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Abstract

T he purpose o f this thesis was to investigate the role o f selected neuromuscular 

factors thought to affect the generation o f maximal power outputs in a complex multi­

joint movement, using multiple muscles, contracting across multiple joints (cycle 

ergometry). The reliability of measurement for the neuromuscular variables was 

initially determined. There was a range o f reliabilities, and this must be considered in 

the interpretation o f both the cross-sectional and longitudinal studies. A cross- 

sectional study suggested that neural factors were not important in maximal power 

generation, but rather the amount o f muscle, especially Type II muscle, seemed to 

differentiate those that could produce high power outputs and those that could not. 

Since there was no difference in the magnitude of relationship between, either single 

or multi-joint strength, and multi-joint power, it was also suggested that the 

simulation o f a power movement pattern (neural specificity) in. a strength movement, 

would not influence power acquisition. A longitudinal study supported this since there 

was no difference in the rate o f power acquisition between single and multi-joint, 

strength training. Further, sprint training using an identical movement to that used in 

testing maximal power output, was not more effective than the strength training 

modalities in increasing power output, and the adaptations between these three 

training modes were similar. Likewise, sequencing of neurally specific sprint training 

after strength training does not cause greater power acquisition than sprint training 

alone. The muscle hypertrophy and strength or power improvements caused by 

training in these modes does not necessarily cause intrinsic improvements in rauscle
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transferable to other movements using different modes o f contraction (isokinetic 

strength). Thus some type o f neural training effect seems to be evident. It does not 

involve increasing the activation of the muscle mass involved in a movement, but may 

involve plasticity o f  the motoneurones themselves (increased nerve conduction 

velocity) or a m otor learning effect such that the co-ordination and synchronization of 

muscle and motor unit activation occurs more readily after training. In the long-term, 

this may be overridden by muscle adaptation since in the cross-sectional study no 

neural differences were noted.

Examiners:

Dr. 9&|A. W enger, Supervisor (Department of Physical Education)

>r. R .D . Backus, Departmental M ember (Department of Physical Education)
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D r. C .A . Simpson, Additional M ember

Dr. D. McKenzie, External Examiner (University o f British Columbia)
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OVERVIEW
The purpose of this thesis was to investigate the role of selected neuromuscular 

factors thought to affect the generation of maximal power outputs in a complex multi­

jo in t movement, using multiple muscles contracting across multiple joints (cycle 

ergometry). Three separate studies were utilized to perform this research.

The reliability of measurement was determined for those neuromuscular 

variables where this was not well established, or where protocols were sufficiently 

different from other previous investigators. After establishing reliability, a cross- 

sectional research design was utilized to determine the extent of neuromuscular 

differences between power, endurance and non-athletic groups, and to determine 

whether significant relationships existed between key neuromuscular variables and 

maximal power generation. Since a cross-sectional research design does not allow 

"cause and effect" to be determined, a longitudinal 14 week training study was also 

utilized to determine whether neuromuscular variables could be manipulated through 

single or multi-joint strength training, sprint training, or sequenced strength-sprint 

training in order to improve multi-joint power generation.

Twenty-three subjects were studied in order to appraise the reliability of 

measurement for selected neuromuscular variables. As assessed using intraclass 

reliability coefficients (R) peak torque measured on the Cybex was highly reliable for 

leg extension at angular velocities o f 0-3.14 rad-s' 1 (R = 0 .83-0 .94), but showed lower 

reliability at 4.19 rad-s'1 (R = 0 .64). Plantar flexion peak torque was reliable for 

isometric and 1.05 rad-s'1 contractions (R =  0.72 and 0.76 respectively) but sharply 

decreased at angular velocities o f 2.10-4.19 rad-s' 1 (R = 0 .55-0 .58) and leg press peak 

torque was reliable for isometric (R = 0 .72) and isokinetic peak torques at low to high 

velocities (0.76-0.91). Thus there is some difference in the reliability o f single vs 

multi-joint strength movements, since as angular velocity increased in single-joint 

movements reliability decreased, yet isometric leg press showed low reliability. Peak 

rate o f torque development (RTD) and ihc percentage o f peak torque that this value 

occurred at were not reliable for any movement (R = 0 .02-0 .28) nor was mean RTD
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between 30 and 60% of peak torque for leg press (R = 0 .46 ), yet mean RTD was 

fairly reliable for both knee extension and plantar flexion (R — 0.61, 0.63 

respectively). Mean integrated electromyography (IEMG) showed low but still 

acceptable reliability for isometric leg press (R —0.66) and much higher reliability at 

1.05 rad-s'1 (R = 0 .90 ). Mean IEMG was also reliable for both isometric and 1.05 

rad-s' 1 plantar flexion (R = 0 .86 , 0.75) and log extension (R --0 .85 , 0.84). As well, 

nerve conduction velocity (NCV) was highly reliable (R = 0 ,89). It seems then that the 

majority o f  these neuromuscular variables n a y  be measured reliably; however, there 

is a range o f reliabilities, and these must be considered in the interpretation o f both 

the cross-sectional and longitudinal studies that investigate these variables.

In order to clarify the roles o f neuromuscular factors in multi-joint maximal 

power production (15 s cycle ergometer power test) those variables evaluated as 

reliable were studied across power, endurance and non-athlete groups (n —10 each 

group). In addition, power was tested on a cycle ergometei and muscle biopsies were 

utilized to provide fiber type and cross-sectional area information. The power group 

had higher absolute cycle ergometer powers than both endurance (26%) and control 

(15%) groups, but these differences disappeared when power was expressed relative 

to body mass or leg volume. Power athletes were also stronger than both endurance 

(51, 52%) and control (33, 35%) subjects for both leg extension and plantar flexion 

respectively, at all velocities tested. In leg press they were stronger then endurance 

(32%) and control subjects (36%) for only the isometric and 1.05 rad-s'1 contraction. 

The power group also had much higher RTD values than the endurance and control 

groups respectively, in both leg extension (83, 56%) and plantar flexion (40, 6 6 %), 

however, NCV was not different between groups. Histochemical analyses o f vastus 

lateralis biopsy samples in a sub-sample (n= 24) revealed no differences in the 

percentage o f Type II muscle fibers. W hile Type I and II fiber cross-sectional areas 

between groups were similar, power athletes had al5%  larger Type. II/I fiber area 

ratio than contro's. Strength, RTD and power were related to muscle and muscle fiber 

size variables, but not fiber distribution or NCV. The cross-sectional area o f type II 

muscle fibers seemed to be especially important since this was the only variable
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related to power when adjusted lor body size. Thus, muscle size variables and not 

liber type or neural variables seem especially important in maximal power production. 

W hether these traits are inherited or responive to long-term physical training is open 

to question. A longitudinal training study was therefore performed.

The primary purpose o f the longitudinal study was to determine whether or not 

neural and muscular adaptation, as well as power acquisition, differed between single­

joint strength training, multi-joint strength training and sprint training. A secondary 

purpose was to determine the effect o f sequencing 8 weeks o f strength training (single 

or multi-joint strength) prior to sprint training (6 weeks) versus sprint training alone 

(14 weeks) on multi-joint power acquisition (cycle ergom eter). 32 male subjects, age 

20-28, were randomly assigned to either control (C), sprint-sprint (SS), multi-joint 

strength-sprint (MJS) or single-joint strength-sprint groups (SJS), (n =  8 each group). 

Subjects were tested utilizing the same tests as in the cross-sectional research, prior to 

beginning training, mid-training at the end o f 8 weeks o f either single or multi-joint 

strength training or sprint training, and post training after another 6 weeks o f sprint 

training. In addition, SJS and MJS, were tested weekly, and C tested pre, mid and 

post training for 10 repetition maximum (RM) strength on the Universal weight 

training equipment. A sub-sample of subjects also recieved biopsies (m. vastus 

lateralis) pre, mid and post training and their muscle was histochemically analyzed.

At mid-test both SJS (43.6%) and MJS (41.1%) were stronger than pre-training (mean 

10 RM strength) on the training equipment, but this strength was not transferable to 

isometric or isokinetic Cybex strength or RTD, and likewise SS showed no Cybex 

improvements. All training groups did however increase multi-joint power output by 8 

weeks (eg. 5s mean power output increases, SS =  7% , SJS = 4 % ,  MJS =  4% , C =  

-4%) and showed similar Type I and II fiber hypertrophy (S S = 8 .4% , SJS =  13.5%, 

MJS =  11.7%) however 'IEMG did not change. With a subsequent 6 week period o f 

sprint training power continued to increase, but not differentially between groups 

(increase from pre-test: SS =  11%, SJS =  6 %, MJS = 7 % ,  C =  -4%), there was 

no further muscle hypertrophy, no IEMG changes but NCV had increased 

significantly by a small amount in all training groups (SS =  5% ,S JS = 3% , MJS = 3 % ,
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C =  l% ). These data suggest little difference in adaptation to single and multi-joint 

strength training, and also indicate that muscle hypertrophy and strength or power 

improvements caused by training in these modes do not necessarily cause intrinsic 

strength improvements in muscle transferable to other movements using different 

modes o f contraction. Furthermore, sequenced strength-speed training provided no 

additional power gain than sprint training alone.

The cross-sectional research, suggested that neural factors were not important 

in maximal power generation, but rather the amount o f muscle, especially Type II 

muscle, seemed to differentiate those who could produce high power outputs and 

those who could not. Since there was no difference in the magnitude of relationship 

between either single or multi-joint strength, and multi-ioint power, it was also 

suggested that the simulation of a power movement pattern (neural specificity) in a 

strength movement, would not impact power acquisition. The longitudinal study 

supported this since there were no differences in the rates o f power acquisition 

between single and multi-joint strength training. Further, sprint training, using an 

identical movement to that used in testing maximal power output, was not more 

effective than the strength training modalities at increasing power output, and the 

adaptations between these three training modes were similar. The sequencing of 

neurally specific sprint training after strength training does not cause greater power 

acquisition than sprint training alone. The muscle hypertrophy and strength or power 

improvements caused by training in these modes does not necessarily cause intrinsic 

improvements in muscle transferable to other movements using different inodes of 

contraction (isokinetic strength), thus some type of neural training effect seems to be 

evident. It does not involve increasing the activation o f the muscle mass used in a 

movement, but may involve plasticity of the motoneurons themselves (increased 

NCV) or a motor learning effect such that the co-ordination and synchronization o f 

muscle and motor unit activation occur more readMy after training. In the long-term 

this may be overridden by muscle adaptation since in the cross-sectional study no 

neural differences were noted.
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Chapter 1

The reliability of measuring neuromuscular variables related to force
generation.
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Abstract

In order to determine the reliability of common neuromuscular measures utilized in 

exercise science, 20 males and 3 females, mean (SD) age 24.7 (3.6) years, body mass 75.8 

(9.6) kg, height 184.1 (6.3) cm and sum of 8 skinfolds 80.0 (32.9) mm, visited the laboratory 

on 3 occasions. The first visit was an orientation session. In the remaining two visits which 

were separated by 48 hours, subjects underwent identical physiological testing including 

determination of tibial nerve conduction velocity (NCV), isometric and isokinetic strength 

(1.05-4.19 rad-s'1) and maximal and mean rates of isometric torque development (RTD) on 

the Cybex isokinetic dynamometer, for leg press, leg extension, and plantar flexion. Ir. 

addition average IEMG for isometric and 1.05 rad-s'1 contractions in these movements was 

measured. As assessed using intraclass reliability coefficients (R), peak torque measured on 

the Cybex was highly reliable for leg extension at angular velocities of 0-3.14 rad-s'1 

(R=0.83-0.94), but showed lower reliability at 4.19 rad-s'1 (R=0.64). Plantar flexion was 

reliable for isometric and 1.05 rad-s'1 contractions (R= 0.72 and 0.76 respectively) but 

sharply decreased at angular velocities of 2.10-4.19 rad-s'1 (R=0.55-0.58). Leg press peak 

torque was reliable for isometric (R=0.72) and isokinetic peak torques at low to high 

velocities (0.76-0.91). Thus, there is some difference, in the reliability of single vs multi-joint 

strength movements, since as angular velocity increased in single-joint movements reliability 

decreased, yet isometric leg press showed low reliability. Peak RTD and the percentage of 

peak torque at which this value occurred were not reliable for any movement (R=0.02-0.28) 

nor was mean RTD between 30 and 60% of peak torque for leg press (R=0.46): yet mean 

RTD showed fair reliability for both knee extension and phntar flexion (R = 0 .6 l, 0.63 

respectively). Mean IEMG showed fair reliability for isometric leg press (R=0.66) and much 

higher reliability at 1.05 rad-s'1 (R=0.90). Mean IEMG was also reliable for both isometric 

and 1.05 rad-s'1 plantar flexion (R=0.86, 0.75) and leg extension (R=0.85, 0.84). As well, 

NCV was highly reliable (R=0.89). It seems then, that a range of reliabilities can be expected 

when measuring common neuromuscular variables, and therefore must be determined in the 

course of the experiment.
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Introduction

The measurement o f in vivo muscular force and power and those 

neuromuscular variables that may influence them are widespread in both longitudinal 

(Sale et al. 1982; Ewing Jr. et al. 1990; Hakkinen et al. 1992) and cross-sectional 

research (M acDougall et al. 1982; Hakkinen & Keskinen, 1989; Taylor et al. 1991), 

yet reliability o f these measurements is frequently unreported (Sale et al. 1982; 

Hakkinen & Keskinen, 1989; Ewing Jr. et al. 1990). Given that the validity, o f a 

measurement is at maximum equal to the square root o f reliability (Baumgartner & 

Jackson, 1991, p l56 ), it is imperative that the measurement technique and test 

protocols are reliable; that is, they give results that are consistent betv/een testing 

occasions (M aguire & Hazlett, 1969). It was therefore the purpose of this studv to 

report reliability statistics for the measurement of the following neuromuscular 

variables:

1. M aximal Cybex isometric and isokinetic force (1.05 to 4.19 rad • s '1) 

for the single joint movements o f  leg extension and plantar flexion, and 

m ulti-joint leg press (combined hip extension, leg extension and plantar 

flexion).

2. Relative rate o f isometric torque development for leg extension, plantar 

flexion, and leg press.

3. Integrated EM G for isometric and isokinetic (1.05 rad*s_1) leg 

extension, plantar flexion and leg press.

4. Tibial nerve conduction velocity.
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Methods

After University of Victoria Human Subjects Committee approval, 20 male 

and 3 female subjects, mean (SD) age 24.7 (3.6) years, body mass 75.8 (9.6) kg, 

height 184.1 (6.3) and sum of 8 skinfolds 80.0 (32.9) mm, signed informed consent 

and agreed to participate in the study. Each subject visited the lab on 3 occasions, 

separated by 48 hours. The first v. . was an orientation session where the testing 

procedures were fully explained, and the physical characteristics of each subject 

measured. In each o f the remaining two laboratory sessions subjects underwent 

identical physiological testing. Each subject was asked to refrain from vigorous 

exercise during the 24-hour period before testing sessions and not to eat in the 2 

hours immediately preceding testing.

Experimental Procedures

Nerve Conduction Velocity

Upon arrival at the laboratory, tibial nerve conduction velocity was measured. 

Subjects lay prone on a padded table with the lower limb supported so that there was 

120 degrees flexion o f the leg and 90 degrees flexion at the ankle (Vecchierini- 

Blineau & Guiheneuc, 1979). Skin temperature was measured at two sites using skin 

thermistors taped to the lateral retro-malleolar groove and medial popliteal fossa 

(Halar et al. 1983). The thermistors were interfaced with a telethermometer 

(Yellowsprings). Maximal tibial nerve conduction velocity was obtained on the left leg 

using the traditional double stimulation technique (Smorto 8c Basmajian, 1979) and 

corrected for temperature effects (Halar et al. 1983)using the mean of the 2 leg 

temperatures. Briefly, square pulses of 0.1 ms duration and sufficient intensity to 

evoke a supramaximal compound muscle action potential were applied to the tibial 

nerve 1 cm laterally to the mid-line of the popliteal fossa, and at the medial retro- 

malleolar groove. The motor response was detected by two surface electrodes on the 

abductor hallucis muscle (Chu-Andrew, 1986; Dorfman & Bosley, 1979). All
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electrode positions were marked on the skin with indelible ink so that electrode 

placement was consistent between testing days. The difference in the latency o f the 

motor response between the proximal and distal stimulation sites, together with the 

distances between the two sites of stimulation, was used to calculate nerve conduction 

veiGcity (Chu-Andrews, 1986), An integrated neurostim ulator/amplifier/storage 

oscilloscope (Cadwell 5200) was used for all nerve stimulation and latency response 

measurements. Nerve distance was measured using metal calipers. The closest two 

values o f three trials were averaged and taken to represent nerve conduction velocity 

for each session (Kamen et al. 1984).

Strength M easurements

Force exerted by the left leg was measured on an isokinetic dynamometer 

(Cybex) interfaced with a m icrocomputer using ATCODAS signal processing software 

(DATAQ). Maximal voluntary contractions at 0, 1.05, 2.10, 3.14 and 4.19 ra d -s '1 

were measured for leg press, leg extension and plantar flexion in order to construct a 

force velocity curve for each movement. For all Cybex tests, straps were used to 

immobilize the upper body and the command "ready-set-go" was used for each 

contraction. Subjects were instructed to perform each movement as fast and as hard as 

possible upon hearing "go". For isometric contractions subjects were required to hold 

maximal force for a period o f 3s. Three repetitions were performed at each speed, 

with peak torque from the strongest repetition, taken to represent velocity specific 

strength. Half the subjects completed the testing in the order o f leg press-plantar 

flexion-leg extension, while the other half tested in the opposite order.

Leg Press: Peak torque exerted in the leg press exceeds the maximal torque 

capacity o f the Cybex, therefore it was modified with a gear and chain system as 

previously described by Vandervoort et al. (1984). Subjects were in a seated position 

and for isometric tests, strength was measured with the hip and knee positioned at 

100°. For concentric contractions subjects started with the knee at 90° (Vandervoort 

et al. 1984).
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Leg extension: Leg extension was measured in the seated position with a hip 

angle o f  90° and the knee set at 100° for isometric contractions.

Plantar Flexion: Subjects were secured to a Cybex UBXT in the supine 

position. All contraction velocities were performed with the knee set at 100° and for 

the isometric contractions the ankle was also set at this angle.

Rate o f  Torque Development

For each movement the rate o f torque development (RTD) was calculated from 

the isometric force-time curve. Force data was sampled at 2000 Hz and the first 

derivative of each force curve, smoothed by a factor of 7 was taken to provide a 

measure of RTD in N nvs'1. The smoothing factor of 7 resulted in slopes being 

calculated from 7 points over a duration of 3.5 ms for each slope. Mean and maximal 

RTD between 30 and 60% of peak torque and the percentage o f peak torque at 

maximal RTD were calculated.

Electromyography (EMG)

The motor point areas of the vastus lateralis (VL), rectus femoris (RF) and the 

medial (MG) and lateral (LG) heads o f the gastrocnemius muscles were determined 

using an electrical stimulator. After reducing the skin impedance with sandpaper and 

rubbing alcohol, bipolar silver/silver chloride surface electrodes (3M) were placed 

over the motor point along the muscles longitudinal axes 20 mm apart rim to rim. 

Electrodes position was marked on the skin with indelible ink and subjects were asked 

to maintain these marks between testing sessions to ensure the same electrode 

positioning for each session (Hakkinen et al. 1991).

For each movement, EMG was collected for the isometric contractions as well 

as the 1.05 ra d -s ' 1 concentric contraction. The myoelectric signal was sampled at 

2000 H z, amplified, and low pass (20Hz, 3rd order response) and high pass (1.5KHz, 

2nd order response) filtered. The signal was subsequently rectified, integrated and
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averaged with ATCODAS signal processing software (DATAQ) for each muscle 

during the maximal force phase of the isometric contraction (1 s) and over the 

duration o f the 1.05 racks'1 concentric contraction. For both isometric and isokinetic 

contractions the average IEMG values for each o f the muscles monitored was summed 

and then averaged in order to provide a single EMG value for each movement 

(Hakkinen et al. 1992). Thus mean IEMG activity for each movement was calculated 

as follows:

Mean Leg extension IEMG =  (VL-IEMG +  RF-IEM G)/2

Mean Plantar flexion IEMG -- (MG-IEMG +  LG-IEM G)/2

Mean Leg Press IEMG = (VL-IEMG +  RF-IEMG +  M G-IEMG +  LG-IEM G)/4

These average IEMG values represent quantitative measures of the amount o f 

electrical activity produced by the muscle fibers o f activated m otor units during each 

maximal contraction (Sale,1991).

The mean and standard deviation are used to describe the data. Reliability for 

each variable was evaluated by calculating intraclass coefficients (equation 1) from the 

corresponding repeated measures one-way analysis o f variance (M aguire & Hazlett, 

1969).

Statistics

Equation 1: ^ ^ b e t w e e n  ~ ^ l ^ w i i l i in

Intraclass R =
MS1 between

It has been suggested that an intraclass R o f greater than 0 .80  is acceptable for 

clinical w ork (Burdett & Van Swearingen, 1987; Currier, 1984). Given the 

importance of reliable measures in research this standard o f comparison will be used
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as the criteria for "good" reliability in this study. M easurement o f certain 

physiological phenomena may not show this level of reliability, but still provide the 

researcher with some degree of information, thus intraclass R values o f 0.60-0.80 will 

be classified as "fair" reliability. Measurements with intraclass R values below 0.60 

will be classified as unreliable.

The standard error of measurement (SEM) was calculated as a further measure 

of reliability (equation 2). This statistic reflects the limits with which an individuals 

test score should fall 68 times out of 100, or the degree one may expect a test score 

to vary due to measurement error (Baumgartner & Jackson, 1991; p 141).

Equation  2: SEM  =  SD (l-R )tU 

Results

Reliability statistics (Table 1) for leg extension, plantar flexion and leg press at 

contraction velocities ranging from 0 to 4.19 rad-s'1 showed that for the two single 

joint movements reliability decreased as the speed of contraction increased, however 

in the multijoint leg press movement no discernible trend was evident. Reliability of 

mean RTD (Table 2) between 30 and 60 percent of peak torque for the two single 

joint movements was similar to that found for high velocity strength, but for 

multijoint leg press it was lover than strength reliability. Peak RTD (Table 2) and the 

percentage of peak torque at which peak RTD occurred (Table 2) was not reliable for 

any movement. The reliability o f mean IEMG (Table 3) for both isometric and 

concentric (1.05 rad-s'1) leg extension, plantar flexion and leg press was high for all 

conditions except isometric leg press. Excellent reliability was found for the 

measurement of tibial motor nerve conduction velocity (Table 4).
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Table 1: Peak torque: trial means (SD), test-retest intraclass reliability 
coefficients (R) and standard error of measurements (SEM) for isokinetic single- 
and multi-joint lower extremity movements (n = 23).

M o v e m e n t V e l o c i t y  
( r a d  • s ' 1)

T r i a l  1 (Nm) 
M e a n ( S D )

T r i a l  2 (Nm) 
M e a n ( S D )

R SEM
(Nm)

L e g
E x t e n s i o n 0 2 7 6  ( 6 5 ) 2 8 9  ( 7 3 ) 0 . 9 4 17

1 .  05 2 04 ( 3 3 ) 2 0 0  ( 4 2 ) 0 . 9 3 11

2 . 10 1 6 1  ( 3 0 ) 1 5 6  ( 3 5 ) 0 . 9 1 10

3 . 14 1 2 6  ( 2 5 ) 1 1 9  ( 2 5 ) 0 . 8 3 10

4 . 19 99 ( 2 1 ) 90  ( 1 7 ) 0 .  64 12

P l a n t a r
F l e x i o n 0 9 1  ( 2 7 ) 98  ( 2 9 ) 0 . 7 2 15

1 .  05 79 ( 1 7 ) 80  ( 1 9 ) 0 . 7 6 9

2 . 10 50 ( 1 0 ) 4 6  ( 1 2 ) 0 . 5 8 7

3 . 14 31  (8 ) 27  ( 9 ) 0 . 5 8 6

4 . 19 21  (7) 18 ( 6 ) 0 . 5 5 4

L e g  P r e s s 0 5 5 1  ( 1 6 9 ) 5 3 2  ( 1 6 9 ) 0 . 7 2 89

1 . 05 4 1 9  ( 9 1 ) 4 2 8  ( 8 7 ) 0 . 8 9 30

2 . 10 2 0 5  ( 4 2 ) 1 9 9  ( 4 2 ) 0 . 7 6 20

3 . 14 152  ( 3 5 ) 1 4 9  ( 3 4 ) 0 . 9 1 11

4 . 19 11 6  ( 3 1 ) 1 1 6  ( 3 1 ) 0 . 8 8 11



R e lia b ili ty  10

Table 2: Rate of torque development between 30 and 60 percent of peak torque 
(RTD): trial means (SD). test-retest intraclass reliability coefficients (R) and 
standard error of measurements (SEM) in single- and multi-joint lower extremity 
ison etric contractions (n =  23).

