 
Floor: 10 8 Floor: 15 6 Length: 
Back: Angle: 30 deg 30 deg 

Peak Torque Values 

Right Arm Left Arm 
1 2 3 1 2 3 

CON 180 CON 180 
CON 30 CON30 
ECC 180 ECC 180 
ECC30 ECC30 
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Appendix B: Consent Form and Certificate of Approval 
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Consent Form 

Title: Effect of training with eccentric and concentric muscle contractions at fast and 
slow speeds 

Researchers: Philip Chilibeck, Ph.D., College of Kinesiology, University of 
Saskatchewan, phone number 306-966-6469 and Jon Farthing, B.Sc., College of 
Kinesiology, University of Saskatchewan, phone number 306-966-2604 or 306-374-2206 

Purpose of the study: The purpose is to determine which type of strength training is 
more effective for increasing muscle size and strength. We are comparing two modes of 
training (eccentric versus concentric contractions) at fast and slow speeds. Eccentric 
contractions are performed by resisting a force while the muscle lengthens. Concentric 
contractions are performed by lifting a resistance (the muscle is shortening). 

Possible benefits of the study: Possible benefits include an increase in muscle (biceps) 
size and strength. These benefits are not guaranteed. 

Procedures: You will be randomly assigned to one of two groups. One group will train 
at fast speed and the second group will train at slow speed of muscle contraction. 
Training will take place three times per week, 15 minutes per session, for 20 weeks. 
Training will involve elbow flexion and extension. During the first 10 weeks, you will 
train one arm using eccentric methods (where the muscle lengthens while resisting a 
force). You will then be given a 2-week break. During the next 10 weeks, you will train 
the opposite arm using concentric methods (where the muscle shortens against a 
resistance). Training will take place on a machine (isokinetic dynamometer) that controls 
for speed of contraction. The size of your biceps muscle from both arms will be measured 
before training and every second week during the training program by ultrasound. Your 
strength will be measured before the study, at 10 weeks and at 20 weeks of training on 
both arms. Electromyographic (EMG) activity of your muscle will be measured during 
the strength tests. This involves the placement of stickers (electrodes) over your muscle. 
A wire attached to the electrode measures the electrical activity during muscular 
contraction. This gives an indication of your ability to activate your biceps muscle. You 
will not be permitted to perform any other strength training routines for your arms during 
the course of this study. You can however participate in strength training of your legs, 
and any type of aerobic exercise. 

Risks: There is a risk of muscle soreness during the training. There is a risk of muscle 
injury during the testing, since this involves maximal efforts. A proper warm-up 
(contractions with low resistance) will minimized these risks. 

You are free to withdraw from the study at anytime and this withdrawal will not affect 
your academic status, or access to services at the university. 
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Your results will be kept confidential. This will be accomplished by storing results in a 
locked filing cabinet in the College of Kinesiology. Data collected will be used for a 
Masters thesis. Only aggregate data will be reported in any publications resulting from 
the research. 

You will be identified in this study by your initials and your assigned patient study 

number only. The results of this study may also be used for medical and scientific 

publications but your identity will not be disclosed. 

If you have questions about the study, you can call Philip Chilibeck at 966-6469, or Jon 
Farthing at either 966-2604 or 374-2206. 

We will advise you of any new information that will have a bearing on your decision to 
continue in the study. 

You will be given feedback on your results throughout the study. The overall study result 
will be made available to you. You can call Jon Farthing or Phil Chilibeck to obtain your 
individual results 

I acknowledge that the study and content of the consent have been explained to me, that I 
understand the contents, and that I have received a copy of the consent for my own 
records. 