Movement RTD
Variable

Trial 1 
Mean (SD)

Trial 2 
Mean (SD)

R SEM

Leg
Extension

Mea n  RTD 
(Nm* s ' 1)

733  ( 2 7 3 ) 6 3 8  ( 1 5 8 ) 0 . 6 1 2 1 6

P e a k  RTD 
(Nm • s ' 1) 1 9 8 2  ( 1 3 0 0 ) 1 9 9 9  ( 1 3 4 4 ) 0 . 08 1 2 6 8

% P e a k  
T o r q u e  0 
P e a k  RTD

44 ( 8 ) 45  ( 8 ) 0 . 08 8

Plantar
Flexion

Me a n  RTD 
(Nm ■ s ' 1)

2 4 6  ( 8 5 ) 2 6 1  ( 9 2 ) 0 . 63 5 3 . 9

P e a k  RTD 
(Nm • s ' 1) 1 0 0 6  ( 4 0 1 ) 7 3 5  ( 1 9 5 ) 0 . 13 2 7 8

% P e a k  
T o r q u e  @ 
P e a k  RTD

43 ( 8 ) 42 ( 9 ) 0 .  02 8

Leg Press
Mea n  RTD 

(Nm • s ' 1)
1 3 0 4  ( 5 6 8 ) 1 2 1 2  ( 4 0 8 ) 0 . 4 6 3 59

P e a k  RTD 
(Nm • s ' 1) 4 1 8 8  ( 1 6 5 6 ) 3 7 1 4  ( 1 0 3 3 ) 0 . 28 1 1 4 1

% P e a k  
T o r q u e  @ 
P e a k  RTD

43 ( 9 ) 45  ( 9 ) 0 . 11 8
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Table 3: Integrated electromyography (IEMG): trial means (SD), test-retest 
intraclass reliability coefficients (R) and standard error of measurements (SEM) 
in single- and multi-joint lower extremity movements (n =  23).

Movement Velocity 
rad • s'1

Trial l(uv) 
Mean (SD)

Trial 2 (uv) 
Mean (SD)

R SEM
( U V )

Leg
Extension 0 5 9 1  ( 2 3 1 ) 6 5 1  ( 3 0 0 ) 0 . 85 103

1 . 0 5 5 2 4  ( 2 2 8 ) 4 9 1  ( 1 8 8 ) 0 . 8 4 83

Plantar
Flexion 0 2 9 0  ( 1 0 1 ) 2 9 8  ( 1 1 1 ) 0 . 8 6 40

1.  05 2 9 3  ( 0 8 3 ) 2 9 9  ( 8 2 ) 0 . 7 5 41

Leg Press 0 2 7 6  ( 7 6 ) 2 8 7  ( 6 6 ) 0 . 6 6 4 1

1.  05 3 0 8  ( 1 0 9 ) 3 1 7  ( 8 8 ) 0 . 9 0 31

Table 4: Tibia! motor nerve conduction velocity: trial means (SD), test-retest 
intraclass reliability coefficient (R) and standard error of measurement (SEM) 
(n = 23).

Trial 1 (m-s1) Trial 2 (m*s') R SEM
Mean (SD) Mean (SD)

5 2 . 5  ( 3 . 5 ) 5 2 . 4  ( 3 . 7 ) 0 . 8 9 1 . 2
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Discussion

Strength measurement of the knee extensors on the Cybex showed acceptable 

reliability at contraction velocities ranging from 0 to 3.14 rad-s'1 and there was a 

trend of decreasing reliability as the speed of contraction increased. This was most 

evident at 3.14 and 4.19 rad-s'1 where there were sharp decreases in the magnitude of 

the intraclass reliability coefficients (R) in comparison to the slower contraction 

velocities. Peak torque at 4.19 rad-s'1 showed only fair reliability. Tredinnick and 

Duncan (1988) have similarly reported a large decrease in reliability on the Cybex as 

velocity of leg extension was increased from 2.10 to 3.14 rad-s'1. At Cybex velocities 

of 3.14 and 4.19 rad-s'1 the true speed of the lever arm deviates more (0.1-5.2%) than 

slower speeds (0.1-1.9%), which could account for the decreased reliability at the 

higher speeds o f  contraction (Bemben et al. 1988). Alternatively, in untrained 

subjects, the novel task of recruiting motor units for a high velocity contraction may 

limit the reproducibility of strength measurement in this situation. Many other studies 

have not reported decreasing reliability in knee extensor peak torque as the velocity of 

contraction increases. Intraclass R values in these studies ranged between 0.78 and 

0.98 for contraction velocities ranging from isometric to 4.19 rad-s'1. Larger sample 

sizes (Burdett & VanSwearingen, 1987; Thigpen et al. 1990), the use of gravity 

corrected peak torques (Burdett & VanSwearingen, 1987), different populations 

(Thigpen et al. 1990) and differences in joint angles and set-up procedures (Molczyck 

et al. 1991) could account for this.

The measurement of plantar flexion was not as reliable as leg extension, and 

reliability similarly decreased as the velocity of contraction increased. The reliability 

of peak torque measures at velocities greater than 2.10 rad-s'1 was unacceptable. Little 

data exists on the reliability of Cybex plantar flexion however Wennerberg (1991) 

reported R coefficients of 0.79 and 0.67 at velocities of 0.53 and 2.10 rad-s'1 

respectively, which agrees with the data of the present study. The ankle has 3 

articulations making ankle biomechanics complex, since the ankle may move through 

a number of planes and axes of rotations (Oberg et al. 1987). As well, the
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musculature of the ankle is small and passes over multiple joints, thus consistent joint 

positioning, and stabilization of the ankle, knee and hips is critical when testing the 

plantar flexors (Karnofel et al. 1989). This may cause greater variability in tests 

scores than those observed with a less complex 1-joint structure such as the knee. 

Anecdotally, subjects also reported that the motor pattern of isolated plantar flexion 

was difficult to perform and required great concentration, especially at higher 

velocities. Subjects were constantly reminded that only the plantar flexors were to be 

utilized, since in the fiexed-leg position there were tendencies to extend the leg during 

plantar flexion. Despite precautions aimed at minimizing the contribution of leg 

extensor muscles to force generation at the foot plate (immobilization with straps), it 

is possible that in some subjects this occurred, which reinforces the importance of 

isolating the muscle group to be tested. This is especially difficult in flexed leg 

plantar flexion which may account for the low reliability scores, and require that 

subjects are given extra familiarization time for this kisk.

Higher R coefficients have also been reported for plantar flexion. Clarkson et 

al. (1980) measured isometric plantar flexion strength in power and endurance athletes 

and reported R values of 0.90 and 0.94 respectively. An athletic population 

experienced in strength training would be more familiar with movements such as 

isolated plantar flexion; therefore, better reliability is not surprising. Karnofel et al.

(1989) reported R values similar to those of Clarkson (1980) at 1.05 and 2 .10 rad-s'1. 

These investigators reported mean peak torque values calculated from the last 5 of 6 

repetitions at each velocity. This may have served to reduce the variability observed 

between testing sessions and increase reliability of measuring plantar flexion. They 

also used a knee angle of 45° versus the 100° used in the present study. They 

suggested that this knee angle placed the plantar flexors at a length most 

representative of normal functional activity. A more functional joint angle could 

increase the reliability of producing plantar flexion force.

Unlike plantar flexion and leg extension, no pattern of decreasing reliability 

with increasing velocity of contraction was evident for the multi-joint leg press 

movement, and R ranged from 0.72 to 0.91. The multi-joint movement pattern is
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probably more familiar to subjects than the isolated single-joint movements, which 

may contribute to more consistent reliability across all contraction velocities than in 

the single-joint movements. The isometric contractions showed the lowest reliability 

score, and was characterised by very high torque values. Varying influences of neural 

inhibitory mechanisms such as the Golgi tendon organs (Caiozzo et al. 1981) may 

play a role at high torque levels in decreasing the reliability of the strength 

measurement. The reliability of measuring multi-joint isokinetic leg-press force has 

previously been reported using the method-error statistic (Vandevoort et al. 1984). 

These researchers showed method-error to equal 12.4% for peak torque measurements 

made on separate day*, but did not report this statistic for different velocities of 

contraction. When method-error is calculated for unilateral leg press (16.2%) in the 

present study it is slightly higher than Vandervoort et al. (1984) reported for the 

isometric condition but of the same magnitude or lower for higher velocity 

contractions: 1.05 rad-s '(6.6%); 2.10 rad-s-1(9.5%); 3.14 rad-s-1 (9.0%); 4.18 rad-s-1 

(12.4%). These method-error values are in agreement with values reported by Sale 

(1991). He reported data of Vandervoort et al. (1980) that found method-error for 

unilateral leg extension torque between days equalled 8.2 and 13.4% for contraction 

velocities of 0.26 and 6.6 rad-s-1, respectively. Thus it appears that these data support 

those o f  the present study and indicate that the measurement of multi-joint unilateral 

leg press peak torque is reliable.

Absolute rate of force or torque development is calculated by measuring the 

time taken to reach a given or maximum force or torque level, while relative 

measures of force and torque development utilize the time taken to increase force 

between given percentages of maximum, eg 10% to 30%, 60% and 90% of 

maximum. Both average and maximal rates of force ( N -s -1) or torque (N m -s-1) 

development can also be calculated between these values. Sale (1991) suggested that a 

limitation of using absolute measures is the difficulty in identifying the precise point 

where force takes off from the baseline or reaches peak. Relative measures avoid 

these problems. Although both of these methods have been frequently reported in the 

literature (Duchateau & Hainaut, 1984; Hakkinen & Keskinen, 1989; Hakkinen et al.
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1992), only a limited amount of reliability data has been reported (Viitasalo &

Komi, 1978; Viitasalo et al. 1980), making it difficult to interpret the validity of the 

RTD research. The reliability of measuring relative rates o f  torque development was 

therefore investigated.

Between day reliability for mean RTD between 30 and 60% of peak torque 

was not high for any movement. Fair reliability is reported for leg extension and 

plantar flexion but it was substantially lower and unacceptable for leg-press. The 

lower values for leg press may refect the chain and gear modifications to the Cybex. 

Chain tension may have varied between trials and the rate of torque development 

would also vary as a function of chain tension. This would not be a problem in the 

single-joint movements where the lever arm was attached directly to the input shaft of 

the Cybex. Viitasalo and Komi (1978) measured bilateral leg extension and ret orted 

between trial Pearson r values of 0.80 and 0.38 for absolute rate of force development 

at force levels below and above 90% of  peak isometric force respectively. Between 

day Pearson r values were substantially lower and ranged from 0.66 to 0 .76 at force 

levels below 90% of peak isometric force. These researchers concluded that absolute 

rate of force development showed "satisfactory" reliability below 90% of  peak 

isometric force. Their conclusion is problematic however, since Pearson r is not 

sensitive to changes in means and standard deviations between trials and therefore 

does not give a true picture of reliability (Maguire & Hazlett, 1969). Viitasalo et al. 

(1980) measured average relative rates of force development in unilateral leg 

extension. Within day reliability was calculated between the average o f  the first and 

third (trial 1) and second and fourth (trial 2) repetitions, but no between day 

reliability was calculated. Mean relative rate of force development values had between 

trial Pearson r values of 0.76 to 0.87. Between day reliability would be expected to 

be substantially lower and given the problems with using the Pearson r  statistic to 

indicate reliability, the data of the present study seems more reasonable.

Viitasalo et al. (1980) also calculated maximal rate of force development from 

the highest slope coefficient of a tangent to the force-time curve and reported a same- 

day between trial Pearson r of 0.84. The percentage of peak torque at which this
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value occurred was less reliable (Pearson r= 0 .59 ) .  The present study examined 

between day measurements for these variables and showed little reliability for any 

movement. The lack of reliability for these measures may be influenced by two 

factors. Firstly, the task of producing force as quickly as possible is very unfamiliar 

to untrained subjects. It may require more extensive familiarization and practice 

before reliable results can be produced. Secondly, instantaneous rates of torque 

development were being measured every 3.5 msec. This short sampling time results in 

large variability o f  instantaneous RTD values. Different smoothing protocols or 

sampling frequencies could reduce the variability and increase reliability of this 

measurement. Differences in analysis procedures between studies are probably the 

main reason for varying reliability reports. Environmental factors and individual 

variation will also decrease the between day reproducibility of maximal rate of torque 

development and the percentage of peak torque at which this occurs.

During voluntary contractions, the electrical activity produced by muscles may 

be recorded and quantified using surface electromyography (EMG). Quantification of 

the EMG signal is generally accomplished by integration of a full-wave rectified 

signal to give an absolute value of the EMG called the integrated EMG (IEMG) 

(Winter, 1990; p204). Increases or decreases in IEMG as a result of exercise training 

or detraining are thought to reflect the interaction of factors that both facilitate and 

inhibit various levels of the nervous system (Moritani & deVries, 1979). Collectively, 

changes in these factors are referred to as neural adaptation (Sale et al. 1982) and the 

IEMG technique is commonly utilized in conjunction with maximal voluntary 

isometric contractions to monitor neural adaptation (Moritani & deVries, 1979; 

Hakkinen et al. 1992). Although factors such as electrode placement, skin 

preparation, temperature and electrical conductivity status of muscle tissue (Yang & 

Winter, 1983; Hering et al. 1988; Winter, 1990; p l97) may influence the EMG 

signal, the reliability of IEMG has not been frequently reported.

O f those studies reporting IEMG reliability the majority report high Pearson 

Product Moment correlations (r >  0.98) (Moritani & deVries, 1979; Viitasalo et al. 

1980; Hering et al. 1988). Two of these investigators (Moritani & deVries, 1979;
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Hering et al. 1988) pooled a large number of contractions at various percentages o f  a 

maximum voluntary contraction (MVC) which effectively increases the range of data 

and artificially increases the magnitude of the Pearson r (Clarkson et al. 1980). As 

previously mentioned another problem with using the Pearson r statistic to estimate 

reliability is insensitivity to changes in means and standard deviations (Maguire & 

Hazlett, 1969). The intraclass reliability coefficient avoids the problems inherent with 

the Pearson r for estimating reliability. Only one study utilized intraclass reliability 

coefficients for estimating EMG reliability and these investigators reported intraclass 

R values ranging from 0.52 for one trial on one day to R = 0 .7 6  for one trial on each 

of three days (Yang & Winter, 1983). These reliabilities were for maximal voluntary 

isometric contractions. No research has reported reliability statistics for EMG during 

dynamic contractions.

In this study, mean IEMG proved to be reliable for both isometric and 

concentric (1.05 rad 's '1) single joint movements. The reliability o f  multi-joint leg 

press IEMG was also acceptable for the concentric contraction but lower for the 

isometric condition. This lower reliability in isometric leg press paralleled the lower 

reliability of isometric torque production previously observed in leg press. Since 

EMG activity is quantitatively linked to isometric muscle tension development 

(Winter, 1990; p207) this is not surprising. As previously mentioned neural inhibitory 

mechanisms such as the Golgi tendon organs (Caiozzo et al. 1981) may play a role at 

high torque levels in decreasing the reliability of the strength measurement. This may 

also be true for the EMG signal and require that subjects are given extensive 

familiarization and practice in movements where high forces are generated in order to 

minimize inhibitory influences on force generation. In agreement with this, Yang & 

Winter (1983) found lower intraclass R values at 100% of a triceps maximal 

voluntary contraction (MVC) than at submaximal levels. Contrary to this, Hering et 

al. (1988) reported that IEMG during isometric contraction o f  the triceps brachii had 

higher between day coefficients of variation (CV) at 10 to 20 % of MVC (C V = 21 .3 -  

28%) than at 100% MVC (CV =  15.8%). These were simple single joint movements 

and the reason for these discrepancies are not obvious. It may be hypothesized that a
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learning phenomenon may be more important in high force movements where multiple 

muscles are working across multiple joints since these movements are inherently more 

complex. Yang & Winter (1983) suggest that in movements where a number of 

synergists are involved and a maximal effort is required, more variability would be 

observed than in simpler movements, due to varying contributions and inconsistent 

synchronization of the synergists between trials and between days. Force level and 

associated EMG activity could change simply as a result of different muscles being 

recruited in different patterns or to different extents. Varying degrees of agonist co­

contraction could also influence the net force and EMG signal detected during a 

MVC.

Nerve conduction velocity (NCV) has been measured both in cross-sectional 

studies using different athletic groups (Kamen et al. 1984; Upton & Radford, 1976; 

Singh & Maini, 1980) and in longitudinal strength training studies (Sale et al. 1982). 

Numerous environmental and technical factors can influence the accuracy and 

reliability of measuring NCV, however only Kamen et al. (1984) have reported 

reliability statistics (Pearson r =  0.70 to 0.84). Considering the limitation of the 

Pearson r statistic and the variety of factors that can influence NCV more reliability 

information was required.

The test-retest reliability of tibial NCV was measured and found to be higher 

than that reported by Kamen et al. (1984) even though measurement procedures were 

similar. Since NCV is known to increase with increasing temperature (Kimura, 1983; 

Halar et al. 1983; Todnem et al. 1989) all NCV values were temperature corrected 

according to Halar et al. (1983). Kamen et al. (1984) did not correct for temperature, 

but rather tried to control nerve temperature by keeping ambient room temperature 

constant. Large variability was noted in limb temperature of the same subjects 

between days, even though room temperature was constant. It is likely then that the 

higher test-retest reliability of NCV in this study is a function o f  correcting NCV for 

temperature influences. Other environmental factors that can impact NCV were also 

controlled. It is known that extracellular fluid changes are of some consequence to 

NCV. For example, NCV changes have been noted in patients with renal failure
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undergoing haemodialysis (Waxman, 1980). Considering the possibility that 

dehydration or changes in electrolyte concentration could affect NCV the subjects in 

the present study were instructed to avoid exhaustive exercise in the two hours before 

NCV testing and NCV was measured prior to any exercise testing. Subjects were also 

tested at the same time of day for each session in order to avoid possible diurnal 

effects on NCV (Wyrick, 1970; Ferrario, 1980).

Technical factors can also affect accurate and consistent NCV measurement. 

One o f  the main errors in calculating NCV is inaccurate measurement o f  the 

interstimulus distance. Generally a tape measure is used for this however in the 

present study metal calipers were used for better accuracy. The position of the 

stimulating electrodes between testing days was also standardized by marking the skin 

with indelible ink, since it is important that the nerve is stimulated from the same 

position each session. Subjects were tested on each occasion by the same technician. 

This ensured consistent subject preparation, anthropometric techniques, standard 

stimulator angle and pressure on the skin and reliable localization of the M-wave on 

the oscilloscope. By following these procedures the measurement of tibial NCV is 

highly reliable between testing sessions.

The results of this study therefore suggest that peak torque may be measured 

reliably for both leg extension and leg press at lever arm velocities of 0-4.19 rad-s'1. 

Plantar flexion peak torque is also reliable at 0 and 1.05 rad-s'1, but caution must be 

exercised in interpreting higher velocity strength measurements for this movement 

since reliability was low. Mean RTD showed fair reliability for leg extension and 

plantar flexion, but not leg press, while peak RTD and the position in the torque time 

curve where this occurred was not reliable for any movement. IEMG showed fair to 

good reliability for both single and multi-joint movements and tibial nerve conduction 

velocity was reliable. Therefore of the variables considered, peak torque 

measurements for each movement at all velocities, mean RTD for leg extension and 

plantar flexion, IEMG for all movements and NCV will be included for further use in 

studies 2 and 3.

In attempting to answer important scientific questions an investigator may have
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a sound hypothesis, excellent experimental control, adequate statistical power, and 

appropriate statistical models but still obtain indecisive or inaccurate results due to 

poor reliability of the methods useu to co. 2ct data. Reliable measures are a 

prerequisite to performing valid research. The present study illustrates that for 

neuromuscular variables commonly examined in the exercise science literature a range 

of reliabilities can be expected and therefore must be determined in the course of the 

experiment.
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Chapter 2

Neuromuscular differences between power and endurance athletes
and sedentary controls.
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Abstract

In order to d eterm in e  w h eth er  neu rom u scu lar  d if fer en ces  ex is ted  b e tw e e n  p o w er ,  
endurance and n on-ath le tes ,  and to clarify the roles o f  n eu rom u scu lar  factors in m axim al  
p ow er  p rod u ction ,  subjects  v is ited  the laboratory on 3 o c c a s io n s ,  the first o f  w h ic h  w a s  an 

orientation and anth rop om etr ic  s e s s io n .  P h ys ica l  character ist ics  o f  the  p o w er  (varsity  

v o l ley b a ll ,  m ean  (S E ) h e ig h t  1 8 8 .0  (2 .2 )  c m ,  m ass  8 1 . 1 ( 2 .9 )  k g ,  su m  o f  8 sk in fo ld s  5 7 , 3 ( 5 . 6 )  

m m , le g  v o lu m e  5 5 6 2 ( 1 7 8 )  c m 5), endurance  (varsity  d is tan ce  runners,  mean (S E )  height  

1 7 8 .6 (1 .7 )  cm . m ass  6 6 . 5 ( 1 . 9 )  kg ,  rum o f  8 sk in fo ld s  5 1 . 9 ( 3 .6 )  m m , leg  v o lu m e  4 2 5 6 ( 1 9 6 )  

cm 3), and con tro ls  (mean (S E ) h e igh t  1 8 0 .5 ( 1 .4 )  cm , m ass  7 2 . 3 ( 1 .5 )  kg,  su m  o f  8 sk in fo ld s  

7 1 . 8 ( 6 .3 )  m m . l e g  v o lu m e  4 7 5 9 ( 1 9 1 )  cm 5) w e r e  m easured ( n = 1 0  each grou p ).  In the  

rem aining  2  laboratory  s e s s io n s  subjects  u nd erw en t identical p h y s io lo g ica l  te s t in g ,  inc lud ing  

determination o f  tibial n erv e  con d u ction  v e lo c i t y  ( N C V ) ,  i som etr ic  and isok in et ic  strength  

( 1 .0 5 - 4 .1 9  rad-s'1) for leg  p ress ,  le g  ex te n s io n  and plantar f lex ion  and mean rate o f  isom etric  

torque d e v e lo p m e n t  (R T D )  on  the C y b e x  iso k in e t ic  d y n a m o m ete r  for  leg  ex ten s ion  and plantar 

f lex ion .  A s  w ell  subjects  p erform ed  a 15s c y c le  erg o m eter  p o w e r  test (load =  9 5 g /k g  o f  body  
m ass).  F or  each test  the h ig h es t  v a lu e  o f  the tw o  s e s s io n s  w as retained for data analysis .  T h e  

p o w er  grou p  had h igh er  ab so lu te  c y c le  erg o m eter  p o w e r  than both endurance (2 6% ) and 

control (1 5% ) g r o u p s ,  but th ese  d if feren ces  d isappeared  w h e n  p o w e r  w as exp ressed  re lat ive  to 

body  m ass  or leg  v o lu m e .  P o w e r  athletes w e r e  also  s tron ger  than both endurance  (51 ,  5 2 % )  

and control (3 3 ,  3 5 % ) su bjects  for both leg  ex ten s io n  and plantar f lex ion  resp ect ive ly ,  at all 

ve lo c i t ie s  tested .  In leg p ress  they w ere  s tronger  than en d urance  (3 2 % ) and control subjects  

(36% ) for  o n ly  the  i som etr ic  and 1 .05  rad-s'1 contraction  . T h e  p o w e r  group a lso  had much  

higher  R T D ’s than the en d urance  group  and co n tro ls ,  re sp e c t iv e ly  in both le g  ex ten s ion  (8 3 ,  
56% ) and plantar f lex ion  (4 0 ,  6 6 % )  h o w e v e r  N C V  w as  not d if feren t  b etw een  groups.  

H istoch em ica l  an a lyse s  o f  vastus  lateralis b io p s y  sa m p les  in a su b - sa m p le  ( n = 2 4 )  revealed  no 

d if feren ces  in the p erc en tage  o f  T y p e  II m u s c le  f ibers,  or  T y p e  I and II fiber cross-sec t iona l  

area b e tw e e n  g r o u p s ,  yet  p o w e r  athletes had a larger T y p e  II/I f ib er  area ratio than con tro ls  

(15% ).  B oth  stren gth ,  R T D  and p o w e r  w e re  related to m u s c le  and m u sc le  f iber s iz e  variab les ,  

but not fiber d istr ibution  or  N C V .  T h e  s iz e  o f  type  II m u sc le  fibers see m ed  to be esp ec ia l ly  

important s in c e  th is  was the  o n ly  variable  related to p o w e r  w h en  adjusted for b od y  s ize .  T hu s ,  

m u sc le  s i z e  var iab les  and not f iber  typ e  or neural variab les  s e e m  important in m axim al p o w er  

production.
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Introduction

The rapid generation of muscular force to provide acceleration, deceleration, 

maintain velocity or change direction of the body mass is critical in many sports. This 

ability to contract the muscles both forcefully (strength) and quickly (speed) is 

referred to as muscular power (Edgerton, 1986). Athletes participating in power sports 

have been observed to differ from untrained individuals in both their muscular and 

neural properties (Sale, 1991) and these differences are thought to arise from both 

genetic and environmental factors (repeated exposure to power-type activities)

(Perusse et al. 1987).

In general it has been shown that power athletes demonstrate higher muscular 

power than endurance athletes (Bouchard et al. 1991), however the extent to which 

neural and/or muscular factors explain these power differences have not been 

determined. For example, wide ranges in muscle fiber type profiles have been 

reported for both power and endurance athletes (Gollnick et al. 1972; Gregor et al. 

1981; Viitasalo & Komi, 1978) and a high percentage of type II fibers does not 

always correlate with high power outputs (Patton et al. 1990; Mackova et al. 1985). 

Muscle cross-sectional area is generally larger and strength higher in power versus 

endurance athletes (Johansson et al. 1987; Hakkinen & Keskinen, 1989), however 

these two variables do not always correlate with each other (Gregor et al. 1981; Sale 

et al. 1992) or with maximal power (Bell et al. 1989; Patton et al. 1990). Similarly, 

power athletes have been reported to have significantly larger type II/I fiber area 

ratios than control or endurance subjects (Tesch et al. 1989) yet larger type I than 

type II fibers for both sprint and endurance athletes have also been reported (Gregor 

et al. 1981).

The unclear relationship existing between muscular variables and maximal 

power production is paralleled when neural variables are examined, although there is 

a paucity of data in this area. Motor nerve conduction velocity (NCV) has been 

reported to be faster in strength than endurance athletes (Kamen et al. 1984) but
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confounding data observing slower NCV in sprinters versus untrained controls also 

exists (Upton & Radford, 1975). Reflex latencies have been shown to differ between 

power athletes and distance runners (Kamen et al. 1981) and antagonist co-contraction 

is greater in sprint versus endurance athletes (Osternig et al. 1986). The relationship 

of these neural variables to maximal power production has not been reported.

Considering the equivocal nature of the relationship between neuromuscular 

variables and power production the purpose of this study was twofold. First, in order 

to determine whether neuromuscular differences existed between power, endurance 

and control groups the following variables were measured and compared between 

groups:

•  multi-joint leg power (cycle ergometer)

•  thigh volume

•  Type I and II muscle fiber cross-sectional area (XSA)

•  percentage of Type II fibers

•  single-joint isokinetic strength (leg extension, plantar flexion)

•  multi-joint isokinetic strength (leg press)

•  rate of isometric torque development (leg extension, plantar flexion)

•  posterior tibial nerve conduction velocity (NCV)

Second, in order to determine the contribution of both neural and muscular 

factors to maximal power expression, the relationship between these neuromuscular 

variables was described.
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Methods

Following University of Victoria Human Subjects Committee approval, 10 

male subjects were recruited from each of three different populations. Since volleyball 

is an intermittent sport characterized by explosive jumps, short powerful movements 

and long rest intervals, varsity volleyball players were selected to comprise a power 

group. Varsity middle distance runners with histories of high volumes of endurance 

training were used as endurance subjects and untrained university students were used 

as controls. After signing informed consent and agreeing to participate in the study, 

each subject visited the lab on 3 occasions, separated by 48 hours. The first visit was 

an orientation session where the testing procedures were fully explained, and body 

height, mass, sum of 8 skinfolds (Ross & Marfell-Jones, 1991), and left thigh volume 

(Katch et al. 1974) were measured anthropometrically for each subject. In each of the 

remaining two laboratory sessions, subjects underwent identical physiological testing. 

Each subject was asked to refrain from vigorous exercise during the 24-hour period 

before testing sessions and not to eat in the 2 hours immediately preceding testing.

Experimental Procedures 

Nerve Conduction Velocity

Upon arrival at the laboratory, tibial nerve conduction velocity was measured. 

Subjects lay prone on a padded table with the lower limb supported so that there was 

120 degrees flexion at the knee and 90 degrees flexion at the ankle (Vecchierini- 

Blineau & Guiheneuc, 1979). Skin temperature was measured at two sites using skin 

thermistors taped to the lateral retro-malleolar groove and medial popliteal fossa 

(Halar et al. 1983). The thermistors were interfaced with a telethermometer 

(Yellowsprings). Maximal tibial nerve conduction velocity was obtained on the left leg 

using the traditional double stimulation technique (Smorto & Basmajian, 1979) and
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corrected for temperature effects (Halar et al. 1983) using the mean of the two leg 

temperatures. Briefly, square pulses of 0.1 ms duration and sufficient intensity to 

evoke a supramaximal compound muscle action potential were applied to the tibial 

nerve 1 cm lateral to the mid-line of the popliteal fossa, and at the medial retro- 

malleolar groove. The motor response was detected by two surface electrodes on the 

abductor hallucis muscle (Chu-Andrew, 1986; Dorfman & Bosley, 1979). All 

electrode positions were marked on the skin with indelible ink so that electrode 

placement was consistent between testing days. The difference in the latency of the 

motor response between the proximal and distal stimulation sites, together with the 

distances between the two sites of stimulation, was used to calculate nerve conduction 

velocity (Chu-Andrews, 1986). An integrated neurostimulator/amplifier/storage 

oscilloscope (Cadwell 5200) was used for all nerve stimulation and latency response 

measurements. Nerve distance was measured using metal calipers. The closest two 

values of three trials were averaged and taken to represent nerve conduction velocity 

for each session (Kamenet al. 1984).

Strength M easurements

Force exerted by the left leg was measured on an isokinetic dynamometer 

(Cybex) interfaced with a microcomputer using ATCODAS signal processing software 

(DATAQ). Maximal voluntary contractions at 0, 1.05, 2.10, 3.14 and 4.19 rad -s '1 

were measured for leg press, leg extension and plantar flexion in order to construct a 

force-velocity curve for each movement. For all Cybex tests, straps were used to 

immobilize the upper body and the command "ready-set-go" was used for each 

contraction. Subjects were instructed to perform each movement as fast and as hard as 

possible upon hearing "go" and for isometric contractions were required to hold 

maximal force for a period of 3s. Three repetitions were performed at each speed, 

with peak torque from the strongest repetition, taken to represent velocity specific 

strength. Half the subjects completed the testing in the order of leg press-plantar 

flexion-leg extension, while the other half tested in the opposite order.
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Leg Press: Peak torque exerted in the leg press exceeds the maximal torque 

capacity of the Cybex, therefore it was modified with a gear and chain system as 

previously described by Vandervoort et al. (1984). Subjects were in a seated position 

and for isometric tests, strength was measured with the hip and knee at 100°. For 

concentric contractions subjects started with the knee at 90° (Vandervoort et al.

1984).

Leg extension: Leg extension was measured in the seated position with the hip 

at 90° and the knee set at 100° for isometric contractions.

Plantar Flexion: Subjects were secured to a Cybex UBXT in the supine 

position. All contraction velocities were performed with the knee set at 100° and for 

the isometric contractions the ankle was also set at this angle.

Rate o f  Torque Development

For both leg extension and plantar flexion the rate of torque development 

(RTD) was calculated from the isometric force-time curve. Force data was sampled at 

2000 Hz and the first derivative of each force curve, smoothed by a factor o f  7 was 

taken to provide a measure of RTD expressed as Nm-s'1. The smoothing factor of 7 

resulted in slopes being calculated from 7 points over a duration o f  3.5 ms. Mean 

RTD between 30 and 60% of peak torque was calculated.

M ulti-joint Power

Fifteen minutes post strength testing, subjects performed a 15s power test on a 

cycle ergometer (Monark) equipped with toe clips and racing bars. A photoelectric 

cell registered every 45 degrees of flywheel revolution and was interfaced with an 

electronic timing device in order to accurately count flywheel revolutions during the 

test. Subjects were given a two minute warm-up at 50 Watts after which time they
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were told to increase their revolutions to a maximum as fast as possible. 

Simultaneously, the flywheel resistance was set at 95 g/kg of body weight, rounded to 

the nearest quarter Kp. Once the resistance was set a verbal signal was given and the 

15s test began. Peak Is power, and mean 5, 10 and 15s power values were calculated 

in Watts (W) and also expressed relative to body mass (W/kg) and thigh volume 

(W/cm3 x 103).

M uscle Biopsy

Eight subjects from the control, six from the endurance and 10 from the power 

groups reported to the lab on a fourth testing day for the muscle biopsy procedure. A 

muscle sample was taken from the vastus lateralis o f the left leg using the 

percutaneous needle-biopsy technique (Bergstrom, 1962) with the addition of suction 

in order to facilitate the acquisition of an adequate muscle sample (Evans et al. 1982). 

The biopsy procedure was administered by a physician experienced in this technique. 

The depth of the biopsy sample was standardized so that the error associated with 

generalizing a single biopsy to the entire muscle was minimized (Lexell et al. 1985; 

Elder et al. 1982).

Immediately following the biopsy, the muscle sample was mounted on a cork 

with the fibers oriented in a vertical position. The muscle samples were then rapidly 

frozen in isopentane cooled to -160 °C with liquid nitrogen and stored at -70 °C until 

histochemical analysis (Martin et al. 1988).

Histochem istiy

The properties of single fibers in the biopsy sample were determined from 

tissue sections cut (10 uni thick) using a cryostat maintained at a temperature of 

-20 °C. Fibers were histochemically stained for myofibril ATPase activity using an 

alkaline preincubation (pH 10.0) as described by Brooke & Kaiser (1970). Visual 

inspection of the staining intensity allowed subsequent classification of the muscle
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fibers as Type 1 (light) or Type II (dark). The fiber-type composition of the biopsy 

sample was then calculated and corresponding cross-sectional areas determined for 

each fiber type by video-scanning each biopsy preparation into a microcomputer using 

image analysis software (Optimas). The areas of all Type I and II fibers present in 

one field of view were calculated by tracing each fiber with a mouse that had been 

previously calibrated to a stage micrometer.

Statistics

For each of the strength, power, and histochemical variables One-Way 

Analysis of Variance followed by Neumann-Keuls post-hoc comparisons were utilized 

to test for differences between groups. A similar model was used for NCV, however 

height and age were used as covariates since these factors account for inter-individual 

differences in NCV (Chu-Andrews, 1986; Dorfman & Bosley, 1979). The magnitude 

of relationship between the multi-joint power and other neuromuscular variables was 

assessed using Pearson Product Moment Correlation. For all statistics, significance 

was set at p < 0 .0 5 .
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Results

The endurance athletes were older than the control and power groups and 

carried less fat than the controls, while the power athletes were taller, heavier and had 

larger thigh volumes than both the endurance and control groups (Table 1). Both Type 

I and II fiber cross-sectional areas were not significantly different between groups, 

however there was a trend in both fiber types for the endurance athletes to have the 

smallest fiber size, and for larger type II fibers in the power athletes relative to the 

other groups, as well as to their own Type I fibers, indicated by the larger II to I area 

ratio in power athletes. (Table 2). The percentage of Type II fibers present in the 

biopsy sample was not significantly different between groups (Table 2).

The power group was characterized by higher absolute multi-joint powers from 

1 to 15s than the endurance and control groups (Figure 1). This power difference 

disappeared when power was expressed relative to body mass (Figure 2) or leg 

volume (Figure 3). The power group was also stronger than the endurance and control 

groups at all velocities for the two single joint strength movements of leg extension 

(Figure 4) and plantar flexion (Figure 5), however in the multi-joint leg-press 

movement they were stronger only for the isometric contraction and the slow velocity 

contraction at 1.05 rad/s (Figure 6). The power athletes had higher rates of isometric 

torque development than the endurance and control groups for both leg extension and 

plantar flexion (Figure 7). Tibial motor nerve conduction velocity was not 

significantly different between groups (Figure 8).

Absolute multi-joint power was significantly related to body mass, leg volume 

and mean Type I and II area but not the percentage of Type II fibers (Table 3). When 

expressed relative to body mass, power was related only to vastus lateralis Type II 

cross-sectional area, and when expressed relative to leg volume it was not 

significantly related to any variable (Table 3). Leg extension and plantar flexion 

strength at all velocities, as well as RTD for these movements, were related to 

absolute 5s power as was isometric and high velocity (4.18 rad/s) multi-joint leg press 

strength (Table 4). No strength variables were related to power when it was expressed
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relative to body mass or leg volume (Table 4). Leg extension and plantar flexion 

strength at all velocities and RTD for these movements as well as isometric leg press 

strength were significantly correlated to body mass and leg volume (Table 5). Type II 

Fiber cross-sectional area in the vastus lateralis muscle was related to knee extensor 

strength and RTD and both type 1 and II fiber cross-sectional areas were related to leg 

press isometric strength (Table 5). NCV and percentage of Type II fibers were not 

significantly related to any strength variables. The single joint strength values at all 

velocities were significantly intercorrelated, however only isometric ieg press strength 

was correlated with the single-joint strength measures (Table 6).
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Table 1: Mean (SE) physical characteristics of control, endurance and power 
athletes, (N = 10 for each group).

Group Age v.*e‘ rs) Height Mass Sum of 8 Leg Volume
(cm) (kg) (nun) (cm3)

Control 22.9 180.5 72.3 71.8 4759
(0.9) (1.4) (1.5) (6.3) (191)

Endurance 26.0* 178.6 66.5 51.91 4256
(1.4) (1.7) (1.9) (3.6) (196)

Power 21A 188.0* 81.1* 57.3 5562*
(0.3) (2.2) (2.9) (5.6) (178)

Note: * represents significantly different from other groups, t  significantly different 
from controls (p <  0.05).
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Table 2: Mean (SE) characteristics of the vastus lateralis muscle for control 
subjects and endurance and power athletes.

Group Type I 
XS Area 

x 102(«nr)

Type II XS 
Area 

x 102(fmr)
II/I Area 

Ratio
% Type II

Fibers
Analyzed
(number)

Control 45.7 50.4 1.11 49.9 56
(n =  8) (2 .6) (3.3) (0.06) (4.0) (6)

Endurance 43.0 48.5 1.15 39.1 58
(11 =  6) (4.6) (5.1) (0 . 10) (4.9) (7)

Power 45.6 58.9 1.284 45.8 56

II O (2 .6) (5.2) (0.05) (3.1) (4)

Note: t  represents significantly different from controls.
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Figure 1: Mean (SE) absolute power scores from a 15s cycle ergometer test for 
control subjects, and endurance and power athletes, n =  !0  each group,
* significantly different from other groups (p < 0 .0 5 ).
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Figure 2:M ean (SE) power/body mass scores from a 15s cycle ergomefer test for 
control subjects, and endurance and power athletes, n =  10 each group.
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Figure 3:Mean (SE) power/thigh volume scores from a 15s cycle ergometer test 
for control subjects, and endurance and power athletes, n = 1 0  each group.
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Figure 4: Mean (SE) leg extension force-velocity curves for control subjects, and 
endurance and power athletes, 11 =  10 each group, * significantly different from 
other groups (p < 0 .0 5 ).
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Figure 5: Mean (SE) plantar flexion force-velocity curves for control subjects, 
and endurance and power athletes, n =  10 each group, * significantly different: 
from other groups, (p < 0 .0 5 ).
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Figure 6 : Mean (SE) leg press 1'orce-velocity curves for control subjects, and 
endurance and power athletes, 11=  10 each group, * significantly different from  
other groups (p < .0 5 ).



To
rq

ue
 

(N
m

)
C ro ss -se c tio n a l p o w e r  4 9

700 -r

600 J

i

500 -j
i

400 -  

300 -

200 -j
j

100 -|
i

0 -

0.0 1.0 2.0 3.0 4.0 5.0

Velocity (rad/s)

Y-
i - u -  C o n t r o l s  

□ -  E n d u r a n c e
i —> - P o w e r



C ro ss -se c tio n a l p o w e r  5 0

Figure 7: Mean (SE) rate of isometric torque development (RTD) between 30 and 
60 percent of peak isometric torque for leg extension and plantar flexion in 
control subjects, and endurance and power athletes, n = 1 0  each group, * 
significantly different from other groups (p < 0 .0 5 ).
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Figure 8 : Mean (SE) tibial motor nerve conduction velocity (NCV) in control 
subjects, and endurance and power athletes, n = 1 0  each group.
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Table 3: Intercorrelations of neuromuscular variables and inulti-joint power 
(n = 30 , n = 2 4 * ).

Neuromuscular
Variables

Absolute 5s Power 
(W)

5s Power/Body 
Mass (W/kg)

5s Power/Leg 
Volume (W /cni3)

Mass 0 .86* 0.08 -0.11

Leg Volume 0.73* 0.07 -0.54*

% Type II* 0.09 0.01 -0.06

Mean Type I 
Area* 0.49* 0.34 0.08

Mean Type 11 
Area* 0 .66* 0.56* 0.26

NCV 0.04 0.03 0.10

Note: * (p < 0 .0 5 ).
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Table 4: Intereorrelations of strength and multi-joint power measures (n = 30).

Strength
Variables

Absolute 5s Power 
(W)

5s Power/Body 
Mass (W /kg)

5s Power/Leg 
Volume (W/cm3)

Leg Ext. 0 0 .66* 0.26 -0.02

Leg Ext. 2.10 0.80* 0.32 0.05

Leg Ext. 4.19 0.83* 0.37 0.05

Leg Ext. RTD 0.60* 0.24 0.05

Plantar 0 0.63* 0.19 0.04

Plantar 2.10 0.70* 0.29 0.04

Plantar 4.19 0.60* 0.32 -0.02

Plantar RTD 0.61* 0.39 0.13

Leg Press 0 0.57* 0.39 0.15

Leg Press 2.10 0.20 0.24 0.01

Leg Press 4.19 0.41* 0.24 -0.06

Note: * (p < 0 .05 ).
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Table 5: Intercorrelations of strength and neuromuscular variables 
(n = 3 0 , n = 2 4 * ).

Strength
Variable

Mass Leg
Volume

%
Type II*

Type I 
Area*

Type II 
A rea*

NCV

Leg Ext. 
0

0 .66* 0.60* 0.18 0.20 0.43* 0.29

Leg Ext. 
2 .10

0.78* 0.73* 0.14 0.23 0.48* 0.21

Leg Ext. 
4.19

0.77* 0.71 * 0.12 0.31 0.54* 0.18

Leg Ext. 
RTD

0.59* 0.49* 0.03 0.09 0.46* 0.10

Plantar 0 0.67* 0.53* 0.26 0.01 0.18 0.14

Plantar
2.10

0 .68* 0.58* 0.18 0.16 0.28 0.06

Plantar
4.19

0.54* 0.54* 0.17 0.21 0.28 -0.01

Plantar
RTD

0.50* 0.42* 0.15 0.15 0.30 0.27

Legpress
0

0.47* 0.39* 0.08 0.43* 0.65* 0.19

Legpress
2.10

0.10 0.18 -0.16 -0.16 -0.05 0.21

Legpress
4.19

0.35 0.37 -0.06 -0.04 -0.02 0.17

Note: * (p < 0 .0 5 )
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57 Table 6: Intercorrelations of strength variables (n = 30).

Leg Extension Plantar Flexion LegPress
0 2.10 4.19 RTD 0 2.10 4.19 RTD 0 2.10 4 .19

0

Leg
Extension

2.10

4.19

RTD

0 .88*

0.82*

0.77*

0.97*

0.84* 0.81*

0 0 .68* 0.65* 0.63* 0.43*

Plantar
Flexion

2.10

4.19

0.65*

0.53*

0.74*

0.65*

0.77*

0 .68*

0.53*

0.43*

0.83*

0.78* 0.91*

RTD 0.58* 0.65* 0.73* 0.53* 0.70* 0.69* 0.70*

Leg Press
0

2.10

0.65*

0.23

0.72*

0.19

0.74*

0.10

0.59*

0.10

0.43*

0.05

0.49*

0.05

0.57*

-0.01

0.58*

-0.09 -0.15

4.19 0.34 0.38 0.32 0.15 0.18 0.28 0.21 0.06 0.08 0.82*

Note: * (p < 0 .05 )
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Discussion

The main finding of this study is that the higher absolute leg power values 

observed in power athletes versus endurance athletes and controls disappear when 

expressed relative to body mass or thigh volume. This implies that power differences 

between these groups are due to differences in muscular variables and not neural 

factors. Contrary to this finding, other studies have reported that power athletes 

maintain a power advantage over endurance and control subjects even when power is 

expressed relative to body mass (Smith & Stokes, 1985; Serrese et al. 1989; Bouchard 

et al. 1991). Although not statistically significant, the present data also show this 

trend, yet when power is corrected for thigh volume, the trend disappears and 

endurance athletes show slightly higher power (NS). Expressing leg power relative to 

body mass may be important in those activities where the body mass must be carried 

or propelled but it can also be misleading when examining physiological mechanisms 

contributing to power expression. It is possible that in those athletes with high leg- 

power/body-mass ratios the legs can contribute disproportionably to body mass, 

giving the impression that qualitative muscular differences or neural factors are 

influencing power generation, when in fact it is the larger and stronger leg muscles 

responsible for extra power production.

The lack of difference between groups when power was expressed relative to 

body mass or thigh volume is partially explained by the significant relationships of 

body mass, thigh volume and Type I and 11 fiber area to absolute 5s power output. 

Type II fiber area seems to be especially important since it is still significantly related 

to power after correction for body mass differences. This is consistent with the known 

properties of Type II motor units which include higher tension outputs and shorter 

time to peak tension (Edgerton, 1976). Others have also reported significant 

relationships between body mass (Goslin & Graham, 1985) or thigh volume 

(McCartney et al. 1983) and maximal power production on a cycle ergometer. Larger 

versus smaller muscles are able to produce greater amounts of force (Goldspink,
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1991; MacDougall, 1991), thereby allowing individuals to better overcome an 

external load, such as that provided by constant load cycle ergometry, and generate 

more power.

The large thigh volumes in the power athletes when compared to <-he controls 

and endurance groups could be due to genetic or environmental (training) influences. 

Theoretically, muscle size is determined by both the number and size of muscle 

fibers, and the amount of interstitial connective tissue (MacDougall, 1991). The 

amount of subcutaneous fat on the thigh does not impact the thigh volume values in 

this study since it is factored out in the volume calculation, however no estimation of 

interstitial connective tissue was made. Nevertheless, connective tissue differences 

would not be expected between groups since previous research has shown, that in 

individuals of different training backgrounds the amount o f  connective tissue present 

in a limb is extremely consistent and proportional to muscle mass (MacDougall et al.

1984).

The number of muscle fibers in the vastus lateralis was not calculated in the 

present study. By dividing muscle fiber cross-sectional area into muscle cross- 

sectional area others have estimated muscle fiber numbers in different groups. 

Johansson et al. (1987) calculated equal numbers of muscle fibers in the vastus 

lateralis muscles of sprinters and marathon runners, and MacDougall (1984) found 

that elite bodybuilders had similar numbers of fibers to untrained controls. Other 

studies using single fiber electromyography techniques have estimated bodybuilders to 

have greater numbers of muscle fibers than controls (Tesch & Larsson, 1982; Larsson 

& Tesch, 1986) and Sjostrom et al. (1991) reported higher numbers of muscle fibers 

in the dominant versus non-dominant hand of young healthy adults, suggesting a long­

term hyperplasia response. Therefore, it is possible that muscle fiber number may 

vary between individuals, due to genetic or environmental factors, and therefore 

impact muscle size. Since in the present study muscle fiber size was not significantly 

different between groups but power athletes had larger fat free thigh volumes than the 

endurance and control groups, it is tempting to speculate that the power athletes may 

have had a greater number o f  muscle fibers. Although muscle fiber area was not
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statistically different between groups, mean fiber area in the power athletes was 29% 

higher than the endurance and 17% higher than control groups. This is of a similar 

magnitude to thigh volume differences between groups since power athletes were 31% 

higher than endurance and 17% higher than controls groups. Both Type I (r =  0.40) 

and Type II (r =  0.46) fiber area were also significantly correlated to thigh volume. 

The thigh volume calculation not only accounts for cross-sectional area of the thigh 

but also the length of the thigh, and height was significantly correlated to thigh 

volume (r =  0.56). If one assumes that taller individuals also have longer muscles it 

would appear that thigh volume differences between groups are probably due not only 

to muscle fiber cross-sectional area differences but also muscle length differences. A 

greater number of sarcomeres in parallel (muscle cross-sectional area) improves the 

force generation characteristics of a muscle while an increased number of sarcomeres 

in series (muscle length) enhances the peak velocity of muscle shortening (Goldspink, 

1991). Since high power outputs require both last and strong contractions it can be 

hypothesized that the combination of greater muscle fiber cross-sectional area and 

muscle length combine to account for the higher power outputs in the power versus 

endurance and control groups.