Date: -------------------------------

Subject's signature: ------------------------------

Researcher's signature: ____________________ _ 

Witness: ------------------------------
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Certificate of Approval 

PRINCIPAL INVESTlGATOR 

P. Chilibeck 
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Appendix C: Subject Training Log 
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Subject Training Log 

Name 

Progression 
Sessions 1-2: 2X8 
Sessions 3-4: 3X8 
Sessions 5-6: 4X8 
Sessions 7-12: 5X8 
Sessions 13-22: 6X8 
Sessions 23-24: 3X8 

1 2 34 5 6 7 8 9 10 11 12 

133 

13 14 15 16 17 18 19 20 21 22 23 24 



Appendix D: Mean Absolute Value EMG Data 
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EMG- Mean Absolute Value Data- Eccentric Training 

0/o Peak Isometric Activation 
Set 1 Set 6 

Training Arm Non-Training Arm Training Arm Non-Training Arm 
FAST Group 
Subject 1 42.56 0.60 46.88 0.62 
Subject 2 42.9 1.8 41.6 0.7 
Subject 3 86.1 3.2 65.4 1.0 
Subject 4 49.6 0.5 72.9 0.4 
Subject 5 70.2 3.3 51.9 0.9 
Subject 6 86.2 1.5 
Subject 7 79.5 1.2 102.9 3.0 
Subject 8 59.2 4.3 46.8 1.8 
Subject 9 60.7 0.7 50.6 0.5 
Subject 10 54.7 1.8 54.0 9.3 
Subject 11 94.7 0.6 87.4 0.7 
Subject 12 90.2 1.0 76.5 5.0 

Average 68.0 1.7 63.4 2.2 

SLOW Group 
Sublect 13 46.8 0.7 50.4 0.3 
Subject 14 104.4 1.4 112.5 1.1 
Subject 15 106.8 5.2 111.0 2.0 
Subject 16 59.2 1.2 64.6 0.5 
Subject 17 172.8 1.7 153.9 1.5 
Subject 18 60.8 0.4 48.5 0.2 
Subject 19 135.1 0.9 106.3 1.9 
Subject 20 71.9 1.9 78.6 0.3 
Subject 21 69.7 5.9 71.1 2.9 
Subject 22 63.8 0.4 56.2 0.4 
Subject 23 77.1 1.2 89.8 0.8 
Subject 24 54.9 0.9 55.9 0.9 
Subject 25 78.7 0.4 47.8 0.6 

Average 84.8 1.7 80.5 1.0 

135 



Appendix E: Median Frequency EMG Data 
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EMG- Median Frequency Data 

Phase 1- ECC Training Phase II- CON Training 
Set- 1- Average Set- 6- Average Set-1- Average Set- 6- Average 

FAST Group 
Subject 1 74.5 86.7 68.7 83.6 
Subject 2 63.5 74.0 68.0 65.8 
Subject 3 73.1 83.8 52.3 72.1 
Subject 4 60.7 59.4 73.7 77.2 
Subject 5 87.8 85.3 88.0 84.9 
Subject 6 66.4 62.3 76.4 82.5 
Subject 7 75.1 89.6 71.2 72.3 
Subject 8 79.3 87.5 61.9 75.1 
Subject 9 69.9 80.7 75.8 81.6 
Subject 10 71.9 74.8 67.1 67.4 
Subject 11 81.3 83.2 56.7 54.8 
Subject 12 64.3 53.0 77.4 78.4 

Average 72.3 76.7 69.8 74.6 

SLOW Group 
Subject 13 79.7 79.7 102.1 106.7 
Subject 14 79.8 64.1 73.1 73.9 
Subject 15 60.1 66.8 62.6 65.1 
Subject 16 69.9 70.9 81.3 79.6 
Subject 17 82.7 81.4 74.0 86.4 
Subject 18 58.7 61.2 74.8 68.8 
Subject 19 50.8 47.8 56.5 57.2 
Subject 20 70.3 64.7 64.3 85.0 
Subject 21 63.1 62.4 66.9 70.6 
Subject 22 74.5 66.3 80.2 80.7 
Subject 23 59.1 61.6 64.8 63.9 

Average 68.1 66.1 72.8 76.2 
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Appendix F: Statistical Tables for all ANOV As and ANCOV As 
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One-way ANOV As- Phase I Pretest Strength Scores 

Concentric Fast (180°/s) Velocity 

Dependent Variable: PCON180 

Source 
Typem Sum 

F Sia. ofSauares df Mean Sauare 
Corrected Moael 1077.9898 2 538.994 2.257 .121 
Intercept 49260.405 1 49260.405 206.230 .000 
GROUP 1077.989 2 538.994 2.257 .121 
Error 7643.573 32 238.862 
Total 59695.690 35 
Corrected Total 8721.562 34 
a. R Squared = .124 (Adjusted R Squared = .069) 

Eccentric Fast (180°/s) Velocity 

Dependent Variable: PECC180 

Source 
Type Ill Sum 
ofSauares df Mean Sauare F Sia. 