The fiber type profile may also impact muscle size since Type II muscle fibers 

are usually larger than Type I fibers (Edgerton, 1976 ). This is not supported in the 

present study however since the percentage of Type II fibers was not different 

between groups. The Ila and lib fiber types were not differentiated and it is possible 

that differences in Type II subtypes could account for some muscle size differences.

The Type II/I fiber area ratio was higher in the power group than in the 

controls. Whether this is a genetic characteristic of the power athletes or a result of 

long-term power training is equivocal. Longitudinal training studies have reported 

preferential Type II hypertrophy (Thorstensson, 1976; MacDougall et al. 1979) and 

cross sectional studies have also reported power athletes to have larger Type II/I fiber 

area ratios than endurance athletes (Tesch et al. l989;Mackova et al. 1985; Schantz et 

al. 1983; Tesch & Karlsson, 1985). It has been suggested that preferential 

hypertrophy of Type II fibers may reflect a greater relative involvement of these high
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threshold units with respect to daily activity in power or strength activities 

(MacDougall, 1991).

Some researchers have reported maximal cycle ergometer power outputs from 

the Wingate test to be positively related to Type II fiber composition of the vastus 

lateralis (Bar-Or et al. 1980; Froese & Houston; 1987). This agrees with a number of 

studies that have observed fiber type compositions in athletes consistent with the 

demands of their sport (Gollnick et al. 1972; Clarkson, 1982; Tesch & Karlsson,

1985). These same stiuues and others (Saltin et al. 1977; Viitasalo & Komi, 1978; 

Gregor et al. 1981) have also reported a wide range o f  fiber types within groups of 

both power and endurance type athletes. The data of the present study also found a 

wide range within groups of fiber type profiles and the percentage of Type II fibers 

was not different between groups. Further, no relationship was observed between 

Type II fiber composition and maximal power on the cycle ergometer. However, the 

significant correlation between Type II fiber area and absolute, as well as body mass 

corrected, power indicate that power athletes with lower percentages of Type II 

muscle fibers may still be able to generate high power outputs if their Type II muscle 

fibers are sufficiently large. They may be born with this characteristic or specific 

power training may cause preferential Type II hypertrophy (MacDougall et al. 1979; 

Gollnick et al. 1972). This is consistent with the findings of Patton et al. (1990) who 

observed no relationship between Type II composition and cycle ergometer power and 

concluded that power production was more strongly related to body size. McCartney 

et al. (1983) also concluded that muscle size was more important than muscle fiber 

type in the production of maximal power during isokinetic cycle ergometry. The 

literature is therefore equivocal, and suggests that both muscle fiber size and 

composition can influence power production. The modality o f  testing power output 

(constant velocity cycle ergometry versus constant load cycle ergometry), limitations 

of estimating muscle fiber composition from needle biopsy samples (Elder et al. 1982; 

Lexell et al. 1985), or differences in subject characteristics (training status, 

heterogeneity of sample) may ultimately determine which characteristic is most 

influential in a given situation. A combination of a high percentage of Type II muscle
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fibers and large Type II muscle fibers might prepare the athlete for maximal power 

production.

Consistent with the power and muscular differences exhibited between power, 

endurance and control groups, the power athletes also showed higher levels of leg 

extension and plantar flexion strength at all velocities as well as higher isometric and 

low velocity (1.05 rad-s'1) leg press strength. These strength measures were 

intercorrelated, except for the high velocity leg press strength values which may 

indicate that performance of this high velocity multi-joint movement is not influenced 

by strength per se, but by some other factor. Higher velocity leg press strength 

(2.10-4.19 rad-s'1} was also not different between groups. The velocity for leg press 

was set in order to control the speed of the lever arm. Angular velocities of the hip, 

knee and ankle joints were not measured but they would be different than that of the 

lever arm. Since the leg is pushing linearly against the lever arm the angular 

velocities o f  the ankle, knee and hip joints would have to be faster than that set for 

the lever arm in order to engage the Cybex servo-motor. At these fast angular 

velocities, torque and power may be too low to differentiate between groups or 

alternatively some individuals may have had difficulty in achieving the very fast 

movements.

Many other studies have noted similar strength differences to those seen in this 

study between power/strength and endurance athletes ( Gregor et al. 1981; Clarkson 

et al. 1980; Taylor et al. 1991; Johansson et al. 1987; Schantz et al. 1983) and 

between groups split on the basis of fiber type profiles (Coyle et al. 1979; Suter et al. 

1993). A common finding in these studies has been increasing torque and power 

differences between groups as the velocity of contraction increases due to the power 

group maintaining higher torque generation. The ability to maintain a high percentage 

o f isometric strength at high velocities has been related by some researchers to a 

higher percentage of Type 11 motor units (Thorstennson et al. 1976; Coyle et al.

1979; Ryushi & Fukanuga, 1986; Suter et al. 1993). Others have noted no 

relationship with Type II fiber composition (Gregor et al. 1981; Clarkson et al. 1982; 

Schantz et al. 1983; Froese & Houston, 1985) and it has been suggested that
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heterogeneity in training background may account for some of these results since 

velocity specific strength adaptation is known to occur (Caiozzo et al. 1981; Coyle et 

al. 1981). Others have shown that a high percentage of Type II fibers do not enable 

an individual to generate more torque at high velocities but allow earlier generation of 

peak torque within a movement (Schantz et al. 1983). This may cause peak torque to 

be generated at a more optimal joint angle and allow individuals with high 

percentages of Type II fibers to utilize a mechanical advantage. Froese & Houston 

(1985) reported that, as velocity of contraction increased, peak torque was produced 

later in the movement, however there was no correlation of this angle with the 

percentage of Type II muscle fibers. In the present study the torque differences 

between groups did not increase with increasing velocity of contraction. Schantz et al.

(1983) observed similar results when comparing physical education students and 

bodybuilders, although the latter cannot be considered power athletes. In agreement 

with the findings of others (Gregor et al. 1981; Clarkson et al. 1982; Schantz et al. 

1983; Froese & Houston, 1985), no significant correlations between Type II fiber 

composition and torque at any velocity was observed in the present study. When this 

result is combined with the significant correlations between the strength variables and 

body mass, thigh volume and Type II fiber area the results suggest that muscle size, 

and especially Type II fiber size is the most important determinant of torque 

generation at any velocity.

Very little work has examined the relationship between isokinetic strength 

variables measured on a dynamometer and power measured on ergometers that require 

multiple muscles working across multiple joints for power production. Smith (1987) 

reported significant relationships between isokinetic strength measures (hip flexion, 

knee flexion, knee extension) and power output in a 30s cycle ergometer test. 

Significant correlations have also been reported between both slow and fast velocity 

leg extension torque, and maximal power generated in rowing; however, in this same 

study no improvement of anaerobic rowing performance occurred after 5 weeks of 

either slow or fast isokinetic strength training showing that isokinetic training may not
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necessarily impact multi-joint power production (Bell et al. 1989). Another study has 

shown improvements in 30s mean power on the cycle ergometer after 5 weeks of 

isokinetic strength training in swimmers, possibly due to a neural adaptation since, 

unlike the rowers in the study of Bell et al. (1989) the swimmers were unfamiliar 

with both the strength and cycle tasks (Petersen et al. 1984). This previous work has 

utilized muscle function tests of single joint movements on the dynamometer that 

utilize similar muscles recruited on the multi-joint ergometer but do not mimic multi­

joint movement patterns (ie. proximal to distal muscle sequencing). With this in mind, 

isokinetic strength in the present study was tested in two single-joint movements (leg 

extension and plantar flexion), and one multi-joint movement utilizing proximal to 

distal sequencing (leg-press) thought to be more specific to cycle ergometry. As in the 

study of Bell et al. (1989), the strength variables were strongly correlated with 

absolute 5s power output, but there was no specificity of movement or neural effect 

since strength in all movements correlated equally well to cycle ergometer power 

production. Body mass and thigh volume were related to isokinetic strength generation 

in all movements, and Type 11 fiber area in the vastus lateralis was related to those 

movements where the vastus lateralis is considered a prime mover (leg extension, leg 

press strength), re-enforcing the importance of muscle size and strength to the 

generation of high force. It appears then that the primary mechanism o f  transferring 

strength to power production lies in muscle size and force generation potential, 

independent of a neural effect.

Besides strength, the rate of developing force may be equally important in 

those activities where force or power must be generated very quickly. For example 

Viitasalo et al. (1981), reported that vertical jump height was not related to peak force 

generation but was related to the rate of force development in both plantar flexion and 

leg extension. In the present study, higher relative rates of torque development (RTD) 

between 30 and 60 percent of peak isometric torque in both plantar flexion, and leg 

extension were observed for the power athletes when compared to both controls and 

endurance athletes. Several other researchers have reported similar findings (Hakkinen 

& Keskinen. 1989; Viitasalo & Komi. 1978; Viitasalo et al. 1981). RTD was also
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significantly correlated with 5s maximal power on the cycle ergometer, although of no 

greater magnitude than correlations of power with peak torque measurements. Even 

though RTD in the present study was measured relative to isometric peak torque, it 

was still significantly related to peak torque at every velocity in both leg extension 

and plantar flexion, therefore some common factors may influence both RTD and 

strength. This is supported by the significant relationships observed between RTD and 

body mass, leg volume and Type II cross-sectional area, variables that were also 

related to strength. This was not the case in the study by Viitasalo et al. (1981) and 

has not been reported in other studies.

Given the mechanical properties of Type II muscle fibers, their proportion in a 

muscle might also be expected to influence the RTD yet there was no significant 

relationship between Type II fiber composition and RTD in this study. Others have 

noted weak (r=0.44-0.50) but significant correlations between Type II fiber 

composition and RTD (Viitasalo et al. 1981; Viitasalo & Komi, 1978) and also 

suggested that preferential Type II hypertrophy could positively affect the RTD 

(Hakkinen & Komi, 1986). That Type II fiber area was related to RTD in the present 

study, gives some support to the latter suggestion however differences in the 

populations studied and their training backgrounds make the influence of fiber type 

percentage on RTD unci.- ir.

The importance of a neural influence on RTD has also been suggested 

(Hakkinen & Komi, 1986). These researchers suggested that higher firing frequencies 

or altered recruitment patterns could influence RTD although they could net 

demonstrate a significant change in the EMG/time curve to parallel improvements in 

RTD with training. In the present study, training background differences must be 

considered as one possible reason for group differences in RTD, since volleyball 

players are routinely exposed to explosive type jump work. This type o f  training has 

previously been shown to elicit considerable increases in muscle activation levels 

(Hakkinen & Komi, 1985; Schmidtbleicher et al. 1988) and qualitative changes in 

recruitment patterns (Schmidtbleicher et al. 1988). Further, by examining 

monozygotic and dizygotic twins, the genetic influence on RTD has been estimated to
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be quite low (Viitasalo & Komi, 1978) therefore training status should play a 

significant role in determining RTD.

It is known that both electrophysiological and metabolic properties of 

motoneurons are consistent with the properties o f  the types of muscle fibers they 

innervate (Gardiner, 1991) and there is some evidence that the motoneuron will adapt 

to altered functional demand (Edgerton et al. 1980; Roy et al. 1983). Therefore, 

conduction velocity of the tibial nerve (NCV) was measured in order to determine 

whether differences existed between groups that couid account for force or power 

differences. No significant differences were observed between groups and NCV was 

not related to any other variables. Kamen et al. (1984) also found no differences in 

NCV when 10 different groups of athletes were collapsed into power and endurance 

type groups. Only in very specific and extreme comparisons (weight lifters vs 

marathon runners) was NCV different. Upton & Radford, (1975) reported that elite 

track sprinters have slower NCV than untrained controls, and similarly Kamen et al.

(1984) found jumpers and male sprinters to have NCV values slower than the mean of 

all other subjects tested Why NCV would be lower in power versus endurance type 

athletes is not clear. However, Elam (1985) tested football players and reported no 

significant relationship between NCV and strength, but a significant inverse 

relationship between NCV and vertical jump power (r =  -0.50). He speculated that a 

greater number of terminal branches from the descending alpha motoneuron would 

recruit auxiliary motor units and enhance muscle force production, but reduce 

conduction velocity through dispersion of the action potential. The heritability of 

NCV was investigated by Komi et al. (1973) and estimated to be low, therefore 

environmental factors such as training may play a substantial role in determining 

NCV and indeed higher NCV values have been reported in humans as a result of 

strength training after immobilization (Sale et al. 1982). Cross-sectional studies with 

greater statistical power, and longitudinal training studies are required in order to 

clarify the exact role of NCV in power production. In addition, the traditional double 

stimulation technique for the measurement of NCV only monitors the velocity o f  the 

fastest nerve fibers in a nerve (Chu-Andrews, 1986). This technique may not be
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sensitive enough, and new methods such as the Collision Technique (Arasaki et al. 

1991) which measures the distribution of fiber conduction velocities within a nerve 

may be better able to determine whether true NCV differences exist between power 

and endurance athletes, and whether this variable is important to power production.

In summary the results of this cross-sectional study show that power athletes 

demonstrate higher absolute power outputs on a cycle ergometer than endurance and 

control subjects, but when corrected for body mass or leg volume these power 

differences disappear. It is suggested that differences in muscle size, and especially 

Type II muscle fiber area, but not fiber composition, largely account for the observed 

differences in absolute power through improving strength. Since these variables also 

correlate with strength, and since it does not matter whether or not the strength 

movement simulates the power movement (ie. single vs multi-joint, proximal/distal 

sequencing of muscle recruitment ) no neural effect is suggested. This implies that the 

act of performing a strength movement versus a power movement is sufficiently 

different, and that simulating the pattern of movement (ie. proximal to distal 

sequencing) will not influence power acquisition through a neural training effect. It 

may therefore be more effective to concentrate on enlarging the size of muscles that 

will be utilized in the power movement by isolating them in single-joint movements 

and then learning to appropriately recruit those muscles with specific power training. 

This remains to be confirmed in a longitudinal training study.
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Chapter 3

Sprint Training and single vs multi-joint strength training: their 
influence on multi-joint power acquisition
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ABSTRACT

The primary purpose o f  this study was to determine whether neural and muscular adaptation, 

as well as power acquisition, differed between single-joint strength training, multi-joint strength training 

and sprint training. A secondary purpose was to determine the effect o f  sequencing 8 weeks o f  strength 

training (single or multi-joint strength) prior to sprint training (6 weeks) versus sprint training alone (14 

weeks) on multi-joint power acquisition (cycle ergometer). 32 male subjects, age 20-2S, were randomly 

assigned to either control (C), sprint-sprint (SS), multi-joint strength-sprint (MJS) or single-joint 

strength-sprint groups (SJS), n =  8 each group. The physical characteristics o f  the subjects did not 

change over the 14 week study in any group (mean (SD) height 17S.2 (6.5) cm, body mass 76,8 (9.5) 

kg, sum  o f  8 skinfolds 91.0 (38.2) mm, thigh volume 5370 (894) cnr1). Subjects were tested prior to 

beginning training, mid-training at the end of 8 weeks of either single or multi-joint strength training or 

sprint training, and post training after another 6 weeks o f  sprint training. At each time they underwent 

physiological testing including determination o f  tibial nerve conduction velocity (NCV), isometric and 

isokinetic strength (1.05-4.19 rad-s '1) for leg press, leg extension and plantar flexion, integrated 

electromyography (IEMG) for these movements (0,1.05 rad-s'1), mean rate o f  isometric torque 

development (RTD) for leg extension and plantar flexion, and a 15s cycle ergometer power test (load 

=  95g/kg  o f  body mass). In addition, SJS and MJ'S, were tested weekly, and C tested pre, mid and 

post training for 10 RM strength on the Universal weight training equipment. A sub-sample o f  subjects 

also received biopsies (m. vastus lateralis) pre, mid and post training and their muscle was 

histochemically analyzed. At mid-test both SJS (43.6%) and MJS (41.1 %) were stronger than pre­

training (mean 10 repetition maximum strength) on the training equipment, but this strength was not 

transferable to isometric or isokinetic Cybex strength or RTD, and likewise SS showed no 

improvements. All training groups did however increase multi-joint power output by 8 weeks (eg. 5s 

mean pow er output increases, SS =  7%, SJS =  4 % ,MJS =  4% , C =  -4% ) and showed similar Type 

I  and II fiber hypertrophy (SS =  8 .4% , SJS =  13.5%, M JS =  11.7% ) however IEMG did not change. 

With a  subsequent 6 week period o f  sprint training power continued to increase, but not differentially 

between groups (increase from pre-test: SS =  11%, SJS = 6 % ,  MJS — 1% , C, =  -4% ), there was no 

further muscle hypertrophy, no IEMG changes but NCV had increased significantly in all training 

groups by a small amount (S S = 5 % ,S J S = 3 % ,  MJS —3% , C =  1 %). These data suggest little difference 

in adaptation to single and multi-joint strength training, and also indicate that muscle hypertrophy and 

strength o r  power improvements caused by training in these modes do not necessarily cause intrinsic 

strength improvements in muscle transferable to other movements using different modes o f  contraction. 

Further, sequenced strength-sprint training provided no additional power gain than sprint training alone.
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INTRODUCTION

Force production in a complex movement requires the contraction of several 

muscles or muscle groups across multiple joints. The magnitude of force produced is 

a function of the mass of agonistic and synergistic muscles (Thorstensson et al. 1975; 

Komi, 1986), the extent to which these muscles can be activated by the nervous 

system (eg. increased number and frequency of motor units firing) (Moritani & 

DeVries, 1979; Sale et al. 1983; Hakkinen & Komi, 1986), the synchronization of 

motor unit firing (Milner-Brown et al. 1975) and the ability to co-ordinate the 

activation of all muscles involved both directly in the movement and as stabilizers of 

agonistic and synergistic muscles (Rutherford & Jones, 1986). Speed development is a 

function of the activities of myofibrillar adenosine triphosphatase (ATPase) 

(Thorstensson et al. 1975; Komi, 1986) creatine kinase, myokinase and enzymes 

associated with the phosphorylation of ATP through anaerobic glycolysis 

(Thorstensson et al. 1975; Cadefau et al. 1990). These enzymes are present in Type II 

muscle fibers to a greater extent than in Type I (Gollnick, 1972). The ability to 

quickly activate the motor units (Hakkinnen et al. 1985), and preferentially recruit 

fast-twitch motor units (Nardone et al. 1989) may also impact the rate of force 

development and velocity of muscle contraction. Nerve conduction velocity may also 

be a factor in quickly activating motor units but this is controversial and remains 

speculative (Kamen et al. 1984; Upton & Radford, 1975).

The product of strength (force) and speed (velocity) is power (Edgerton, 1986) 

and it follows that improvements in either or both of these factors should enhance 

maximal power. Both the strength and speed components of power are frequently 

trained separately, usually with strength training occurring before speed training. This 

is done in an attempt to improve the quantity and quality of the muscle mass with 

strength training prior to utilizing a speed overload in training the nervous system to 

activate the stronger muscles more quickly (Sale & MacDougall, 1981), however, 

improving strength may not necessarily improve power (Beil et al. 1989). Strength 

acquisition is highly specific to the movement pattern (Thorstensson & Karlson, 1974;
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MacDougall et al. 1977:1979) and single rather than multiple-joint strength exercises 

are commonly prescribed. Since a large part of the strength training effect is neural 

(Moritani & DeVries, 1979;Sale et al. 1983; Rutherford & Jones, 1986), strength 

improvements through sport-specific multi-joint strength exercises could translate to 

greater power improvements than single-joint strength exercises. Further, it is also 

possible that if multi-joint speed training occurred subsequent to strength training the 

power gains would be greater than if speed training was done in isolation. Muscle 

hypertrophy also accounts for a large part of the strength training response 

(Goldspink, 1974; MacDougall et al. 1980) therefore single-joint strength training, 

through the isolation of specific muscle groups, could cause greater hypertrophy than 

multi-joint strength training, where load is distributed over a series of muscle groups. 

This greater muscular development with single versus multi-joint strength training 

could improve subsequent power development with sprint training. Since little 

research has investigated these questions the purposes of this study were:

1. To determine whether muscular and neural adaptations to single versus 
multi-joint strength training are different, and whether training induced 
adaptations in these modes are transferable to other strength and power 
movements.

2. To determine if there are differences in adaptations to strength versus sprint 
wo ilc.

3. To determine whether prior strength training (and consequent adaptations) 
enhances multi-joint power acquisition with subsequent sprint training over 
sprint training alone, and whether the mode of strength training (single vs 
multi-joint) influences this power acquisition.
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Methods

Following University of Victoria Human Subjects Committee approval, 32 

male volunteers, age 20-2S, were oriented to the laboratory and testing and training 

procedures, prior to signing informed consent and agreeing to participate in the study. 

They were randomly assigned to one of 4 groups.

T r a inina Proeedures

The training program was 14 weeks in duration and split into 2 training phases 

(Figure 1). All subjects were asked to maintain their regular activity levels outside of 

the study.

Controls (C)

Controls were asked to maintain their regular level of activity without starring 

or stopping any present activities during the time frame of the study (14 weeks).

Spnnt-Spnnt Training Group (SS)

Tra in ing  Phase 1 (8 weeks) & 2 (6 Meeks)

Three times per week, separated by 48 hours, subjects performed 10s: 120s 

woricrest intervals on a cycle ergometer with the load set at 65g/kg of body mass. 

The number of repetitions/workout started at 8 (2 sets o f  4 with 5 minutes active 

recovery between sets) and increased by 2 repetition every two weeks, so that by 

week i4 subjects were completing 20 repetitions/workout (4 sets of 5 repetitions with 

5 minutes active recovery between sets). Subjects were encouraged to sprint with 

100% effort during the work intervals.
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Figure 1: Experimental design of the 14 week training study, and training 

protocols for control (C), single-joint strength (SJS), multi-joint strength (MJS) 

and sprint (SS) groups.
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Single-Joint Strength-Sprint (SJS) and Multi-joint Strength-Spiint (MJS) Groups 

Training Phase 1 (8 weeks)

Three days per week, separated by 48 hours, subjects trained on variable 

resistance strength training equipment ( Universal). The SJS group trained using the 

isolated single-joint movements of plantar flexion, leg extension and hip extension 

while the MJS group trained using a multi-joint leg press movement (proximal-distal 

sequencing of hip extension, leg extension, plantar flexion). In addition, each group 

trained with 6 general upper body strength exercises. For each exercise, 3 sets of 8- 

12 repetitions were peri armed to failure at a load of approximately 10 repetitions 

maximum (RM), with i-2 minutes rest between sets. When 12 repetitions could be 

performed without failure on the second o; third set the load was increased. In 

addition, at the first session of each week’s training a 10 RM test was performed in 

order to encourage progressive increases in training weights.

Training Phase II (6 weeks)

Both SJS and MJS groups performed maintenance strength training 1 day per 

week (identical load, sets, repetitions and rest intervals to last week of strength 

trawmg in Phase 1). Additionallly, they sprint trained in a simflar program to that 

tol.owed by the SS group. That is, three times per week, separated by 48 hours, 

subjects performed 10s: 120s work: rest intervals on a cycle ergometer with the load 

set at 65g/kg of body mass. The number of repetitions per workout started at 8 (2 sets 

of 4 with 5 minutes active recovery between sets) and increased by 2 repetition every 

two weeks, so that by week 14 subjects were completing 12 repetitions per workout 

(3 sets of 4 repetitions with 5 minutes active recovery between s-ts).

Experimental Procedures

Subjects were tested twice during the pre-testing phase, twice after training 

phase I (8 weeks), and twice at the conclusion of training phase 2 (14 weeks)
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(Figure 1). For each test administered, the maximal score t'rom either of the two 

testing days was retained for data analysis. Subjects were asked to refrain from 

vigorous exercise durir .c 34 hour period before testing sessions and not to eat in 

the 2 hours immediately preceding testing. During the first testing session, their body 

height, mass, sum of 8 skinfolds (Ross & Marfell-Jones, 1991), and left thigh volume 

(Katch et al. 1974) were measured anthropometrically.

Neiye Conduction Velocity

Subsequent to the anthropometry, tibial nerve conduction velocity was 

measured. Subjects lay prime on a padded table with the lower limb supported so that 

there was 120 degrees flexion at die knee and 90 degrees flexion at the ankle 

(Vecchierini-Blineau & Guiheneuc, 1979). Skin temperature was measured at two 

sites using skin thermistors taped to the lateral retro-malleolar groove and medial 

popliteal fossa (Halar et al. 1983). The thermistors were interfaced with a 

telethermometer lYellowsprings). Maximal .ibial nerve conduction velocity was 

obtained on the left leg using the traditional double stimulation technique (Smorto & 

Basmajian, 1979) and corrected for temperature effects (Halar et al. 1983) using the 

mean of the two leg temperatures. Briefly, square pulses of 0.1 ms duration and 

sufficient intensity to evoke a supramaximal compound muscle action potential were 

applied to the tibial nerve 1 cm lateral to the mid-line of the popliteal fossa, and at 

the medial retro-malleolar groove. The motor response was detected by two surface 

electrodes on the abductor hallucis muscle (Chu-Andrew, 1986; Dorfman He Bosley, 

1979). Al! electrode positions were marked on the skin with indellible ink so that 

electrode placement was consistent between testing days. The difference in the latency 

of the motor response between the proximal and distal stimulation sites, together with 

the distances between the tw'o sites of stimulation, was used to calculate nerve 

conduction velocity (Chu-Andrews, 1986). An integrated

neurostimulator/amplifier/siorage oscilloscope (Cadwell 5200) was used for all nerve 

stimulation and latency response measurements. Nerve distance was measured using
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metal calipers. The closest two values of three trial* were averaged and taken to 

represent nerve conduction velocity for each session (Kamen et al. 1984).

Strength Meusu rein cuts

In order to track strength improvements in the weight room, 10 RM 

performance tests were administered weekly on the resistance training apparatus to the 

SJS group for leg extension, plantar flexion and hip extension, and to the MJS group 

for leg press. In addition controls performed 10 RM tests on the leg press, and leg 

extension machine;: at 0. 8 and 14 weeks.

Force exerted by the left leg was also measured on an isokinetic dynamometer 

(Cybex) interfaced with a microcomputer using ATCODAS signal processing software 

(DATAQ). Maximal voluntary contractions at 0, 1.05, 2.10, 3.14 and 4.19 rad*s'1 

were measured for leg press, leg extension and plantar flexion in order to construct a 

force velocity curve for each movement. For all Cybex tests, straps were used to 

immobilize the upper body and the command "ready-set-go" was used for each 

contraction. Subjects were instructed to perform each movement as fast and as hard as 

possible upon hearing "go" and for isometric contractions were required to hold 

maximal force for a period of 3s. Three repetitions were performed at each speed, 

with peak torque from the strongest repetition, taken to represent velocity specific 

strength. Half the subjects completed the testing in the order o f  leg press-plantar 

flexion-leg extension, while the other half tested in the opposite order.

Leg Press: Peak torque exerted in the leg press exceeds the maximal torque 

capacity of the Cybex, therefore it was modified with a gear and chain system as 

previously described by Vandervoort et al. (1984). Subjects were in a seated position 

and for isometric tests, strength was measured with the hip and knee at 100°. For 

concentric contractions subjects started with the knee at 90° (Vandervoort et al.

1984).
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Leg extension: Leg extension was measured in the seated position with the 

hips at 90° anti the knee set at 100° for isometric contractions.

Plantar Flexion: Subjects were secured to a Cybex UBXT in the supine 

position. All contraction velocities were performed with the knee set at 100° and for 

the isometric contractions the ankle was also set at this angle.

Rate o f  Torque Development

For each movement the rate of torque development (RTD) was calculated from 

the isometric force-time curs e. Force data was sampled at 2000 Hz and the first 

derivative of each force cun e, smoothed by a factor of 7 was taken to provide a 

measure of RTD expressed as N m -s1. The smoothing factor of 7 resulted in slopes 

being calculated from 7 points over a duration of 3.5 ms. Mean RTD between 30 and 

60% of peak torque was calculated.

Electromyography (EMG)

The motor point areas of the vastus lateralis (VL), rectus lemons (RF) and the 

medial (MG) and lateral (LG) heads of the gastrocnemius muscles were determined 

using an electrical stimulator. After reducing the skin impedance with sandpaper and 

rubbing alcohol, bipolar silver/silver chloride surface electrodes (3M) were placed 

over the motor point along the longitudinal axis of the muscle, 20 mm apart rim to 

rim. Electrode position was marked on the skin with indelible ink and subjects were 

asked to maintain these marks between testing sessions to ensure the same electrode 

positioning for each session (Hakkinen et al. 1991).

For each movement, EMG was collected for the isometric contractions as well 

as the 1.05 rad ' j ' concentric contraction. The myoelectric signal was sampled at 

2000 Hz, amplified, and low pass (20Hz, 3rd order response) and high pass (1.5KH/., 

2nd order response) filtered. The signal was subsequently rectified, integrated and
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averaged with ATCODAS signal processing software (DATAQ) for each muscle 

during the maximal force phase of the isometric contraction (1 s) and over the 

duration o f  the 1.05 r a d - s 1 concentric contraction. For both isometric and isokinetic 

contractions the average IEMG values for each of the muscles monitored was summed 

and then averaged in order to provide a single EMG value for each movement 

(Hakkinen et al. 1992). Thus mean IEMG activity for each movement was calculate! 

as follows:

Mean Leg extension IEMG -  (VL-1EMG +  RF-IEMG)/2

Mean Plantar flexion IEMG = (MG-IEMG +  LG-IEMG)/2

Mean Leg Press IEMG -  (VL-IEMG -r RE-1 EMG +  MG-IEMG +  LG-IEMG)/4

These average IEMG values represent quantitative measures of the amount of 

electrical activity produced by the muscle fibers of activated motor units during each 

maximal contraction (Sale, 1991).

Multi-joint Power

Fifteen minutes after strength testing, subjects performed a 15s power test on a 

cycle ergometer (Monark) equipped with toe clips and racing bars. A photoelectric 

cell registered every 45 degrees of flywheel revolution and was interfaced with an 

electronic timing device in order to accurately count flywheel revolutions during the 

test. Subjects were given a two minute warm-up at 50 Watts after which time they 

were told to increase their revolutions to a maximum as fast as possible. 

Simultaneously, the flywheel resistance was set at 95 g/kg of body weight, rounded to 

the nearest quarter kp. Once the resistance was set a verbal signal was given and the 

15s test began. Peak Is power, and mean 5, 10 and 15s power values were calculated 

in Watts (W).
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Muscle Biopsy

Five SJS, 5 MJS. 6 SS and 5 C .subjects reported to the lab on a third testing 

day for the muscle biopsy procedure, pre, mid and post-training. A muscle sample 

was taken from the vastus lateralis of the left leg using the percutaneous needle-biopsy 

technique (Bergstrom. 1962) with the addition of suction to facilitate the acquisition of 

an adequate muscle sample (Evans et al. 1982). The biopsy procedure was 

administered by a physician experienced in this technique. The depth of the biopsy 

sample was standardized so that the error associated with generalizing a single biopsy 

to the entire muscle was minimized (Lexe'l et al. 1985; Elder et al. 1982).

Immediately following the biopsy, the muscle sample was mounted on a eork 

with the fibers oriented in a vertical position. The muscle samples were then rapidly 

frozen in isopentane cooled to -160 °C. with liquid nitrogen and stored at -70 T  until 

histoehemical analysis (Martin et al. 1988).

Histochemistry

The properties of single fibers in the biopsy sample were determined from 

tissue sections cut (10 urn thick) using a cryostat maintained at a temperature of 

-20 °C. Fibers were hislochemically stained for myofibrillar ATPasc activity using an 

alkaline preincubation (pH 10.0) as described by Brooke & Kaiser (1970). Visual 

inspection of the staining intensity allowed subsequent classification of the muscle 

fibers as Type I (light) or Type II (dark). The fiber-type composition of the biopsy 

sample was then caiculated and corresponding cross-sectional areas determined for 

each fiber type by video-scanning each biopsy preparation into a microcomputer using 

image analysis software (Optimas). The areas of all Type I and II fibers present in 

one field of view were calculated by tracing each fiber with a mouse that had been 

previously calibrated to a stage micrometer.
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Statistics

Por the strength, power and EMG variables a 4 x 3 ANOVA with repeated 

measures on one factor (time) followed by paired t-test planned comparisons was 

utilized to test lor differences between groups and over time. A similar model was 

utilized for motor nerve conduction velocity, however height and age were used as 

covariates since these factors account for inter-individual differences in nerve 

conduction velocity (Clui-Andrews, 1986; Dorfman <k Bosley, 1979). The 

histochemical data were compared between groups and across time using a 4 x 3 

ANOVA with repeated measures on one factor (time) and planned comparisons 

utilizing paired t-tests. For all statistics, significance was set ai p <  0.05.

Results

The physical characteristics of the subjects were not significantly different 

between groups, and did not change over time (Table 1).

Absolute Is, 5s and I Os power outputs on the cycle ergometer significantly 

improved during training phase 1 for SJS and SS groups, and improvements 

approaching statistical significance were also noted in MJS ( ls :p = 0 .0 8 ,  5s:p=0 .09 , 

10s:p=0.07) (Table 2). Only SJS significantly increased mean 15 s absolute power, 

although similar trends and magnitudes of improvement were evident in the other 

training groups, and statistical significance was approached (MJS: p = 0 .12 ,

SS: p= 0 .09). By the end of phase 2 all training groups had significantly elevated 

absolute power outputs above pre-test values, however for 5, 10 and 15s power 

outputs, only SJS and SS had further improved from the mid-test at the end of phase 

1 (MJS 5s: p = 0 . 11, 10s: p= 0 .07 , 15s: p= 0 .07)  (Table 2). Body mass and leg 

volume did not change over the course of the training program, therefore, when 

expressed relative to these measures, power followed the same patterns of change 

over time as absolute power outputs.



P o w e r  tra in  84

For both the SJS and MJS groups mean 10 RM strength signi tleantly increased 

during training phase 1 (Figure 2) so that by week 4 both SJS (21.7 '” ) and MJS 

(22.2%) were stronger than pre-training, and by week 8, s-'gnifieantly stronger than 

week 4 (43.6 and 41.1% stronger than pre-test, respec'ivelvri There was no 

difference ;n the rate of 10 RM strength improvement between these groups. During 

strength maintenance (Phase 2), 10 RM strength did not increase further, but was 

maintained at week 8 levels for both MJS and SJS groups. 10 RM strength did not 

change over 14 weeks for control subjects (Figure 2). Changes in isometric and 

isokinetic force generation did not follow the same patterns as 10 RM strength. No 

changes were noted for any group over time in either leg extension (Table 3) or leg 

press (Table 5), however SJS significantly improved isometric plantar flexion strength 

(Table 4). The rate of isometric torque development (RTD) did not change in any 

group for either ieg extension (Figure 3) or plantar flexion (Figure 4).

Both Type I and II fiber cross-sectional area increased in all training groups by 

the end of training phase 1, and did not increase further during the sprint training of 

phase 2 (Table 6). The extent o f  fiber hypertrophy was not different between fiber 

types, therefore no changes were evident in the Type IIT fiber area -atio for any 

group. Similarly, the percentage of Type II fibers present in the vastus lateralis biopsy 

sample did not change in any group over time (Table 6).

Mean IEMG values for isometric and 1.05 rad/s leg extension, plantar flexion 

and leg press did not change in any group over the course of the training program 

(Table 7). Nerve conduction velocity (NCV) improved in MJS by the mid-test at tlv 

end of phase 1, and oy the post-test at the end of phase 2 in both SJS and SS (Figure 

5).
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Table 1: M ean (SIC) physical characteristics of the experimental and  control 
groups pre, mid and post training: single-joint s trength-sprin t tra in ing  (SJS); 
multi-joint strength-sprint training (MJS); sprin t-sprin t t ra in ing  (SS) an d  controls 
(C), n =  8 each group.

Training
C ro u p

Time Height
(cm)

Mass
(kg)

Sum 8
(mm)

Leg Volume 
(cm5)

MS Pre 180.2 (3.6) 79.1 (4.3) 107.6 (12.8) 5682 (425)

Mid - 79.7 (4.2) 102.6 (11.5) 5664 (444)

Post - 79.3 (4.2) 103.2 (11.9) 5631 (465)

MJS Pre 176.6 (2 .0 ) 79.2 (4.1) 97.1 (17.8) 5123 (292)

Mid - 79.4 (4.0) 94.6 (18.9) 5060 (.140)

Post - 79.4 (3.9) 92.1 (18.9) 5132 (306)

SS Pre 179.3 (1.6) 77.2 (3.1) 92.9 (14.1) 5309 (292)

Mid - 77.7 (2.7) 92.9 (13.8) 5285 (234)

Post - 78.2 (2.5) 92.8 (13.4) 5400 (288)

e Pre 177.7 (1.9) 72.6 (1.7) 69.8 (7.8) 4996 (299)

Mid - 72.4 (1.7) 69.7 (7.8) 4945 (311)

Post - 72.2 (1.6) 69.9 (8.1) 5035 (323)
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Table 2: M ean (SE) power outputs (\Y) from the 15s c \ d e  ergometer sp rin t  test 
for the experimental and control groups p re m jd a iu i j)0St training: single-joint 
s trength-sprin t training (SJS); multi-joint strength-sprin t training (MJS); sprin t-  
sprin t tra in ing  (SS) and controls (C), n - 8 each group.

1 s 5s

Pre Mid Post Pre Mid Post

SJS 987 1045*- 1060s* 936 974* 99.) * t
(58) (57) (62) (54) (50) (53)

M JS 1031 1083 1106=" 976 1017 1045*
(46) (51) (50) (44) (47) (50)

SS 043 1055 '056* 894 960-* 99(yfct
(40) ( 42) (38) (36) (35) (34)

c 996 968 969 957 920 923
(30) (38) (38) (31) (33) (33)

I Os 15s

Pre Mid Post Pre Mid Post

SJS 866 900* 930*-;- 806 839 s* 877*t
(58) (5-1) (54) (55) (50) (51)

M JS 902 941 977“ 850 880 915*
(43) (44) (50) (44) (42) (48)

SS 850 892 *; 941 *:v 807 836 891*+
(36) (35) (35) (34) (28) (32)

c 924 863 868 867 812 819
(31) (31) (26) (29) (30) (24)

Note: ^significantly higher than  pre-test (p < 0 .0 5 ) ,  t sig.higher than  mid-test 
(p < 0 .0 5 ) .
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Figure 2: The m ean (SE) percentage change over 14 weeks in 10 repetition 
m axim um  strength lo r  the two strength groups and  control g roup  pre, mid and  
post tra in ing . The single-joint strength-sprint g roup  (SJS) results represent 
average of leg extension, p lan ta r  flexion, hip extension; multi-joint s trength-sprin t 
tra in ing group  (MJS) results are  for leg press; control (C) results represent 
average of leg extension and leg press, n =  8 each group. Note: ^significantly 
higher th a n  pre-train ing (Week 0), + significantly h igher th an  week 4.
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Table 4 : Menu (SE) peak to rque  values (Nin) for isometric and isokinetic Cybex 
leg extension in the experimental and control groups pre, mid and  post training: 
single-joint strength-sprint training (SJS); multi-joint s trength-sprin t tra in ing  
(MJS); spriiit-sprint training (SS) and  controls (C), n =  8 each group.

SJS M JS

Rad/s Pre M id Post Pre Mid Post

0 307 (24) 3 11 (28) 306 (25) 297 (18) 303 (19) 301 (20)

1.05 230 (17) 236 (19) 220 (18) 224 (12) 221 (15) 216 (12)

2.10 184 (13) 192 (15) 189 (14) 182 (10) 185 (11) 181 (12)

3.15 149 (12) 158 (13) 154 (11) 143 (7) 152 (9) 150 (10)

4.18 124 (iO) 130 (11) 128 (10) 115 (6) 128 (7) 125 (9)

SS c

Rad/s Pre Mid Post Pre Mid Post

0 300 (15) 294 (13) 295 (14) 306 (23) 302 (19) 303 (21)

1.05 227 (12) 22 1 ( 11) 223 (9) 217 (14) 218 (12) 213 (14)

2.10 179 (10) 177 (9) 176 (8) 181 (11) 183 (10) 181 (10)

3.15 145 (7) 145 (7) 147 (7) 151 (9) 149 150 (8)

4.18 118 (7) 123 (7) 122 (5) 123 (6) 121 (8) 125 (7)
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Table 4: M ean (SE) peak torque  values iNm) for isometric and  isokinetic Cybex 
p lan ta r  flexion in the experimental and  control groups' pre, mid and  post 
tra in ing: single-joint strength-sprint training (SJS); multi-joint s trength-sprin t 
tra in ing (MJS); sprint-sprint training (SS) and  controls (C), 11 =  8 each group .

SJS MJS

Rad/s Pre Mid Post Pre Mid Post

0 115 (9) 144 (16)* 133 (15)* 116 (8) 124 (9) 113 (8)

1.05 104 (5) 106 (7) 48 (7) 103 (6) 96 (6) 91 (4)

2.10 70 (4) 70 (5) 65 (5) 73 (5) 69 (4) 62 (3)

3.15 49 (3) 46 (4) 42 (4) 51 (5) 52 (4) 43 (2)

4.18 35 (2) 30 (3) 27 (2) 36 (4) 35 (3) 29 (3)

SS C

Rad/s Pre Mid Post Pre Mid Post

0 112 (8) 123 (7) 123 (7) 108 (8) 101 (9) 118 (8)

1.05 91 (4) 99 (5) 93 (4) 90 (5) 89 (3) 89 (5)

2.10 62 (3) 66 (4) 61 (4) 60 (3) 58 (3) 58 (3)

3.15 43 (2) 44 (2) 40 (3) 38 (3) 43 (3) 41 (3)

4.18 31 (2) 29 (3) 26 (2) 27 (2) 31 (3) 30 (3)

Note: ^significantly higher than  pre-test (p < 0 .0 5 ) .
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Table 5: Mean (SE) peak torque values (Nm) for isometric and  isokinetic Cybex 
leg pivss in tiie experimental and control groups pre , mid an d  post tra in ing: 
singie-jom' s trength-sprin t training (SJS); m ulti-joint s trength-sprin t tra in ing  
(MJS); sp rm t-sprin t (raining (SS) and controls (Cj, n =  8 each group.

SJS MJS

Rad/s Pre Mid Post Pre Mid Post

0 531 (50) 5)7 (37) 496 (42) 602 (25) 625 (28) 671 (55)

1.05 436 (23) 459 (32) 446 (31) 432 (27) 471 (27) 456 (33)

2.10 201 ( 10) 313 (11) 206 (8) 197 (21) 206 (18) 204 (12)

3.15 164 (9) 170 (i4) 73 (11) 152 (19) 165 (17) 163 (12)

4.18 112 (4) 127 (12) 123 (12) 115 (14) 128 (16) 126 (14)

SS c

Rad/s Pre Mid Post Pre Mid Post

0 487 (30) 477 (24) 488 (31) 599 (38) 614 (34) 602 (38)

1.05 408 (28) 469 (19) 448 (17) 469 (18) 406 (21) 408 (23)

2.10 197 (12) 219 (8) 213 (10) 242 (17) 184 (10) 200 (10)

3.15 156 (11) 169 (8) 166 (14) 186 (13) 149 (12) 152 (11)

4.18 122 ( 11) 132 (10) 136 (7) 145 (12) 111 ( 11) 108 (8)
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Figure 3: M ean (SE) rate of isometric torque development(RTI)) for Cybex leg 
extension in the experim ental and control groups pre, mid and post training: 
single-joint s trength-sprin t tra in ing  (SJS); multi-joint s trength-sprin t training 
(MJS); sprin t-sp rin t  tra in ing  (SS) and controls (C), n =  8 each group.
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Figure 4: M ean (SE) rate of isometric to rcue  development (RTD) for Cybex 
p lan ta r  flexion in the  experimental and  control groups pre, mid and post 
tra in ing: single-joint s trength-sprint t ra in ing  (SJS); multi-joint s trength-sprin t 
tra in ing  (MJS); sprin t-sprin t tra in ing (SS) and controls (C), 11 =  8 each group.
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Table 6 : Mean (S D  Type 1 and II muscle fiber cross-sectional areas, area ratios 
and distributions' in the experimental and control groups' pre, mid and  post 
training: single-joint strength-sprin t training (S JS ,n = 5);  multi-joint strength- 
sprint training (,MJS,n =  5): sprin t-sprin t tra in ing (S S ,n --6) and  controls (C,n =  5).

Type I Fiber Cross-sectional Area x 102 (unr)

G roup Pre Mid Post

SJS 43.1 (4.5) 49.3 (5.1)* 50.5 (4.7)*

MJS 43.2 (1.0) 46.6 (1.7)* 48.3 (1.3)*

SS 47.9 (3.2)
r~~ 
r ii/~, 56.9 (2.1)*

c 49.5 (3.9) - 50.7 (4.9)

Type II Fiber Cross-sectional Area x 102 (unr)

G roup Pre Mid Post

SJS 45.8 (5.2) 51.6 (4.8)* 51.0 (3.7)*

M JS 49.9 (5.6) 57.7 (5.0)* 55.9 (5.8)*

SS 55.1 (3.9) 60.4 (2.8)* 59.9 (3.6)*

c 54.2 (7.1) - 47.2 (5.5)

Type Il/I Fiber Area Ratio

G roup Pre Mid Post

SJS 1,07 (0.05) 1.08 (0.05) 1.06 (0.06)

M JS 1.16 (0.15) 1.24 (0.12) 1,15 (0.11)

SS 1.16 (0.05) 1.10 v0.()3) 1.12 (0.07)

c 1.06 (0 . 12) - 0.99 (0.08)

Type II Fiber Percentage

G roup Pre Mid Post

SJS 53.6 (2.4) 53.9 (2.0) 56.0 (2.9)

MJS 46.2 (4.5) 51.1 (6.2) 52.2 (6.1)

SS 46.4 (3.7) 44.8 (3.1) 52.6 (5.3)

c 52.0 (4.5) - 51.4 (4.5)

Note: ^significantly h igher than  pre-test ( p <0 .05).
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Table 7: Mean (SE) IEMG values (^v) for isometric and isokinetic Cybex p lan ta r  
flexion in the experimental and  control groups pre, mid and  post tra in ing: single­
jo in t  strength-sprini (raining (SJS); multi-joint s trength-sprin t t ra in ing  (MJS); 
sprin t-sprin t (raining (SS) and  controls (C), 11 =  8 each group.

Leg
Extension 0 rad/s 1.05 rad /s

Pre Mid Post Pre M id Post

SJS 648 (50) 687 (78) 671 (66) 561 (44) 582 (57) 565 (45)

MJS 659 (117) 646 (71) 707 (66) 635 (101) 501 (61) 490 (55;

SS 653 (99) 61 1 (62) 650 (69) 484 (38) 464 (34) 471 (39)

c 726 (SO) 827 (84) 721 (80) 644 (68) 616 (57) 600 (57)

Plantar
Flexion 0 rad/s 1.05 rad /s

Pre M id Post Pre M id Post

SJS 348 (47) 280 (25) 341 (49) 338 (41) 335 (43) 381 (54)

MJS 422 (44) 372 (39) 380 (35) 430 (51) 373 (71) 391 (59)

SS 343 (28) 322 (29) 361 (36) 381 (30) 316 (33) 378 (33)

C 403 (44) 375 (38) 405 (37) 428 (50) 402 (39) 365 (23)

Leg Press 0 rad/s 1.05 rad /s

Pre Mid Post Pre M id Post

SJS 343 (24) 328 (20) 300 (20) 331 (23) 339 (32) 318 (22)

MJS 362 (36) 326 (35) 344 (55) 304 (33) 307 (3C) 299 (31)

SS 388 (46) 339 (44) 308 (31) 312 (25) 326 (26) 314 (27)

c 404 (48) 383 (32) 309 (29) 382 (32) 366 (19) 297 (31)
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Figure 5: Mean (SE) tibial m otor nerve conduction velocity (NCV) in the 
experimental and control groups pre, mid and post training: single-joint strcngth- 
sp rin t  tra in ing  (SJS); multi-joint strength-sprin t tra in ing (MJS); sprin t-sprin t 
tra in ing  (SS) and  controls (C), 11 =  8 each group. Note:* represents significantly 
d ifferent from pre-test.
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Discussion

M a j o r  f i n d i n g s  o f  this  s t u d y  w e r e  that m u l t i - j o i n t  p o w e r  o n  the  e v e l e  

e r g o m e t e r  i n c r e a s e d  b o t h  w i t h  s t r e n g t h  a n d  s p e e d  t r a in i n g ,  the  m o u e  o f  s t r e n g t h  

t r a in i n g  s e e m e d  to  h a v e  l i tt l e i m p a c t  o n  p o w e r  a c q u i s i t i o n ,  a n d  t r a in i n g  s t r e n g t h  p r ior  

to  s p e e d  d id  n o t  i n c r e a s e  m u i t i - j o i n t  p o w e r  m o t e  than s p e e d  P a i n i n g  a l o n e .  S e c o n d l y ,  

th e  p r i m a r y  m e c h a n i s m  o f  a d a p t a t i o n  in al l  m o d e s  o f  t r a in i n g  a p p e a r e d  to  b e  m u s c u l a r  

h y p e r t r o p h y ,  a l t h o u g h  s o m e  s m a l l  n eura l  a d a p t a t i o n s  ( i n c r e a s e d  N C V )  w e r e  n o t e d .  A  

s e c o n d a r y  f i n d i n g  o f  this  s t u d y  c o n c e r n s  neural  s p e c i f i c i t y .  It a p p e a r s  that the  t r a in i n g  

s t i m u l i  i s  s p e c i f i c  to  m o d e  o f  c o n t r a c t i o n ,  s i n c e  i m p r o v e m e n t s  in s t r e n g t h  m e a s u r e d  

o n  v a r i a b l e  r e s i s t a n c e  t r a in i n g  e q u i p m e n t ,  d id  not  t r ans fe r  to i s o k i n e t i c  f o r c e  

p r o d u c t i o n  as  m e a s u r e d  o n  the  C y b e x ,  y e t  t r a ns fe rr ed  to  c y c l e  e r g o m e t e r  p o w e r .