Corrected Moael 3156.5168 2 1578.258 3.581 .040 
Intercept 143308.739 1 143308.739 325.120 .000 
GROUP 3156.516 2 1578.258 3.581 .040 
Error 14105.206 32 440.788 
Total 165487.930 35 
Corrected Total 17261.722 34 

a. R Squared = .183 (Adjusted R Squared = .132} 
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Concentric Slow (30°/s) Velocity 

Dependent Variable: PCON30 

Source 
Type Ill Sum I 
ofSauares df Mean Sauare F Sia. 

Corrected Modei 2089.734a 2 1044.867 3.929 .030 
.Intercept 55942.969 1 55942.969 210.336 .000 
"GROUP 2089.734 2 1044.867 3.929 .030 
Error 8511.009 32 265.969 
Total 69190.000 35 
Corrected Total 10600.743 34 
a. R Squared= .197 (Adjusted R Squared= .147) 

Eccentric Slow (30°/s) Velocity 

Dependent Variable: PECC30 

Source 
Type Ill Sum I I ofSauares df Mean Sauare F Sia. 

Corrected Moaei 3552.0358 2 1ns.o11 4.267 .023 
Intercept 130810.500 1 130810.500 314.285 .000 
GROUP 3552.035 2 1ns.o11 4.267 .023 
Error 13318.897 32 416.216 
Total 152591.510 35 
Corrected Total 16870.931 34 

a. R Squared= .211 (Adjusted R Squared= .161) 
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One-way ANOV As- Phase II Pretest Strength Scores 

Concentric Fast (180°/s) Velocity 

Dependent Variable: PCON180 

Source 
Type Ill Sum 

Mean Square F Sig. ofSouares df 
Corrected Model 1038.7108 2 519.355 2.713 .083 
Intercept 46034.975 1 46034.975 240.468 .000 
GROUP 1038.710 2 519.355 2.713 .083 
Error 5743.169 30 191.439 
Total 53451.000 33 
Corrected Total 6781.879 32 
a. R Squared = .153 (Adjusted R Squared = .097) 

Eccentric Fast (180°/s) Velocity 

Dependent Variable: PECC180 

Source 
Type HI Sum 

F Siq. ofSauares df Mean Souare 
Corrected Model 1388.666a 2 694.333 1.716 .197 
Intercept 135746.159 1 135746.159 335.519 .000 
GROUP 1388.666 2 694.333 1.716 .197 
Error 12137.5n 30 404.586 
Total 150879.000 33 
Corrected Total 13526.242 32 
a. R Squared= .103 (Adjusted R Squared= .043) 

Concentric Slow (30°/s) Velocity 

Dependent Variable: PCON3G 

Source 
Type Ill Sum 
ofSauares df Mean Square F Siq. 

Corrected Model 655.648a 2 327.824 1.485 .243 
Intercept 54933.580 1 54933.580 248.785 ·.000 
GROUP 655.648 2 327.824 1.485 .243 
Error 6624.231 30 220.808 
Total 62917.000 33 

· Corrected Total 7279.879 32 
- · - a. R Squared = .090 (Adjusted R Squared = .029) 
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Eccentric Slow (30°/s) Velocity 

Dependent Variable: PECC30 

Source 
Type Ill Sum 

Mean Sauare F Slq. ofSauares df 
Corrected Model 1230.5128 2 615.256 1.304 .286 
Intercept 118092.539 1 118092.539 250.236 .000 
GROUP 1230.512 2 615.256 1.304 .286 
Error 14157.731 30  471.924 
Total 133589.000 33 
Corrected Total 15388.242 32 
a. R Squared = .080 (Adjusted R Squared = .019) 
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One-way ANOV As- Phase I Pretest Muscle Thickness Scores 

(Trained Arm) 

Proximal Site 

Dependent Variable: PREPROX 

Source 
Type Ill Sum 

Mean Square F Siq. ofSauares df 
Corrected Model .8468 2 .423 1.327 .280 
Intercept 296.841 1 296.841 931.160 .000 
GROUP .846 2 .423 1.327 .280 
Error 9.882 31 .319 
Total 309.334 34 
Corrected Total 10.729 33 
a. R Squared= .079 (Adjusted R Squared= .019) 

Mid Site 

Dependent Variable: PREMID 

Source 
Type Ill Sum 
of Squares df Mean Sauare F Sia. 

Corrected Model .796a 2 .398 1.343 .276 
Intercept 373.432 1 373.432 1260.915 .000 
GROUP .796 2 .398 1.343 .276 
Error 9.181 31 .296 
Total 385.934 34 
Corrected Total 9.977 33 

a. R Squared= .080 (Adjusted R Squared= .020) 
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Distal Site 

Dependent Variable: PREDIST 

Source 
Type Ul Sum I F of SQuares df Mean SQuare Siq. 

Corrected Modet .6158 2 .308 1.066 .357 
Intercept 431.625 1 431.625 1496.964 .000 
GROUP .615 2 .308 1.066 .357 
Error 8.938 31 .288 
Total 444.810 34 
Corrected Total 9.553 33 
a. R Squared = .064 (Adjusted R Squared = .004) 

(Untrained Arm) 

Proximal Site 

Dependent Variable: UTPPROX 

Source 
Type Ill Sum 

Mean SQuare F Siq. of Squares df 
Corrected Model .922a 2 .461 1.411 .259 
Intercept 294.397 1 294.397 901.257 .000 
GROUP .922 2 .461 1.411 .259 
Error 10.126 31 .327 
Total 306.933 34 
Corrected Total 11.048 33 

a. R Squared = .083 (Adjusted R Squared = .024) 
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Mid Site 

Dependent Variable: UTPMIO 

Source 
Type Ill Sum 

df Mean Sauare F SIQ. of SQuares 
Corrected Model .8408 2 .420 1.511 .236 
·_Intercept 369.785 1 369.785 1330.801 .000 

GROUP .840 2 .420 1.511 .236 
Error 8.614 31 .278 
Total 381.432 34 
Corrected Total 9.454 33 

a. R Squared = .089 (Adjusted R Squared = .030) 

Distal Site 

Dependent Variable: UTPDIST 

Source 
Type Ill Sum 
of SQuares df Mean Sauare F Sig. 

Corrected Model .8298 2 .415 1.561 .226 
Intercept 432.046 1 432.046 1626.651 .000 
GROUP .829 2 .415 1.561 .226 
Error 8.234 31 .266 
Total 444.391 34 
Corrected Total 9.063 33 

a. R Squared = .092 (Adjusted R Squared = .033) 
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One-way ANOVAs- Phase II Pretest Muscle Thickness Scores 

(Trained Arm Only) 

Proximal Site 

Dependent Variable: PREPROX2 

Source 
Type Ill Sum 

Mean Square F Slq. of Squares df 
Corrected Model .6788 2 .339 1.285 .291 
Intercept 282.333 1 282.333 1070.724 .000 
GROUP .678 2 .339 1.285 .291 
Error 8.174 31 .264 
Total 294.502 34 
Corrected Total 8.852 33 

a. R Squared = .077 (Adjusted R Squared = .017) 

Mid Site 

Dependent Variable: PREMID2 

Source 
Type HI Sum 
of Squares df Mean Square F Siq. 