It w a s  h y p o t h e s i z e d  that a  s i n g l e - j o i n t  m o v e m e n t  ( i e .  l e g  e x t e n s i o n )  m a y  

i s o l a t e  p r i m e  m o v e r s  m o r e  e f f e c t i v e l y ,  c a u s e  g r e a t e r  m u s c l e  h y p e r t r o p h y ,  anti  

t h e r e f o r e  re s u l t  in g r e a t e r  s t r e n g t h  i m p r o v e m e n t  than a  m o r e  i n t e g r a t e d  m u l t i - j o i n t  

m o v e m e n t ,  u t i l i z i n g  s e v e r a l  m u s c l e  g r o u p s  w o r k i n g  a c r o s s  s e v e r a l  j o i n t s  ( i e .  l e g  

p r e s s ) .  H o w e v e r ,  b o t h  S J S  a n d  M J S  i n c r e a s e d  t y p e  I a n d  II f i b e r  a r e a  a n d  10  R M  

s t r e n g t h  e q u a l l y  o v e r  the  8 w e e k s  o f  p h a s e  1 s t r e n g t h  t r a i n i n g ,  w i t h  n o  c o n c u r r e n t  

i n c r e a s e s  in the  a m o u n t  o f  m o t o r  uni t  a c t i v a t i o n  ( I E M G ) .  It t h e r e f o r e  s e e m s  that  the  

rate  o f  s t r e n g t h  g a i n  d o e s  not  d e p e n d  o n  the  e x e r c i s e  m o v e m e n t  p e r  s c ,  a n d  a d a p t a t i o n  

i s  s i m i l a r  w h e n  f a c t o r s  s u c h  as  l o a d i n g  i n t e n s i t y  ( R M ) ,  v o l u m e  o f  t r a i n i n g ,  a n d  rest  

i n t e r v a l s  a r e  c o n s i s t e m .

T h e  m u s c l e  f i b er  h y p e r t r o p h y  o b s e r v e d  in r e s p o n s e  to s t r e n g t h  t r a i n i n g  is 

c o n s i s t e n t  w i t h  p r e v i o u s  r e s e a r c h  ( T h o r s t e n s s o n ,  1976; H o u s t o n  e t  al .  1983; H a t h e r  el; 

al .  1 9 9 1 ) .  T h e s e  i n v e s t i g a t o r s  a l s o  o b s e r v e d  g r e a t e r  h y p e r t r o p h y  in th e  T y p e  [I v e r s u s  

T y p e  I m u s c l e  f i b e r s ,  y e t  this  w a s  n o t  o b s e r v e d  in the  p r e s e n t  s t u d y ,  o r  in o t h e r s  

( M a c D o u g a l l  e t  al .  1°79; F r o n t e r a  et  a l .  1988). T h e  g r e a t e r  h y p e r t r o p h i c  r e s p o n s e  o f  

T y p e  II m u s c l e  f i b e r s  has  b e e n  s u g g e s t e d  to  r e f l e c t  g r e a t e r  a c t i v a t i o n  l e v e l s  o f  the  

h i g h  t h r e s h o l d  T y p e  II m o t o r  u n i t s  in s t r e n g t h  a n d  p o w e r  a c t i v i t i e s  r e l a t i v e  to  d a i l y
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a c t i v i t y  (Mac lX)Ui>a l l .  i o o i ) .  In the  p r e s e n t  s t u d y ,  the  v o l u n t e e r s  w e r e  u n t r a i n e d ,  but  

w e r e  p r i m a r i l y  p h y s i c a l  e d u c a t i o n  s t u d e n t s .  T h e y  m u s t  b e  c o n s i d e r e d  a c t i v e ,  a n d  m a v  

recru i t  T y p e  II m o t o r  u n i t s  m o r e  r e g u l a r l y  than the  a v e r a g e  i n a c t i v e  s u b j e c t .  

T h e r e f o r e ,  the l a c k  o f  p r e f e r e n t ia l  T y p e  II h y p e r t r o p h y  m a y  r e f l e c t  t h e s e  i c t i v i t y  

l e v e l s .  T h a t  l eg  v o l u m e  d i d  not  c h a n g e ,  in l i g h t  o f  m u s c l e  f i b e r  c r o s s - s e c t i o n a l  a r e a  

i n c r e a s e s ,  s u p p o r t s  a s u g g e s t i o n  that o n e  o f  th e  f irs t  r e s p o n s e s  to  a  s t r e n g t h  t r a i n i n g  

s t i m u l u s  is  c o n s o l i d a t i o n  o f  the  t i s s u e  a s  th e  m u s c l e  f i b e r s  i n c r e a s e  in g i r t h  at t h e  

e x p e n s e  o f  e x t r a c e l l u l a r  s p a c e s  ( G o i d s p i n k ,  1 9 9 1 ) .  O t h e r s  h a v e  a l s o  r e p o r t e d  m u c h  

l a r g e r  c h a n g e s  in m u s c l e  f i b e r  area  w i t h  s m a l l  c h a n g e s  o b s e r v e d  in  w h o l e  m u s c l e  

c r o s s - s e c t i o n a l  a r e a  ( F r o n t e r a  et al .  1 9 8 8 ) .  T h i s  c o u l d  a c t  to i n c r e a s e  th e  a m o u n t  o f  

t e n s i o n  g e n e r a t e d  per  unit o f  m u s c l e  c r o s s - s e c t i o n a l  a r e a  ( s p e c i f i c  t e n s i o n ) ,  but  

w h e t h e r  o r  not in c r e a s e d  p a c k i n g  d e n s i t y  o f  m u s c l e  f i b e r s  o c c u r s  in r e s p o n s e  to 

t r a in i n g  r e m a i n s  s p e c u l a t i v e  s i n c e  m e t h o d o l o g i c a l  l i m i t a t i o n s  e x i s t  in m e a s u r i n g  f i b e r  

ar e a  ( B i o m s t r a n d  et al .  1 9 8 4 ) .  and in g e n e r a l i z i n g  the  s i z e  o f  t h e  f i b e r s  in a  b i o p s y  o f  

the  v a s t u s  l a t era l i s  to o t h e r  f ibers  in that  m u s c l e ,  o r  in the  rest  o f  the  q u a d r i c e p s  

( H i d e ’- e t  al .  198?.;  l . e x e l l  e t  al .  1 9 8 5 ;  F r o n t e r a  et  a l .  1 9 8 8 ) .

In the p r e s e n t  s tudy s o m e t r i c  a n d  i s o k i n e t i c  s t i u i g t h  m e a s u r e d  o n  t h e  C y b e x  

s h o w e d  v e r y  l i t t l e  i m p r o v e m e n t ,  d e s p i t e  the  l a r g e  10  R M  i n c r e a s e s  s h o w n  in b o t h  

s t r e n g t h  tra in ing  g r o u p s  w h e n  tes ted  o n  the  t r a in i n g  a p p a r a t u s  ( 4 3 % ) ,  a n d  d e s p i t e  

m u s c l e  f i b e r  h y p e r t r o p h y  ( 1 3 % ) .  T h e  o n l y  s i g n i f i c a n t  i n c r e a s e  o n  th e  C y b e x  w a s  

o b s e r v e d  in the S J S  g r o u p  f o r  i s o m e t r i c  p l a n t a r  f l e x i o n  ( 2 5 % ) .  T h e  l a r g e  d i s c r e p a n c y  

b e t w e e n  the  p e r c e n t a g e  i n c r e a s e  in s t r e n g t h  a n d  m u s c l e  f i b e r  c r o s s - s e c t i o n a l  a r e a  

s u g g e s t s  that a d a p t i v e  c h a n g e s  in . h e  n e r v o u s  s y s t e m  ( K o m i ,  1 9 8 6 ;  S a l e ,  1 9 8 8 )  o r  

q u a l i t a t i v e  c h a n g e s  wi th in  t h e  m u s c l e  to i n c r e a s e  f o r c e  p r o d u c t i o n  p e r  u n i t  cro' - s-  

s e c t i o n a l  are a  ( J o n e s  &  R u t h e r f o r d ,  1 9 8 7 )  h a v e  t a k e n  p l a c e .  R e c e n t l y ,  S a l e  e t  a l .  

( 1 9 9 2 )  a l s o  o b s e r v e d  m u s c l e  h y p e r t r o p h y  ( 1 1 % )  a n d  l a r g e  i n c r e a s e s  in 1 R M  w e i g h t  

l i f t i n g  p e r f o r m a n c e  (2'-'% > " a b o u t  i m p r o v e m e n t s  in i s o m e t r i c  k n e e  e x t e n s i o n  s t r e n g t h .  

S i m i l a r l y ,  F r o n t e r a  et al .  ( 1 9 8 8 )  i n c r e a s e d  k n e e  e x t e n s o r  c r o s s - s e c t i o n a l  a r e a  b y  1 2 % ,  

b u t  f o u n d  the  g a m  in w e i g h t  l i f t ing  p e r f o r m a n c e  ( 1 R M )  to  b e  a p p r o x i m a t e l y  10 t i m e s  

g r e a t e r  th an  strength, g a m s  m e a s u r e d  i s o k i n e t i c a l l y .  I f  m u s c l e  r e c r u i t m e n t  p a t t e r n s  o n
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the  t r a i n i n g  a p p a r a t u s  w e r e  s u f f i c i e n t l y  d i f f e r e n t  than th e  p a t t e r n s  r e q u i r e d  for  f o r c e  

g e n e r a t i o n  on  the  C y b e x .  m i n i m a l  t r ans f e r  m i g h t  b e  e x p e c t e d  d u e  to a n eura l  

s p e c i f i c i t y  e f f e c t  re la t e d  to m o t o r  l e a r n i n g .  In s u p p o r t  o f  th i s .  T a x  et al .  ( 1 9 9 0 )  

e x a m i n e d  m o t o i  uni t  l e e i u i t m e n t  p a t t e rns  of  e l b o w  t l e x o r  m u s c l e s  in r e s p o n s e  to  

i s o m e t r i c ,  v o l u n t a r y  s l o w  v e l o c i t y  a n d  i m p o s e d  s l o w  v e l o c i t y  m u s c l e  c o n t r a c t i o n s .  

T h e y  o b s e r v e d  a l t e r e d  r e c r u i t m e n t  t h r e s h o l d s ,  m o t o r  u n i t  f i r ing  f r e q u e n c i e s ,  and  

c o r r e s p o n d i n g  r e v e r s a l  o f  m o t o r  uni t r e c r u i t m e n t  o r d e r  b e t w e e n  i s o m e t r i c  a n d  s l o w  

v o l u n t a r y  i s o t o n i c  m o v e m e n t .  H o w e v e r ,  w h e n  m o v e m e n t  w a s  i m p o s e d  o n  the  e l b o w  

f l e x o r s  n o  d i f f e r e n c e s  in m o t o r  unit b e h a v i o u r  w e r e  e v i d e n t .  T h i s  d e m o n s t r a t e d  that  

there  a r e  m a r k e d  d i f f e r e n c e s  in neural  r e c r u i t m e n t  p a t t e r n s  b e t w e e n  d i f f e r e n t  t y p e s  o f  

c o n t r a c t i o n s ,  an d  t h e s e  d i i f e r e n e e s  h a v e  thei r o r i g i n  in th e  ce n t r a l  a c t i v a t i o n  o f  the  

m o t o n e u r o n  p o o l .  O t h e r s  h a v e  a l s o  d e m o n s t r a t e d  that l e a r n i n g  s p e c i f i c  a c t i v a t i o n  

p a t t e r n s ,  a n d  l e a r n i n g  to c o - o r d i n a t e  t h e  l i x a t o r s ,  s t a b i l i z e r s  an d  p r i m e  m o v e r s  

a c c o u n t s  t o r  a l a r g e  part  o f  th e  i m p r o v e m e n t  in th e  a b i l i t y  to l i ft  w e i g h t s  ( R u t h e r f o r d  

&  J o n e s ,  1 9 8 6 :  C a n o n  &. C a f a r e  Hi. 1 9 8 7 ) .  I h e r e f o r e ,  m u s c l e  h y p e r t r o p h y ,  a l t h o u g h  a  

p r i m a r y  s t r e n g t h  a d a p t a t i o n ,  d o e s  not  n e c e s s a r i l y  c a u s e  i n t r i n s i c  s t rength  

i m p r o v e m e n t s  in m u s c l e  t r a n s f e r a b l e  to m o v e m e n t s  o t h e r  than t h o s e  that h a v e  b e e n  

s p e c i f i c a l l y  traiiK J.

T h a t  no  i n c r e a s e  in I H M G ,  a n d  i h e r e f o r e  m o t o r  u n i t  a c t i v a t i o n ,  w a s  o b s e r v e d  

is  not  s u r p r i s i n g  s i n c e  the H M G  r e s p o n s e  w a s  m e a s u r e d  o n  th e  C y b e x ,  w h e r e  s t r en gth  

d iu  n o t  i m p r o v e .  T h i s  is s i m i l a r  to th e  f i n d i n g s  o f  T h o r s t e n n s o n  e t  al .  ( 1 9 7 6 ) ,  w h o  

tra ined s u b j e c t s  f or  8 w e e k s  u s i n g  the  s q uat  e x e r c i s e .  T h e y  o b s e r v e d  a l a r g e  i n c r e a s e  

in  1 R M  s q u a t  p e r f o r m a n c e  ( 7 3 % )  but  s m a l l e r  i m p r o v e m e n t s  in i s o m e t r i c  l e g  p r e s s  

( 3 1 . 5 % )  a n d  n o n - s i g n i f i c a n t  i m p r o v e m e n t s  in i s o m e t r i c  k n e e  e x t e n s i o n  ( 4 % ) .  N o  

c o r r e s p o n d i n g  I E M G  c h a n g e s  w e r e  o b s e r v e d .  It m a y  b e  a r g u e d  that ,  i f  I - M G  w a s  

t e s t ed  in t h e  s p e c i f i c  t r a in i n g  m o d e ,  i m p r o v e m e n t s  w o u l d  h a v e  b e e n  d e t e c t e d ,  y e t  

G a r h n k e l  &  C a f a r e i l i  ( 1 9 9 2 )  i s o m e t r i c a l l y  t r a in e d  the  k n e e  e x t e n s o r s  o f  y o u n g  

s e d e n t a r y  w o m e n  a n d  o b s e r v e d  n o  i n c r e a s e s  in m a x i m u m  H M G  r e s p o n s e  w h e n  

m e a s u r e d  in the i d e n t i c a l  e x e r c i s e ,  f u r t h e r ,  a l t h o u g h  t h e s e  i n v e s t i g a t o r s  o b s e r v e d  a  

d i s c r e p a n c y  b e t w e e n  the  a m o u n t  o f  i m p r o v e m e n t  in the  i s o m e t r i c  m a x i m u m  v o l u n t a r y
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c o n t r a c t i o n  ( 2 8 % )  and  k n e e  e x t e n s o r  c r o s s - s e c t i o n a l  a r e a  ( 1 4 . 6 % ) ,  th e  rat io  b e t w e e n  

t h e  t w o  ( s p e c i f i c  t e n s i o n ; w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a f t e r  t r a i n i n g .  It w a s  t h e r e f o r e  

c o n c l u d e d  that th e  i n c r e a s e d  s t r e n g t h  w a s  d u e  s o l e l y  to  a  h y p e r t r o p h i c  m u s c l e  

r e s p o n s e ,  b ut  the  m o v e m e n t  s t u d i e d  w a s  a v e r y  s i m p l e  i s o l a t e d  m o v e m e n t ,  a n d  n o t  

g e n e r a l i / a b l e .  . S im i l a r l y .  D u c h a t e a t t  &. H a i n a u t  ( 1 9 8 4 )  t r a in ed  s u b j e c t s  a d d u c t o r  

p o l l i c i s  m u s c l e  fo r  4 m o n t h s ,  e i t h e r  i s o m e t r i c a l l y  o r  d y n a m i c a l l y ,  a n d  n o t e d  n o  E M G  

c h a n g e s .  T h e y  c o n c l u d e d  that p e a k  t o r q u e  g e n e r a t i o n  a n d  th e  rate  o f  t e n s i o n  

d e v e l o p m e n t  w e r e  re la t ed  to i n t r ins i c  c h a n g e s  w i t h i n  t h e  m u s c l e .  O t h e r s  h a v e  a l s o  

r e p o r t e d  that m o s t  i n d i v i d u a l s  c a n  fu l l y  a c t i v a t e  their  a v a i l a b l e  m u s c l e  m a s s  in s i m p l e  

s i n g l e - j o i n t  m o v e m e n t s  i f  g i v e n  s u f f i c i e n t  p r a c t i c e  ( B e l a n g e r  &  M c C o m a s ,  1 9 8 1 ;  

C a n o n  &  C'a lare i I i : 1 9 8 7 ) .  l ull  m o t o r  unit a c t i v a t i o n  m a y  b e  m o r e  d i f f i c u l t  in 

c o m p l e x ,  m u l t i - j o i n t  m o v e m e n t s  s u c h  as  the l e g  p r e s s  ( S a l e ,  1 9 8 8 ) ,  h o w e v e r  n o  

i n c r e a s e s  in 1F. MG w e r e  n o t e d  in M J S .  It has  a l s o  b e e n  s u g g e s t e d  that  v a r i o u s  f o r c e  

i n h i b i t o r y  m e c h a n i s m s  ( C a i o z / . o  et al .  1 9 8 1 )  s u c h  as  a g o n i s t  c o - c o n t r a c t i o n  ( T y l e r  &  

H u t t o n ,  1 9 8 6 )  o r  g o l g i  t e n d o n  o r g a n  i n v o l v e m e n t  m a y  i n t e r f e r e  w i t h  m a x i m a l  m o t o r  

u ni t  a c t i v a t i o n .

S e v e r a l  r e s e a r c h  g r o u p s  h a v e  re por ted  i n c r e a s e d  m o t o r  u n i t  a c t i v a t i o n  to  b e  an  

e a r l y  s t r e n g t h  t r a in i n g  r e s p o n s e ,  a n d  a p r i m a r y  c o n t r i b u t o r  to e a r l y  s t r e n g t h  g a i n s  

( M o r i t a n i  & D e V r i e s ,  1979 ; H a k k i n e n  & K o m i ,  1 9 8 6 ;  H a k k i n e n  e t  a l .  1 9 9 1 ) .

H o w e v e r  t h e r e  a r e  i n c o n s i s t e n c i e s  in s o m e  o f  t h e s e  s t u d i e s .  F o r  e x a m p l e ,  M o r i t a n i  &  

D e V r i e s  ( 1 9 7 9 )  r e p o r t e d  m a x i m a l  H M G  in u n t r a i n e d  c o n t r a l a t e r a l  m u s c l e s  to  i n c r e a s e  

t w i c e  as  m u c h  a s  in the  t r a in ed  m u s c l e .  O t h e r  r e a s o n s  f o r  the  d i s c r e p a n c i e s  b e t w e e n  

t h o s e  s t u d i e s  s u p p o r t i n g  i n c r e a s e d  m o t o r  unit a c t i v a t i o n  ( M o r i t a n i  &  D e V r i e s ;  1 9 7 9 ;  

H a k k i n e n  &  K o m i ,  1 9 8 6 ;  H a k k i n e n  et  al .  1 9 9 1 ) ,  an d  t h o s e  that  d o  n o t  ( T h o r s t e n n s o n  

e t  al .  1 9 7 6 ;  C a n o n  &  C a f a r e l l i ,  1 9 8 7 ;  G a r f i n k e l  &  C a f a r e l l i ,  1 9 9 2 )  a r e  n o t  c l e a r ,  a n d  

at  p r e s e n t  are  c o n t r o v e r s i a l .  T h e y  l i k e l y  are th e  re s u l t  o f  d i f f e r e n c e s  in  t e c h n i q u e s  

u s e d  f or  a s s e s s i n g  m o t o r  uni t  a c t i v a t i o n  ( E M G  v s  i n t e r p o l a t e d  t w i t c h  t e c h n i q u e  o r  

t e t a n i c  s t i m u l a t i o n  t e c h n i q u e )  and  d i f f e r e n c e s  in the  m o v e m e n t s  ( s i m p l e  v s  c o m p l e x )  

a n d  p o p u l a t i o n s  s t u d i e d  ( t r a i n e d  v s  u n t r a i n e d ) .  T h e  d a t a  o f  th e  p r e s e n t  s t u d y  s u g g e s t  a  

n e u r a l  t r a i n i n g  e f f e c t  d o e s  o c c u r  in th e  fo r m  o f  l e a r n i n g  a n d  c o - o r d i n a t i o n ,  b u t  n o t  in
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the f o r m  o f  i n c r e a s i n g  m o t o r  uni t a c t u a t i o n ,  s i n c e  it a p p e a r s  f r o m  the  H M G  data that  

i n d i v i d u a l s  are a t n e  to suf f i c i ent ! ; .  a c t i v a t e  th e  m o t o r  uni t s  o f  p r i m e  m o v e r s  i n v o l v e d  

in m a x i m u m  v o l u n t a r y  c o n t r a c t i o n s .  F u r t h e r ,  n o  d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  

SJS  a n d  M J S ,  s u g g e s t i n g  that  s u f f i c i e n t  m o t o r  uni t  a c t i v a t i o n  o c c u r e d  in b o t h  s i m p l e  

a n d  c o m p l e x  m o v e m e n t s .

B o t h  SJS a n d  MJS  ( N S )  i n c r e a s e d  m a x i m a l  p o w e r  o u t p u t s  o n  the c y c l e  

e r g o m e t e r  d u r in g  p h a s e  1 s t r e n g t h  t r a i n i n g ,  but  n o t  d i f f e r e n t i a l l y .  T h a t  a t r a n s f e r  o f  

t r a in ing  e f f e c t  o c c u r r e d  h e r e ,  but n o t  to  i s o m e t r i c  a n d  i s o k i n e t i c  s t r e n g t h ,  p r o b a b l y  

r e p r e s e n t s  a g r e a t e r  a m o u n t  o f  n eu ra l  s p e c i f i c i t y  b e t w e e n  the  i s o t o n i c  

c o n c e n t r i c / e c c e n t r i c  tr a in in g  in the  w e i g h t  r o o m  a n d  the d y n a m i c  c o n t r a c t i o n s  

r e qu i r e d  to  o v e r c o m e  r e s i s t a n c e  o n  the  c y c l e  e r g o m e t e r .  T h i s  c o n t r a c t i o n  t y p e  

s p e c i f i c i t y  m a y  e x p l a i n  w h y  Bel l  et  a l .  (1989) f a i l e d  to i m p r o v e  r o w i n g  e r g o m e t e r  

m a x i m a l  p o w e r  o u t p u t  a f t er  p w e e k s  o f  i s o k i n e t i c  s t r e n g t h  t r a in i n g .  C o n v e r s e l y ,  

F e t e r s e n  e t  al .  (1984) did o b s e r v e  i n c r e a s e s  in m a x i m a l  p o w e r  m e a s u r e d  o n  the  c y c l e  

e r g o m e t e r  a f t er  5 w e e k s  o f  i s o k i n e t i c  h i g h  v e l o c i t y  r e s i s t a n c e  t r a i n i n g  ( 6 % ) .  T h e  

d i s c r e p a n c i e s  b e t w e e n  t h e s e  t w o  s t u d i e s  m a y  r e p r e s e n t  tes t  p r o t o c o l  d i f f e r e n c e s ,  s i n c e  

B e l l  e t  a l .  1989 u s e d  a d i f f e r e n t  e r g o m e t e r  a n d  a c o n s t a n t  l o a d  o f  29.4 N  

( a p p r o x i m a t e l y  e q u a l  to 40 g  / kg  b o d y  m a s s ) ,  w h i l e  in the  st t idy  b y  P e t e r s e n  et al .  

( 1 9 8 9 )  a  l o a d  o f  6 5 g / k g  b o d y  m a s s  w a s  u s e d ,  w h i c h  is c l o s e r  to th e  r e l a t i v e  load  

r e qu i r e d  to  o p t i m i z e  m a x i m a l  p o w e r  o u t p u t  ( S m i t h ,  1987).

It w a s  a l s o  e x p e c t e d  that M J S  w o u l d  i n c r e a s e  c y c l e  e r g o m e t e r  p o w e r  to a  

g r e a t e r  e x t e n t  than S J S  d u e  to  a c t i v a t i o n  p a t t e r n s  in s t r e n g t h  t r a in i n g  m o r e  s p e c i f i c  to  

c y c l i n g  ( p r o x i m a l - d i s t a l  s e q u e n c i n g  o f  h ip  e x t e n s i o n ,  l e g  e x t e n s i o n ,  p la n t a r  f l e x i o n ) ,  

s i n c e  t a s k  s p e c i f i c  m o t o r  u n i t  r e c r u i t m e n t  ( D e s m e d t  &  G o d a u x ,  1981; H o f f e r  et al .  

1 9 8 7 ;  T a x  et  al .  1990) and l e a r n i n g  ( R u t h e r f o r d  & J o n e s ,  1986) p l a y  a l a r g e  ro l e  in 

s t r en gth  a d a p t a t i o n .  T h i s  d i d  not  o c c u r  h o w e v e r ,  w h i c h  a g r e e s  w i t h  the  d a t a  o f  

C h a p t e r  2  s h o w i n g  c o r r e l a t i o n s  o f  e q u a l  m a g n i t u d e  b e t w e e n  s i n g l e - j o i n t  s t r e n g t h ,  

m u l t i - j o i n t  s trength  a n d  m a x i m a l  p o w e r  o u t p u t  o n  th e  c y c l e  e r g o m e t e r .  It a p p e a r s  then  

that  in t r a n s f e r r i n g  s t r en gth  to  h i g h  p o w e r  o u t p u t  m u l t i - j o i n t  m o v e m e n t s ,  o t h e r  fac t o r s  

a r e  m o r e  i m p o r t a n t  d e t e r m i n a n t s  o f  p e r f o r m a n c e  than the  s p e c i f i c i t y  o f  m o v e m e n t
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p at te rn  u s e d  in s t r en gth  t r a in in g .  T h i s  is  s u p p o r t e d  b y  t h e  f i n d i n g  that  t h e  s p r i n t  

t r a in i n g  g r o u p  (S'S;,  w h o  tra ined  in a  m o r e  n e u r a l l y  s p e c i f i c  f a s h i o n  ( o n  th e  i d e n t i c a l  

c y c l e  e r g o m e t e r  u s e d  in t e s t i n g  m a x i m a l  p o w e r ,  but  at a  l o w e r  l o a d  s e t t i n g  t han  

p o w e r  test ins’ ; i m p r o v e d  m a x i m a l  p o w e r ,  but  n o t  to a g r e a t e r  e x t e n t  t han  th e  s t r e n g t h  

g r o u p s .  T h e  a d a p t a t i o n s  that o c c u r r e d  in S S  w e r e  v e r y  s i m i l a r  to  t h o s e  o b s e r v e d  in 

t h e  t w o  s t r e n g t h  g r o u p s  and  m a y  p r o v i d e  s o m e  i n s i g h t  i n t o  t h e  f a c t o r s  r e s p o n s i b l e  fo r  

i n c r e a s i n g  p o w e r  o u t p u t  s i m i l a r l y  in all  t r a in i n g  g r o u p s .

T h e  m u s c l e  h y p e r t r o p h y  o b s e r v e d  in b o t h  s t r e n g t h  g r o u p s  d u r i n g  p h a s e  1 o f  

t r a i n i n g  w a s  e x p e c t e d ,  h o w e v e r  m a r k e d  h y p e r t r o p h y  w a s  a l s o  n o t e d  in ( S S )  f o r  b o t h  

T y p e  I (15'.7 ) and  II f ib ers  1 10'.7 ). T h i s  r e s p o n s e  to s p r i n t  t r a in i n g  is  n o t  

u n p r e c e d e n t e d  s i n c e  I h o r s t e n s s o n  et al .  ( 1 9 7 5 )  r e p o r t e d  i n c r e a s e s  in l e g  v o l u m e  a n d  

s m a l l  i n c r e a s e s  in the  s i / e  o f  bo th  slow- a n d  fas t  t w i t c h  m u s c l e  f i b e r s  a f t e r  8 w e e k s  o f  

s p r i n t  t r a i n i n g .  H e  a l s o  r e p o r t e d  g l y c o g e n  d e p l e t i o n  in b o t h  t y p e s  o f  f i b e r s  s u g g e s t i n g  

tha t  t h e y  a r e  bo t h  re c r u i t e d  in spr int  e x e r c i s e .  C a d e f a u  e t  al .  ( 1 9 9 0 )  a l s o  o b s e r v e d  

T y p e  I a n d  II f i b er  h y p e r t r o p h y  ( 1 3 %  a n d  1 4 . 7 %  r e s p e c t i v e l y )  f o l l o w i n g  8 m o n t h s  o f  

s p r i n t  t r a i n i n g  in y o u n g  a t h l e t e s .  L a r g e r  m u s c l e  f ib e r s  a n d  m u s c l e  c r o s s - s e c t i o n a l  

a r e a s  h a v e  a l s o  c o m m o n l y  b e e n  r e p o r t e d  in s p r i nt  a t h l e t e s  w h e n  c o m p a r e d  to  o t h e r  

p o p u l a t i o n s  ( C o s t i l l  et  al .  197b;  G r e g o r  e l  al .  1 9 8 1 ;  J o h a n s s o n  e t  al .  1 9 8 7 ;  H a k k i n e n  

&  K e s k i n e n .  1989) ,  a l t h o u g h  this  c o u l d  r e p r e s e n t  natural  s e l e c t i o n  a s  d i s c u s s e d  in 

C h a p t e r  2 o f  this  t h e s i s .  T h e r e f o r e ,  it a p p e a r s  that  m u s c l e  h y p e r t r o p h y  is a  c o n s i s t e n t  

a d a p t a t i o n  in b oth  spr int  a n d  s t r e n g t h  e x e r c i s e .  F u r t h e r  it is  p r o b a b l y  p a r t i a l l y  

r e s p o n s i b l e  f o r  i n c r e a s i n g  m a x i m a l  p o w e r  in t h e s e  g r o u p s ,  s i n c e  w i t h  l a r g e r  a n d  

s t r o n g e r  m u s c l e s  the  r e s i s t a n c e  set  o n  th e  c y c l e  e r g o m e t e r  c o u l d  b e  m o r e  e a s i l y  

o v e r c o m e .

E v e n  w i t h  m u s c l e  f i b e r  h y p e r t r o p h y  in th e  v a s t u s  l a t e r a l i s ,  l e g  v o l u m e  a n d  

b o d y  m a s s  d i d  not  s i g n i f i c a n t l y  c h a n g e  in a n y  t r a in i n g  g r o u p s .  W h e n  c o m b i n e d  w i t h  

t h e  a b s o l u t e  c y c l e  e r g o m e t e r  p o w e r  i n c r e a s e s ,  th i s  s u g g e s t s  that  m o r e  p o w e r  c o u l d  b e  

p r o d u c e d  p e r  uni t o f  m u s c l e  m a s s  a f t e r  e i t h e r  s p r i n t  o r  s t r e n g t h  t r a i n i n g .  T h i s  i s  

c o n t r a r y  to  w h a t  w a s  o b s e r v e d  w h e n  c o m p a r i n g  p o w e r  a n d  e n d u r a n c e  a t h l e t e s  in  

C h a p t e r  2 .  H o w e v e r ,  as  prev i o u s l y  m e n t i o n e d  o n e  o f  th e  e a r l i e s t  r e s p o n s e s  to  s t r e n g t h
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t r a in i n g  is  t h o u g h t  to b e  c o n s o l i d a t i o n  o f  the m u s c l e  f i b e r s  at th e  e x p e n s e  o f  

e x t r a c e l l u l a r  s p a c e  ( G o l d s p i n k ,  1 9 9 1 ) .  I f  t r a in i n g  w a s  c o n t i n u e d  o v e r  l o n g e r  d u r a t i o n s  

i t  is  l i k e l y  that  m o r e  c o n t r a c t i l e  p r o t e in  w o u l d  a c c u m u l a t e  than c o u l d  b e  a c c o u n t e d  for  

b y  i n c r e a s e d  m u s c l e  f ib er  p a c k i n g  d e n s i t y ,  a n d  this  c o u l d  m a k e  the i n c r e a s e d  p o w e r  

r e la t i v e  to  b o d y  m a s s  a t r a ns i e n t  a d a p t a t i o n .  H o w e v e r ,  q u a l i t a t i v e  c h a n g e s  in the  

m u s c l e ,  o r  n eu ra l  c h a n g e s ,  c o u l d  a l s o  a c c o u n t  fo r  the i n c r e a s e d  p o w e r  g e n e r a t e d  

r e la t i v e  to  m u s c l e  m a s s .

A l t h o u g h  not  m e a s u r e d  in this  s t u d y ,  it is  p o s s i b l e  that m e t a b o l i c  c h a n g e s  

w i t h i n  t h e  m u s c l e ,  apart  f r o m  f iber  t y p e  t r a n s f o r m a t i o n ,  c o n t r i b u t e d  to  i m p r o v i n g  

r e la t i ve  p o w e r .  W i t h  r e s p e c t  to s t r en gth  t r a in i n g ,  the  l i t er a tur e  is  not  c l e a r  s i n c e  

i n c r e a s e s  ( E r i k s s o n  et  al .  1 9 8 1 ) .  d e c r e a s e s  ( T e s c h  et a l .  1 9 8 7 ) ,  o r  l i tt le c h a n g e  

( T h o r s t e n s s o n  et  al .  1 9 7 6 ;  H o u s t o n  et  al .  1 9 8 3 ;  T e s c h  e l  al .  1 9 9 0 )  in e n z y m e  

a c t i v i t i e s  h a v e  b e e n  r e p o r t e d ,  and  i n c r e a s e s  ( M a c D o u g a l l  et  a l .  1 9 7 7 )  o r  n o  c h a n g e  

( T e s c h  e t  a l .  1 9 9 0 )  h a v e  b e e n  o b s e r v e d  in m u s c l e  c o n c e n t r a t i o n s  o f  A T P ,  A D P ,  

c r e a t i n e ,  c r e a t i n e  p h o s p h a t e  a n d  g l y c o g e n .  T h e  r e s p o n s e  to s p r i n t  t r a i n i n g  is m o r  

c o n s i s t e n t ,  w i t h  r e p o r t e d  e n z y m a t i c  i n c r e a s e s  ( T h o r s t e n n s o n  e t  al .  1 9 7 5 ;  C a d e f a u  et  

al .  1 9 9 0 )  b u t  l itt le c h a n g e  in s u b s t r a t e  s t o r a g e  ( T h o r s t e n n s o n  e l  al .  1 9 7 5 ) .

M u s c l e  f i b er  t y p e  c h a n g e s  h a v e  b e e n  e x t e n s i v e l y  s t u d i e d ,  a n d  it has  b e e n  

r e p o r t e d  that  bo th  l a r g e  T y p e  II f ibers  ( C h a p t e r  2)  a n d  a h i g h  p e r c e n t a g e  o f  T y p e  II 

f ib ers  ( B a r  - O r  et a l .  1 9 8 0 :  E r o e s e  W H o u s t o n ,  1 9 8 7 )  are  p o s i t i v e l y  re la t ed  to 

m a x i m a l  p o w e r  g e n e r a t i o n .  O t h e r s  h a v e  a g r e e d  w i t h  the  f i n d i n g s  o f  C h a p t e r  2 ,  a n d  

r e p o r t e d  l i t t l e  r e l a t i o n s h i p  b e t w e e n  T y p e  II f i b e r  c o m p o s i t i o n  a n d  m a x i m a l  p o w e r  

o u t p u t  ( M c C a r t n e y  e t  al .  1 9 8 3 ;  Pat t on  e t  al .  1 9 9 0 ) .  C o n s i s t e n t  w i t h  t h e s e  

o b s e r v a t i o n s ,  n o  c h a n g e s  in T y p e  II f i b e r  p e r c e n t a g e  w e r e  n o t e d  d u r i n g  p h a s e  1 o f  

this  s t u d y  in a n y  g r o u p .  M u c h  o f  the  l i t erature  has  r e p o r t e d  n o  l i b e r  t y p e  c h a n g e s  

w i t h  s t r e n g t h  t r a in i n g  ( C o s t i l l  et  al .  1 9 7 9 ;  H o u s t o n  e t  a l .  1 9 8 3 ;  H a k k i n e n  et a l .  1 9 8 8 ) ,  

o r  s pr i nt  t r a in i n g  ( T h o r s t e n s s o n  et al .  1 9 7 5 )  w h i l e  o t h e r s  h a v e  r e p o r t e d  m i x e d  

f i n d i n g s .  F o r  e x a m p l e ,  C a d e f a u  ( 1 9 9 0 )  r e p o r t e d  an i n c r e a s e d  T y p e  I p e r c e n t a g e  a f t e r  

8 m o n t h s  o f  spr int  t y p e  t r a in i n g  in y o u n g  a t h l e t e s ,  an a d a p t a t i o n  w h i c h  d o e s  n o t  s e e m  

c o n s i s t e n t  w i t h  the  t y p e  o f  t r a in i n g  t h e s e  s u b j e c t s  w e r e  p e r f o r m i n g .  G r e e n  et  a l .
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( 1 9 7 9 )  re po r t e d  d e c r e a s e s  in T y p e  11b p e r c e n t a g e s  w i t h  c o r r e s p o n d i n g  i n c r e a s e s  in H a  

f iber  p e r c e n t a g e  o v e r  a  s e a s o n  o f  p la y  in e l i t e  h o c k e y  p l a y e r s  a n d  s i m i l a r l y  H a t h e r  e t  

al.  ( 1 9 9 1 )  re po r t e d  d e c r e a s i n g  l i b  a n d  i n c r e a s i n g  I l a  f i b e r  p e r c e n t a g e s  in r e s p o n s e  to  

19 w e e k s  o f  r e s i s t a n c e  t r a in i n g .  J a c o b s  et al .  , 1 9 8 7 )  r e p o r t e d  an  8 % d e c r e a s e  in th e  

p e r c e n t a g e  o f  T y p e  I f ib e r s  ( N S )  a f t e r  6  w e e k s  o f  s p r i nt  t r a i n i n g ,  w i t h  a  c o n c o m i t a n t  

i n c r e a s e  in the p r o p o r t i o n  o f  I l a  f ib e r s .  H e  a l s o  s tated  h o w e v e r  t h a t  thi s  c o u l d  b e  d u e  

to  v a r i a b i l i t y  b e t w e e n  b i o p s y  s a m p l e s ,  w h i c h  is  o n e  f a c t o r  that  m a y  a c c o u n t  f or  th e  

c o n f l i c t i n g  r e s e a r c h  r e po r t s  ( E l d e r  et  a l .  1 9 8 2 ;  L e x e l l  e t  a l .  1 9 8 5 ) .  It m a y  b e  p o s s i b l e  

for  t r a n s f o r m a t i o n s  to o c c u r  b e t w e e n  l i b  a n d  I l a  f ib e r s ,  h o w e v e r ,  t h e  p r e s e n t  d ata  

s u p p o r t  th e  m a j o r i t y  o f  the  l i t erature  in r e j e c t i n g  T y p e  I t o  II f i b e r  t r a n s f o r m a t i o n  in  

both s t r e n g t h  and s p r i nt  w o r k  T h e r e f o r e ,  f i b er  t y p e  c h a n g e s  c a n n o t  be  h e l d  

r e s p o n s i b l e  for  the  i n c r e a s e d  m a x i m a l  p o w e r s  r e l a t i v e  to  b o d y  m a s s  and  l e g  v o l u m e  

o b s e r v e d  o v e r  p h a s e  1 in b o t h  the  s t r e n g t h  a n d  spr int  g r o u p s .

It is  d i f f i c u l t  to  e s t i m a t e  the  m a g n i t u d e  o f  n eu ra l  c h a n g e s ,  a n d  t h e i r  i m p a c t  o n  

m u l t i - j o i n t  p o w e r  p r o d u c t i o n  in the  t h r e e  t r a in i n g  g r o u p s  o v e r  p h a s e  1. T h a t  n o  E M G  

c h a n g e s  w e r e  o b s e r v e d  in S S  is not  s u r p r i s i n g  s i n c e  E M G  w a s  t e s t e d  in a  d i f f e r e n t  

m o d e  o f  e x e r c i s e  f r o m  c y c l e  e r g o m e t r y ,  and  as  p r e v i o u s l y  d i s c u s s e d ,  m o s t  i n d i v i d u a l s  

can  f u l l y  a c t i v a t e  t h e i r  m u s c l e s .  L e a r n i n g  p l a y s  a  s i g n i f i c a n t  r o l e  in i m p r o v i n g  f o r c e  

g e n e r a t i o n ,  as  o b s e r v e d  in th e  s t r en gth  g r o u p s ,  a n d  th e r e  i s  n o  r e a s o n  to e x p e c t  that  

thi s  i s  n o t  a l s o  the c a s e  in m u l t i - j o i n t  p o w e r  p r o d u c t i o n .  S i n c e  S S  s h o w e d  

h y p e r t r o p h y ,  but n o  i n c r e a s e s  in C y b e x  s t r e n g t h ,  it w o u l d  s e e m  t h a t  this  i s  th e  c a s e .

C o n d u c t i o n  v e l o c i t y  o f  the t ibial  n e r v e  ( N C V )  w a s  o b s e r v e d  to i n c r e a s e  b y  t h e  

e n d  o f  p h a s e  1 in M J S .  A  t rend  o f  i m p r o v e m e n t  w a s  a l s o  n o t e d  i n  S S  ( p = 0 . 0 9 )  b u t  

n o  s i g n i f i c a n t  c h a n g e  o c c u r r e d  in S JS  (p  —0 . 3 6 ) ,  d u e  to h i g h  g r o u p  v a r i a b i l i t y  at th e  

m i d - t e s t .  O t h e r s  h a v e  a l s o  o b s e r v e d  i m p r o v e m e n t s  in N C V  w i t h  r e s i s t a n c e  t r a in ing  

s u b s e q u e n t  to i m m o b i l i z a t i o n  in h u m a n s  ( S a l e  e t  a l .  1 9 8 2 )  a n d  in s p i n a l i z e d  cat s  

e x e r c i s e d  for  1 3 - 1 4  w e e k s  ( E d g e r t o n  et al .  1 9 8 0 ) .  I n d i r e c t l y ,  n e r v e  f i b e r  h y p e r t r o p h y  

h a s  b e e n  e l i c i t e d  a s  a  re su l t  o f  e x e r c i s e  t r a in i n g  ( E i s e n  e t  a l .  1 9 7 3 ;  W a l s h  e t  al .  1 9 7 8 )  

a n d  this  s h o u l d  re su l t  in fa s t e r  N C V  ( W a x m a n ,  1 9 8 0 ) .  C h a n g e s  in  m y e l i n a t i o n ,  w h i c h  

c o u l d  d i r e c t l y  i m p a c t  N C V ,  h a v e  a l s o  b e e n  o b s e r v e d  w i t h  e x e r c i s e  ( R o y  e t  a l .  1 9 8 3 ) .
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M o t o n e u r o n  e n z y m a t i c  c h a n g e s  o b s e r v e d  in r e s p o n s e  to e x e r c i s e  ( S u z u k i  e t  al .  1 9 9 1 ;  

C h a l m e r s  et  al .  1 9 9 1 )  a n d  their  i m p a c t  o n  N C V  is u n k n o w n ,  h o w e v e r  i f  t he y  

i n f l u e n c e d  m e m b r a n e  p o t e n t i a l s  t h e y  c o u l d  p o t e n t i a l l y  i n c r e a s e  N C V .  T h u s  the  

l i t e r a t u r e  s u g g e s t s  th er e  a r e  s e v e r a l  a d a p t a t i o n s  in r e s p o n s e  to  e x e r c i s e  in a 

m o t o n e u r o n  that c o u l d  i n c r e a s e  N C V .  T h e  t r a in i n g  i m p r o v e m e n t s  n o t e d  in N C V  d o  

n o t  c o n c u r  w i t h  th e  d a t a  o f  C h a p t e r  2 w h i c h  s h o w e d  n o  d i f f e r e n c e s  b e t w e e n  p o w e r ,  

e n d u r a n c e  a n d  n o n - a t h l e t e s ,  and  n o  r e l a t i o n s h i p  b e t w e e n  N C V  a n d  p o w e r  o u t p u t .

F r o m  t h e  p r e s e n t  da t a  a n d  the  l i t er a tur e  it s e e m s  that  N C V  r e s p o n d s  to  e x e r c i s e ,  b u t  

n o t  s p e c i f i c a l l y  to  o n e  f o r m  o v e r  a n o t h e r  ( sp r i n t  v e r s u s  s t r e n g t h ) ,  a n d  th e  m a g n i t u d e  

o f  c h a n g e  is  s m a l l ,  p e r h a p s  p h y s i o l o g i c a l l y  i n s i g n i f i c a n t .  T h i s  s m a l l  e f f e c t  s i z e  m a k e s  

it l i k e l y  that  s t u d i e s  w i l l  c o n t i n u e  to re por t  c o n f l i c t i n g  resul t s .  N e v e r t h e l e s s ,  it is  

c o n c l u d e d  that  th e  fas ter  N C V  o b s e r v e d  in the  p r e s e n t  s t u d y  s u b s e q u e n t  to s t r e n g t h  or  

s pr in t  t r a i n i n g  c o u l d  p r o v i d e  a s m a l l  a d v a n t a g e  in i n c r e a s i n g  the  rate at w h i c h  m u s c l e s  

c a n  b e  a c t i v a t e d  a n d  t h e r e f o r e  p l a y  a ro l e  in i m p r o v i n g  m a x i m a l  p o w e r ,

S i n c e  N C V  i n c r e a s e d  in all  t r a in i n g  g r o u p s ,  o n e  m i g h t  e x p e c t  that the rate o f  

i s o m e t r i c  t o r q u e  d e v e l o p m e n t  ( R T D )  w o u l d  a l s o  i n c r e a s e  d u e  to  fa s t e r  m u s c l e  

a c t i v a t i o n ,  h o w e v e r  this  w a s  not  o b s e r v e d  fo r  e i t h e r  l e g  e x t e n s i o n  o r  p la n t a r  f l e x i o n  in 

a n y  g r o u p .  It is  p o s s i b l e  that the n e u r o m u s c u l a r  j u n c t i o n  is a rate l i m i t i n g  s t e p  in this  

r e s p e c t ,  a n d  that  i n c r e a s e s  in N C V  are  n o t  trans la ted  into  fa s te r  m u s c l e  a c t i v a t i o n  and  

t o r q u e  d e v e l o p m e n t  d u e  to s l o w  t r a n s m i s s i o n  a c r o s s  the s y n a p t i c  c l e f t .  N C V  w a s  not  

r e la t e d  to  R T D  in the c r o s s - s e c t i o n a l  s t u d y  ( C h a p t e r  2 )  h o w e v e r ,  s o  its  i n f l u e n c e  o n  

this  p a r a m e t e r  is  q u e s t i o n a b l e ,  a n d  o t h e r  n eu ra l  f a c t o r s  s u c h  a s  i n c r e a s e d  m o t o n e u r o n  

f i r i n g  f r e q u e n c i e s  ( G r i m b y ,  et al .  1 9 8 1 ) ,  i n c r e a s e d  o n s e t  o f  H M G  ( H a k k i n e n  e t  a l .  

1 9 8 5 ) ,  p r e f e r e n t i a l  r e c r u i t m e n t  o f  T y p e  II m o t o r  uni t s  ( G r i m b y  &  Ma nner / , ,  1 9 7 7 ) ,  or  

p r e - m o v e m e n t  s i l e n c e  ( M o r t i m e r  et  a l .  1 9 8 7 )  m i g h t  b e  m o r e  i m p o r t a n t .  C o n t r a r y  to  

th i s  s t u d y ,  o t h e r s  h a v e  s h o w n  i n c r e a s e d  rates  o f  f o r c e  d e v e l o p m e n t  a f t e r  s t r en gth  

t r a in i n g .  D u c h a t e a u  &  H a i n a u t  ( 1 9 8 4 ) ,  u s i n g  s u p r a m a x i m a l  e l e c t r i c a l  s t i m u l a t i o n  

s h o w e d  that  i n c r e a s e s  in th e  rate o f  f o r c e  d e v e l o p m e n t  a f t e r  3 m o n t h s  o f  t r a in i n g  the  

a d d u c t o r  p o l l i c i s  m u s c l e  w e r e  not  a  re sul t  o f  neura l  a d a p t a t i o n ,  but  d u e  to  i n t r i n s i c  

c h a n g e s  w i t h i n  the  m u s c l e .  T h e y  s p e c u l a t e d  that t h e s e  c h a n g e s  m a y  h a v e  b e e n  re la t e d
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to  i n c r e a s e d  m y o f i b r i l l a r  A T P a s e  a c t i v i t y ,  o r  c h a n g e s  in C a 2 + m o v e m e n t  v i a  

a d a p t a t i o n  o f  the s a r c o p l a s m i c  r e t i c u l u m .  C h a n g e s  in b o t h  C a 1+ s e n s i t i v i t y  a n d  

m y o f i b r i l l a r  A T P a s e  a c t i v i t y  h a v e  b e e n  d e m o n s t r a t e d  w i t h  r e s i s t a n c e  ( B e l l  e t  a l .  1 9 9 2 )  

a n d  p o w e r  tr a in in g  ( T h o r s t e n s s o n  et al .  1 9 7 5 ; B e l c a s t r o  e t  a l .  1 9 8 1 ) .  H a k k i n e n  e t  al .  