Correcteo Model .8563 2 .428 1.571 .224 
Intercept 353.004 1 353.004 1295.610 .000 
GROUP .856 2 .428 1.571 .224 
Error 8.446 31 .272 
Total 366.674 34 
Corrected Total 9.302 33 

a. R Squared= .092 (Adjusted R Squared= .033) 
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Distal Site 

Dependent Variable: PREDIS2 

Source 
Type Ill Sum 

Mean SQuare F Slg. ofSauares df 
Corrected Modet .9861 2 .493 1.690 .201 
Intercept 423.336 1 423.336 1452.034 .000 
GROUP .986 2 .493 1.690 .201 
Error 9.038 31 .292 
Totaf 438.367 34 
Corrected Total 10.024 33 
a. R Squared= .098 (Adjusted R Squared= .040) 
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Three-way ANCOV A -Phase 1: Change in Strength of the Untrained Arm 

INDEPENDENT VARIABLES (between-groups factors): 

GROUP Number of Levels: 3 1: 100-fast 
2: 101-slow 

Codes: level 
level 
level 3: 102 -con~rol 

DESIGN: 3 - way ANCOVA , fixed effects 
DEPENDENT: 1 variable (Repeated Measure) 
COVARIATE: 4 variables: ECC180 ECC30 CON180 CON30 

BETWEEN: 1·GROUP ( 3): fast slow control 
WITHIN: 2·TYPE(2) x 3·VELOCITY(2) 

STAT. Summary of all Effects: desiqn: (jonphl. sta) 
GENERAL 1-GROUP, 2-TYPE, 3 ·VELOCITY 
MAN OVA 

df MS df MS 
Effect Effect Effect Error Error F p·level 

1 2 238.3965 28 373.4785 I .638314 .535695 ! 

2 1 64.5984 32 196.1744 ~ .329291 .570089 
3 1 246.6913 32 106.8251 i 2.309301 .138422 
12 2 56.1963 32 196.1744 .286461 .752822 
13 2* 400.8698*• 32* 106.8251*i 3.752582* .034351* 
23 1 55.8772 32 72.3492 .772327 .386050 
123 2 70.1907 32 72.3492 

I 

.970166 .389890 

Noncent. Observed 
Effect Parameter Powef"l 
TYPE Pillai's Trace .328 .086 

Wilks' Lambda .328 .086 
Hotelling's Trace .328 .086 
Roy's Largest Root .328 .086 

TYPE* GROUP Pillai's Trace .575 .092 
Wilks' Lambda .575 .092 
Hotelling's Trace .575 .092 
Roy's Largest Root .575 .092 

VELOCITY Pillai's Trace 2.321 .315 
Wilks' Lambda 2.321 .315 
Hotelling's Trace 2.321 .315 
Roy's Largest Root 2.321 .315 

VELOCITY* Pillai's Trace 7.502 .644 
GROUP Wilks' Lambda 7.502 .644 

Hotelling's Trace 7.502 .644 
Roy's Largest Root 

7.502 .644 
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Three-way ANCOV A- Phase 1: Change in Strength of the Trained Arm 

INDEPENDENT VARIABLES (between·qroups factors): 

GROUP Number of Levels: 3 Codes: level 1: 100-fast 
2: 101-slow level 

level 3: 102-ccntrol 

DESIGN: 3 - way ANCOVA , fixed effects 
DEPENDENT: l variable (Repeated Measure) 
COVARIATE: 4 variables: PCON180 PCONJO PECC180 PECC30 

BETWEEN: 1-GROUP ( 3): fast slow control 
WITHIN: 2·TYPE(2) x 3·VELOCITY(2) 

STAT. :summary of all Effects: desiqn: (jonstren. sta) 
GENERAL l·GROUP, 2-TYPE, 3-VELOC!TY 
MAN OVA 

df ; MS df MS 
Effect Effect 

I 

Error : Error F p·level Effect 
-- --· 

1 2*: 3491.640* 28* 229.0814* 15.24192* .000033* 
2 l 668.639 32 228.1118 2.93119 .096560 
3 1 1.233 32 90.9516 .01355 .908051 
12 2 255.582 32 228.1118 1.12042 .338600 
13 2 101.085 32 90.9516 1.11141 .341464 
23 1 67.408 32 85.0043 .79299 .379843 
123 2 51.688 32 85.0043 .60806 .550576 
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Two-way ANOV As- Phase 1: Muscle Thickness of the Untrained Arm 

Proximal Site 

Multivariate Testr 

Effect Value F Hypothesis df I Errordf 

' 
SIQ. 

TIME Pillai's Trace .004 .136° 1.000 32.000 .714 
Wilks' lambda .996 .136b 1.000 32.000 .714 
HoteUing's Trace .004 .136b 1.000 32.000 .714 
Roy's Largest Root .004 .136b 1.000 32.000 .714 

TIME.GROUP Pillai's Trace .050 .845° 2.000 32.000 .439 
Wilks' lambda .950 .845b 2.000 32.000 .439 
Hotelling's Trace .053 .845° 2.000 32.000 .439 
Rev's Laraest Root .053 .845° 2.000 32.000 .439 

Multivariate Tests'= 

Non cent. Observed 
Effect Eta Souared Parameter Poweri 
TIME Pillai's Trace .004 .136 .065 

Wilks' Lambda .004 .136 .065 
HoteUing's Trace .004 .136 .065 
Roy's Largest Root .004 .136 .065 

TIME.GROUP Pillai's Trace .050 1.690 .182 
Wilks' Lambda .050 1.690 .182 
Hotelling's Trace .050 1.690 .182 
Rev's Laroest Root .050 1.690 .182 

a. Computed using atpha = .05 
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Mid Site 

Multivariate Testr 

·Effect Value F Hypothesis df Errardf SIQ. 
TIME Pillai's Trace .005 .1470 1.000 32.000 .704 

Wilks' Lambda .995 .147b 1.000 32.000 .704 
Hotelling's Trace .005 .14Jb 1.000 32.000 .704 
Roy's Largest Root .005 .14Jb 1.000 32.000 .704 

TIME •GROUP Pillai's Trace .104 1.865b 2.000 32.000 .171 
Wilks' Lambda .896 1.865b 2.000 32.000 .171 
Hotelling•s Trace .117 1.865b 2.000 32.000 .171 
Revs Laraest Root .117 1.865b 2.000 32.000 .171 

Multivariate Testr 

Non cent Observed 
Effect Eta Sauared Parameter Power' 
TIME Pillai's Trace .005 .147 .066 

Wilks' Lambda .005 .147 .066 
HoteUing•s Trace .005 .147 .066 
Roy's Largest Root .005 .147 .066 

TIME.GROUP Pillai's Trace .104 3.731 .359 
Wilks' Lambda .104 3.731 .359 
Hotelling•s Trace .104 3.731 .359 
Rov's Laraest Root .104 3.731 .359 

a. Computed using alpha= .05 
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Distal Site 

Multivariate TestS= 

Effect Value F Hypothesis df Errordf Sla. 
TIME Pillars Trace .029 .955° 1.000 32.000 .336 

Wilks' Lambda .971 .955b 1.000 32.000 .336 
Hotelling's Trace .030 .955b 1.000 32.000 .336 
Roy's Largest Root .030 .955b 1.000 32.000 .336 

TIME*GROUP Pillai's Trace .061 1.035° 2.000 32.000 .367 
Wilks' Lambda .939 1.035b 2.000 32.000 .367 
Hotelling's Trace .065 1.035b 2.000 32.000 .367 
Rovs Laroest Root .065 1.035b 2.000 32.000 .367 

Multivariate Testsc 

Noncent. Observed 
Effect Eta Sauared Parameter Powe,a 
TIME Pillai•s Trace .029 .955 .158 

Wilks' Lambda .029 .955 .158 
Hotelling's Trace .029 .955 .158 
Roy's Largest Root .029 .955 .158 

TIME*GROUP Pillai's Trace .061 2.070 .215 
Wilks' Lambda .061 2.070 .215 
Hotelling's Trace .061 2.070 .215 
Rovs Laroest Root .061 2.070 .215 

a. Computed using alpha= .05 
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Two-way ANOV As- Phase II: Change in Muscle Thickness of the Trained Arm 

Proximal Site 

DESIGN: 2 · way ANOVA , fixed effects 
DEPENDEliT: l variable (Repeated Measure) 

BE'l'Nm:: l·GROUP ( 3): fast slew c:cntrcl 
WITHIN: 2·ARMC2) 

STAT. 
GENERAL 
MAN OVA 

Effect 

l 
2 
12 

STAT. 
GENERAL 
MAN OVA 

Effect 

I Summary of all Effects: desiqn: (:J cmhypS. sta) 
,1-GROUP, 2·ARM 

df MS df MS 
Effect Effect Error Error 

I 
31*. 82. 75256* J 2*• 460.5473*• 

1*~ 323.5118*! 31* 1 11. 76762* t 
2 ' 231.3544 ! 31 I 77.76762 ~ 

Mid Site 

;summary of all Effects: desiqn: (jonhypS.sta) 
!l·GROUP, 2·ARM 
I 
I 

d£ MS df MS 
Effec:: Effect 

.. 
F.rror Error I j -

p 

5.565348* 
4.161267* 
2.974945 

F 

1 2*• 483. 5215*' 31*• 3 8 a 53 4 7 0 * • 212 a 54 7 6 9 * I 
~- -•:= l*• 252 .1377*; 31* 1 33.9&541*• 7.41900*: 
12 2*; 

. 
33.98541*;_ 6.82112•· 231. 8185*. 31* ~ 
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Observec 
Powe,a 

.50 

.50 

.50 
p·level .50 

.53 .008607*' 
.049957*' .53' 

.065781 .53' 
.53' 

Observed 

p·level 

.000102* 

.-010506 * -?" 

.003508* 

Powe~ 
.75~ 

.75~ 

.75~ 

.75~ 

.as: 

.as: 

.as: 

.as: 



STAT. 
GENERAL 
MAN OVA 

Effect 

l 
2 

-12 

Distal Site 

isummary of all Effects: desiqn: (jonhypS. sta) 
1-GROUP, 2·ARM 

I I 

df MS df MS I 

I i Effect Effect Error Error F I p·level 
. ·- ... . .. 

2•!"'5i4.0620• 31•! 22.72809• 22.51792*• .000001* 
1•• 429 •1oJs•l. 31*. 19.44776*! 22.06442*~ .000051* 2•: 77 • .9282*J ___ -ll*f-19.44776* ., • 00705 ir ~ .028325• 

Three-way ANCOV A- Phase II: Change in Strength of the Trained Arm 

STAT. ;Summary of all Effects: design: (jonstre2. sta) 
GENERAL ·1-GROUP, 2·TYPE, 3·VELOCITY 
MAN OVA 

df MS df MS 
Effec~ Effect Effec~ Error Error F 

Observe 
Power' 

.9! 

.9! 

.9! 

.9! 

.6~ 

.6: 

.6~ 

.6j 

~-----···-··----·--·-· -··-
p·level 

- -· l 2* 26* 211.9480* 4.172079* I 884.2637* .026827* 1 2 1 80.5254 30 126.2805 .637671 .430832 1 3 1* 539.5525* 30* 89.0020* 6.062250* .019775• 12 2 21.6065 30 126.2805 .171.099 .843555 13 2 186.5495 30 89.0020 2.096014 .140587 23 1* 488.9613* 30* 67.6415* 7.228717* .011597* 123 2 93.1383 30 67.6415 1.376940 .267841 
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Three-way ANOV A- Phase II: Median Frequency- Eccentric and Concentric 

Training 

DESIGN: 3 - way ANOVA , fixed effects 
DEPENDENT: 1 variable (Repeated Measure) 

BETWEEN: 1·GROUP ( 2): fast slow 
WITHIN: 2·TYPE(2) x 3·SET(2) 

STAT. !Summary of all Effects; design: ( j onmedfr. sta) 
GENERAL :1·GROUP, 2·TYPE, 3·SET 
MAN OVA 

I 

! MS 
i 

df MS df i 
I Effect Effect Effect Error Error I F I i 

1 
I 

1 152.6676 21 276.3613 .552420 
2 1 151.3672 21 126.7492 1.194226 

I 

: 

i 

3 1* 163.0266*: 21* 30.8589*• 5.282973*' 
12 1 542.1920 21 126.7492 4.277674 
13 1 88.0981 21 30.8589 2.854872 
23 1 49.1891 21 22.0912 2.226642 
123 1 34.5594 21 22.0912 1.564399 

155 

p·level 

.465565 

.286857 

.031904* 

.051153 

.105891 

.150520 

.224779 
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