( 1 9 9 2 )  s h o w e d  p o s i t i v e  c h a n g e s  in th e  f o r c e - t i m e  c u r v e  a f t e r  r e s i s t a n c e  t r a i n i n g  

w o m e n  f o r  .1 w e e k s  in a m a n n e r  s i m i l a r  to that  p e r f o r m e d  in th i s  s t u d y .  T h e  m a i n  

c h a n g e s  in the  f o r c e - t i m e  c u r v e  o c c u r r e d  at h i g h e r  f o r c e  l e v e l s ,  w h i c h  is s i m i l a r  to  

d a t a  r e p o r t e d  b y  T h o r s t e n s s o n  et al .  ( 1 9 7 6 )  w h o  s t r e n g t h  t r a in e d  i n d i v i d u a l s  f o r  8  

w e e k s  a n d  n o t e d  fa s te r  rates o f  for ce  d e v e l o p m e n t  a b o v e  7 5 %  o f  p r e - t e s t  p e a k  t o r q u e .  

O t h e r s ,  u s i n g  e x p l o s i v e  t y p e s  o f  t r a in i n g  p r o c e d u r e s  h a v e  n o t e d  i m p r o v e m e n t s  e a r l i e r  

in the  l b r c e - t i m e  c u r v e  ( H a k k i n e n  &  K o m i ,  1 9 8 5 ;  D u c h a t e a u  &  H a i n a u t ,  1 9 8 4 ) .  In  

t h e  p r e s e n t  s t u d y  R T D  w a s  m e a s u r e d  b e t w e e n  3 0  a n d  6 0 %  o f  p e a k  t o r q u e  w h i c h  m a y  

a c c o u n t  f o r  the  l ack  o f  s i g n i f i c a n t  c h a n g e  s i n c e  e x p l o s i v e  s t r e n g t h  t r a in i n g  w a s  . . .  

p e r f o r m e d .  T h a t  R T D  d i f f e r e n c e s  w e r e  n o t e d  b e t w e e n  p o w e r  ( e x p l o s i v e  v o l l e y b a l l  

p l a y e r s )  a n d  e n d u r a n c e  a t h l e t e s  in c h a p t e r  2 ,  r e i n f o r c e s  th i s  s p e c i f i c i t y  o f  t r a i n i n g  

e f f e c t  s u g g e s t e d  in t h e  l i t erature .  T h u s ,  w i t h  e x p l o s i v e  t r a i n i n g ,  o n e  c a n  e x p e c t  

i m p r o v e m e n t s  in th e  ea r ly  part  o f  the f o r c e - t i m e  c u r v e ,  b u t  w i t h  m o r e  s t a n d a r d  

r e s i s t a n c e  t r a in i ng  ( e g .  10 R M  l o a d s ) ,  a d a p t a t i o n s  p r o b a b l y  o c c u r  l a ter  in t h i s  c u r v e .  

N o  s t u d i e s  h a v e  r e p o r t e d  h o w  s p r i n t - t r a in i n g  m a y  i n f l u e n c e  R T D .

T h e  i n f l u e n c e  o f  s e q u e n c e d  s t r e n g t h - s p r i n t  t r a i n i n g  o n  s u b s e q u e n t  p o w e r  

a c q u i s i t i o n  h a s  not b e e n  p r e v i o u s l y  s t u d i e d  b ut  i s  c o m m o n l y  u t i l i z e d  in e l i t e  s p o r t  in  

th e  f o r m  o f  p e r i o d i / e d  t r a in i n g  m o d e l s  ( S a l e  &  M a c D o u g a l l ,  1 9 8 1 ) .  T h e  t h e o r y  

b e h i n d  s e q u e n c i n g  t r a in i n g  in this  f a s h i o n  is a s  f o l l o w s :  t h e  in i t ia l  s t r e n g t h  t r a i n i n g  

p h a s e  is  d e s i g n e d  to  c a u s e  m u s c l e  h y p e r t r o p h y  in t h o s e  m u s c l e s  u t i l i z e d  d u r i n g  the  

s p o r t s  m o v e m e n t  f or  w h i c h  t h e y  are b e i n g  t r a i n e d  ( m u s c u l a r  a d a p t a t i o n ) ,  b u t  n o t  

n e c e s s a r i l y  i m p r o v e  the a b i l i t y  o f  the a t h l e t e  t o  u t i l i z e  t h o s e  m u s c l e s .  T h e  s u b s e q u e n t  

s p r i n t  p h a s e  is  then i n t r o d u c e d  to t e ach  the  i n d i v i d u a l  to  a c t i v a t e  t h e  n e w l y  a c q u i r e d  

m u s c l e  m a s s  (neura l  a d a p t a t i o n ) ,  in a  m o r e  s p o r t - s p e c i f i c  m a n n e r .  O n e  p u r p o s e  o f  t h i s  

s t u d y  w a s  t o  d e t e r m i n e  the e f f e c t i v e n e s s  o f  t h i s  s e q u e n c e d  t r a i n i n g  a p p r o a c h .  T h e  d a t a  

i n d i c a t e d  that  s e q u e n c e d  s t r e n g t h - s p r i n t  t r a i n i n g  w a s  n o  m o r e  e f f e c t i v e  th a n  s p r i n t
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t r a in i n g  a l o n e  in ra iding  m u l t i - j o i n t  p o w e r ,  s i n c e  b y  the  e n d  o f  the  2 n d  t r a in i n g  p h a s e  

(6  w e e k s  o f  s p r i n t  t r a in i n g )  p o w e r  had  i n c r e a s e d  s i g n i f i c a n t l y ,  b ut  not  d i f f e r e n t i a l l y  in 

b o t h  th e  s t r e n g t h  g r o u p s  ( S J S ,  M J S )  that had  p r e v i o u s l y  s t r e n g t h  t r a ined  f o r  8 w e e k s ,  

an d  in  t h e  spr int  g r o u p  ( S S )  that h a d  spr int  t r a ined  f or  14 s traight  w e e k s .  A s  

p r e v i o u s l y  d i s c u s s e d ,  all  g r o u p s  s h o w e d  b o t h  t y p e  I a n d  II m u s c l e  f iber  h y p e r t r o p h y  

in t h e  f i rs t  8 w e e k s  o f  t r a i n i n g ,  a n d  i n c r e a s e d  N C V  b y  th e  e n d  o f  the  14 w e e k  

t r a i n i n g  p e r i o d .  T h u s ,  it a p p e a r s  that  t h e s e  t w o  a d a p t a t i o n s ,  o r  o t h e r  c h a n g e s  s i m i l a r  

in b o t h  s pr i nt  a n d  s t r e n g t h  t r a in i n g ,  c o n t r i b u t e d  to  n o  s e q u e n c e  e f f e c t  b e i n g  o b s e r v e d .  

A n  a d v a n t a g e  o f  th e  s e q u e n t i a l  s t r e n g t h - s p e e d  t r a in i n g  m o d e l  i s  that  for  t h o s e  a t h l e t e s  

r e q u i r i n g  s t r e n g t h  in a d d i t i o n  to p o w e r ,  th i s  m o d e l  w i l l  a l l o w  t h e m  to  i n c r e a s e  b o t h ,  

w i t h o u t  c o m p r o m i s i n g  p o w e r  d e v e l o p m e n t ,  f u r t h e r ,  the  s e q u e n c e d  t r a in i n g  g r o u p s  

w e r e  at  m a x i m u m  p e r f o r m i n g  12 s pr in t  r e p e a l s  in a  g i v e n  w o r k o u t  ( w e e k  14) ,  w h i l e  

S S  p e r f o r m e d  2 0  r e pe a t s  b y  w e e k  1 4 ,  thus  it w o u l d  a p p e a r  that the  s e q u e n c e d  t r a in i n g  

g r o u p s  r e c e i v e d  m o r e  re turn o n  t h e i r  t r a in i n g  t i m e  i n v e s t m e n t .

A n  a d d i t i o n a l  v a r i a b l e  that w a s  i n t r o d u c e d  in t o  th i s  s e q u e n c e d  t r a in i ng  m o d e l  

w a s  t h e  m o d e  o f  s t r e n g t h  t r a in in g .  It w a s  h y p o t h e s i z e d  that  s i n g l e - j o i n t  s t r e n g t h  

t r a in i n g  w o u l d  c a u s e  p r i m a r i l y  m u s c u l a r  a d a p t a t i o n s  r e l e v a n t  to p o w e r  g e n e r a t i o n ,  but  

i f  a  m u l t i - j o i n t  m o v e m e n t  w a s  u t i l i z e d  to  train s t r e n g t h ,  b o t h  n eura l  and  m u s c u l a r  

a d a p t a t i o n s  c o u l d  b e  e x p e c t e d  to t r a n s f e r  to p o w e r  m o v e m e n t s ,  and  h e n c e  m o r e  

i m p r o v e m e n t  s h o u l d  b e  o b s e r v e d .  A s  p r e v i o u s l y  d i s c u s s e d  s i n g l e  v e r s u s  m u l t i - j o i n t  

s t r e n g t h  t r a in i n g  h ad  n o  d i f f e r e n t i a l  i m p a c t  o n  p o w e r  a c q u i s i t i o n  p r i o r  to th e  s p r int  

t r a in i n g  p e r i o d  i n d i c a t i n g  that  e v e n  t h o u g h  th e  m u s c l e  a c t i v a t i o n  p a t te rn s  w e r e  s i m i l a r  

b e t w e e n  l e g  p r e s s  a n d  c y c l i n g  ( p r o x i m a l  to  d i s t a l  s e q u e n c i n g  o f  h ip  e x t e n s i o n ,  l e g  

e x t e n s i o n ,  p l a n t a r  f l e x i o n ) ,  neura l  d i f f e r e n c e s  p r o b a b l y  sti l l  e x i s t e d .  In c h a p t e r  2  it 

w a s  h y p o t h e s i z e d  that s i n g l e - j o i n t  s t r e n g t h  t r a in i n g  m i g h t  e l i c i t  a  g r e a t e r  h y p e r t r o p h i c  

r e s p o n s e  than  m u l t i - j o i n t  s t r e n g t h  t r a in i n g  d u e  to  g r e a t e r  m u s c l e  i s o l a t i o n ,  and  

t h e r e f o r e  w i t h  s u b s e q u e n t  s p e e d  t r a in i n g  e l i c i t  g r e a t e r  p o w e r  i m p r o v e m e n t s .  T h i s  w a s  

n o t  s u p p o r t e d  s i n c e  both  m o d e s  o f  t r a in i n g  c a u s e d  s i m i l a r  a m o u n t s  o f  m u s c l e  f i b e r  

h y p e r t r o p h y  a n d  w h e n  f o l l o w e d  b y  spr int  t r a in i n g  s i m i l a r  p o w e r  i m p r o v e m e n t s  w e r e  

o b s e r v e d .  C o m p a r a b l e  i n c r e a s e s  in N C V  w e r e  a l s o  e v i d e n t  b y  the  e n d  o f  t h e  14 w e e k
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t r a in i n g  p e r i o d  a n d  a n y  n eu ra l  o r  l e a r n i n g  d i f f e r e n c e s  b e t w e e n  t h e  t w o  s t r e n g t h  m o d e s  

w e r e  n o t  t r ans f e r r e d  to the  e y c i e  e r g o m e t e r ,  thus  the  m o d e  o f  s t r e n g t h  t r a i n i n ?  ( s i n g l e  

o r  m u l t i - j o i n t )  has  n o  i n t l u e n e e  on  a d a p t a t i o n  to s e q u e n c e d  s t r e n g t h - s p r i n t  t r a in i n g  a n d  

it is c o n c l u d e d  that the i r  is  n o  fas ter  p o w e r  i m p r o v e m e n t  w h e n  s e q u e n c e d  ( s i n g l e  o r  

m u l t i - j o i n t )  s i r e n g l h - s p e e d  t r a in i ng  is  u t i l i z e d  a s  o p p o s e d  to s t r a i g h t  s p r i n t  t r a in i n g  

o v e r  s i m i l a r  l i m e - I r a m e s .  T h i s  is b e c a u s e  the  neura l  a n d  m u s c u l a r  a d a p t a t i o n s  to  th e  

t w o  t r a i n i n g  m o d e s  w e r e  s i m i l a r  in nature  a n d  m a g n i t u d e .

In s u m m a r y ,  the p r e s e n t  d ata  h a v e  s u g g e s t e d  that  s t r e n g t h  t r a i n i n g ,  spr int  

tr a in in g  o r  s e q u e n c e d  s t r e n g t h - s p r i n t  t r a in i n g  c a n  i n c r e a s e  m a x i m a l  p o w e r  a n d  t h e s e  

i n c r e a s e s  in p o w e r  are  d u e  to both  m u s c u l a r  an d  n e u r a l  c h a n g e s .  H o w e v e r ,  m u s c l e  

h y p e r t r o p h y  and  s t r e n g t h  o r  p o w e r  i m p r o v e m e n t s  c a u s e d  b y  t r a i n i n g  in t h e s e  m o d e s  

d o e s  n o t  n e c e s s a r i l y  c a u s e  in t r i n s i c  s t r e n g t h  i m p r o v e m e n t s  in m u s c l e  t r a n s f e r a b l e  to  

o t h e r  m o v e m e n t s  u s i n g  d i f f e r e n t  mode'-- o f  c o n t r a c t i o n  ( i e .  i s o k i n e t i c  s t r e n g t h  o n  th e  

C y b e x ) .  It a p p e a r s  h o w e v e r  that s t r e n g t h  m a y  b e  t r a n s f e r r e d  m o r e  r e a d i l y  to  acv iv i t i e s  

u s i n g  S i m i la r  c o n t r a c t i o n  t y p e s  s i n c e  s t r e n g t h  t r a ined  in b o t h  s i n g l e  a n d  m u l t i - j o i n t  

m o v e m e n t s  u t i l i z i n g  c o n c e n t r i c  and  e c c e n t r i c  i s o t o n i c  e x e r c i s e s  t r a n s f e r r e d  v e r y  w e l l  

to p o w e r  o u t p u t  d u r i n g  c o n s t a n t  load c y c l e  e r g o m e t r y .
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C u s s o ,  R .  &  U r b a n o - M a r q u e z ,  A .  ( 1 9 9 0 ) .  B i o c h e m i c a l  an d  H i s t o c h e m i c a l  a d a p t a t i o n  
to  spr int  t r a in i n g  in y o u n g  a t h l e t e s .  A c t a  P h v s i o l o g i c a  S c a n d i n a v i c a ,  1 4 0 . 3 4 1 - 3 5 1 .

C a i o z z o ,  J . V . ,  P e r r i n e ,  J . J . ,  &. E d g e r t o n ,  R . V .  ( 1 9 8 1 ) .  T r a i n i n g - i n d u c e d  a l t e r a t i o n s  
o f  th e  in  v i v o  f o r c e - v e l o c i t y  r e l a t i o n s h i p  o f  h u m a n  m u s c l e .  J o u r n a l  o f  A p p l i e d  
P h y s i o l o g y . 5 1 ( 3 ) ,  7 5 0 - 7 5 4 .

C a n n o n ,  R . J . ,  &  C a f a r e l l i ,  E.  ( 1 9 8 7 ) .  N e u r o m u s c u l a r  a d a p t a t i o n s  to t r a i n i n g .  Journal  
o f  A p p l i e d  P h y s i o l o g y .  6 3 ( 6 ) ,  2 3 9 6 - 2 4 0 2 .
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C h a l m e r s ,  G . R . ,  R o y ,  R . R .  &  E d g e r t o n ,  V . R .  ( 1 9 9 1 ) .  M o t o n e u r o n  a n d  m u s c l e  f i b e r  
s u c c i n a t e  d e h y d r o g e n a s e  a c t i v i t y  in c o n t r o l  a n d  o v e r l o a d e d  p la n t a r i s .  J o u r n a l  o f  
A p p l i e d  P h y s i o l o g y . 7 1 ( 4 ) ,  1 5 8 9 - 1 5 9 2 .

C h u - A n d r e w s ,  J.  ( 1 9 8 6 ) .  P r i n c i p l e s  o f  e l e c t r o d i a g n o s t i c  c o n s u l t a t i o n .  In J.  C h u -  
A n d r e w s  &  R. J .  J o h n s o n  ( E d s ) ,  E l e c t r o d i a a n o s i s :  A n  A n a t o m i c a l  &  C l i n i c a l  
A p p r o a c h , J . B . L i p p i n c o t t  C o m p a n y ,  P h i l a d e l p h i a ,  1 9 9 - 2 4 1 .

C o s t i i l ,  D . L . ,  P i n k ,  W . J . ,  &  P o l l o c k ,  M . L .  ( 1 9 7 6 ) .  M u s c l e  f i b e r  c o m p o s i t i o n  a n d  
e n z y m e  a c t i v i t i e s  o f  e l i t e  d i s t a n c e  r u n n e r s .  M e d i c i n e  a n d  S c i e n c e  in S p o r t s .  8 .  9 6 -  
100 .

C o s t i l l ,  D . L . .  C o y l e ,  E . F . ,  F i n k .  W . F . .  L e s m e s ,  G . R .  & W i t z m a n n ,  F . A .  ( 1 9 7 9 ) .  
A d a p t a t i o n s  in s k e l e t a l  m u s c l e  f o l l o w i n g  s t r e n g t h  t r a in i n g .  Jo u r n a l  o f  A p p l i e d  
P h y s i o l o g y , 4 o .  9 6 - 4 9 .

C o y l e ,  E . F . ,  F e i r i n g ,  D . C . ,  R o t k i s ,  T . C . ,  C o t e  III,  R . W . ,  R o b y ,  F . B . ,  L e e ,  W . ,  &  
W i l m o r e ,  J . H .  ( 1 9 8 1 ) .  S p e c i f i c i t y  o f  p o w e r  i m p r o v e m e n t s  t h r o u g h  s l o w  a n d  f a s t  
i s o k i n e t i c  t r a in i n g .  Jo u r n a l  o f  A p p l i e d  P h y s i o l o g y , 5 1 , ( 6 ) ,  1 4 3 7 - 1 4 4 2 .

D e s m e d t ,  J . E .  & G o d a u x ,  E. ( 1 9 8 1 ) .  S p i n a l  m o t o n e u r o n  r e c r u i t m e n t  in m a n :  r a n k  
d e o r d e r i n g  w i t h  d i r e c t i o n  but  n o t  w i t h  s p e e d  o f  v o l u n t a r y  m o v e m e n t .  S c i e n c e .  2 1 4 ,  
9 3 3 - 9 3 6 .

D o r t m a n ,  L . J .  <& B o s l e y ,  T . M .  ( 1 9 7 9 ) .  A g e - r e l a t e d  c h a n g e s  in p e r i p h e r a l  a n d  c e n t r a l  
n e r v e  c o n d u c t i o n  in m a n .  N e u r o l o g y ,  2 9 . 3 8 - 4 4 .

D u c h a t e a u ,  J . .  &  H a i n a u t ,  K. ( 1 9 8 4 ) .  I s o m e t r i c  o r  d y n a m i c  t r a in in g :  d i f f e r e n t i a l  
e f f e c t s  o n  m e c h a n i c a l  p r o p e r t i e s  o f  a h u m a n  m u s c l e .  J ou rn a l  o f  A p p l i e d  P h y s i o l o g y , 
5 6 ( 2 ) ,  2 9 6 - 3 0 1 .

E d g e r t o n ,  V . R . ,  R o y ,  R . R . ,  G r e g o r ,  R . J .  &  R u g g ,  S .  ( 1 9 8 6 ) .  M o r p h o l o g i c a l  b a s i s  o f  
s k e l e t a l  m u s c l e  p o w e r  o u t p u t .  In N . L . J o n e s ,  N .  M c C a r t n e y  & A . J .  M c C o m a s  ( E d s ) .  
H u m a n  M u s c l e  P o w e r . H u m a n  K i n e t i c s ,  C h a m p a i g n ,  I l l i n o i s ,  4 3 - 6 4 .

E d g e r t o n ,  V . R . ,  S m i t h ,  L . A . .  E l d r e d ,  E . ,  C o p e ,  T . C . ,  &  M e n d e l l ,  L . M .  ( 1 9 8 0 ) .  
M u s c l e  a n d  m o t o r  uni t  p r o p e r t i e s  o f  e x e r c i s e d  a n d  n o n - e x e r c i s e d  c h r o n i c  s p i n a l  c a t s .  
In D .  P e t t e  ( F d ) ,  P l a s t i c i t y  o f  M u s c l e . 3 5 5 - 3 7 1 .  N e w  y o r k :  A l a n  R.  L i s s  I n c .

E i s e n ,  A . .  C a r p e n t e r ,  S . ,  Ka r p a t i ,  G . ,  &  B e l l a v a n c e ,  A .  ( 1 9 7 3 ) .  T h e  e f f e c t s  o f  
m u s c l e  h y p e r -  a n d  h y p o a e t i v i t y  u p o n  f i b r e  d i a m e t e r s  in i n t a c t  a n d  r e g e n e r a t i n g  
n e r v e s .  J o u r n a l  o f  N e u r o l o g i c a l  S c i e n c e .  2 0 ,  4 5 7 - 4 6 9 .
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E l d e r ,  G . C . B . ,  B r a d b u r y ,  K. R: R o b e r t s .  R.  ( 1 9 8 2 ) .  V a r i a b i l i t y  o f  f i ber  t y p e  
d i s t r i b u t i o n s  w i t h i n  h u m a n  . n u s e i e s .  Jo u r n a l  o f  A p p l i e d  P h y s i o l o g y . 5 3 ( 6 ) ,  1 4 7 3 - 1 4 8 0 .

E r i k s s o n ,  E . .  H a g g m a r k .  T .  K i e s s l i n g ,  K . H . ,  R. K a r l s s o n ,  J.  ( 1 9 8 1 ) .  E f f e c t  o f  
e l e c t r i c a l  s t i m u l a t i o n  o n  h u m a n  sk e l e ta l  m u s c l e .  In ter n a t i o n a l  Journal  o f  S port s  
M e d i c i n e .  2 ( 1 ) .  1 8 - 2 2 .

E v a n s ,  W . ,  P i n n e y .  S . ,  R: Y o u n g ,  V . R .  ( 1 9 8 2 ) .  S u c t i o n  a p p l i e d  to a m u s c l e  biopsy 
m a x i m i z e s  s a m p l e  s i z e .  M e d i c i n e  and  S c i e n c e  in S p o r t s . J 4 ,  1 0 1 - 1 0 3

F r o e s e ,  E . A . .  &. H o u s t o n .  M . E .  ( 1 9 8 7 ) .  P e r f o r m a n c e  d u r i n g  the  W i n g a t e  a n a e r o b i c  
t es t  a n d  m u s c l e  m o r p h o l o g y  in m a l e s  a n d  f e m a l e s .  I n t e r n a t i o n a l  J ou rn a l  o f  S p o r t s  
M e d i c i n e .  8 ,  3 5 - 3 9 .

F r o n t e r a .  W . .  M e r e d i ' h .  C . N . ,  O ' R e i l l y ,  R . P . ,  K n u t t g e n ,  11. (1. ,  Rt E v a n s ,  W . J .  
( 1 9 8 8 ) .  S t r e n g t h  c o n d i l i o m n a  m o l d e r  m e n :  s k e l e t a l  m u s c l e  h y p e r t r o p h y  a n d  i m p r o v e d  
f u n c t i o n .  J o u r n a l  o f  A p p l i e d  P h y s i o l o g y .  0 3 ( 3 ) ,  1 0 3 8 - 1 0 4 4 .

G a r f i n k e l ,  S .  &  C a f a r e l l i ,  E. ( 1 9 9 2 ) .  R e l a t i v e  c h a n g e s  in m a x i m a l  f o r c e ,  E M G ,  and  
m u s c l e  c r o s s - s e c t i o n a l  a r e a  a f t er  i s o m e t r i c  t r a in i n g .  M e d i c i n e  a n d  S c i e n c e  in S p o r t s  
a n d  E x e r c i s e .  2 4 (  11) .  1 2 2 0 - 1 2 2 7 .

G o l d s p i n k ,  G .  ( 1 9 9 1 ) .  C e l l u l a r  and  m o l e c u l a r  a s p e c t s  o f  a d a p t a t i o n  m s k e l e t a l  m u s c l e .  
In P . V .  K o m i  ( E d ) .  S t r e n g t h  and  p o w e r  in s p o rt. B l a c k w e l l  S c i e n t i f i c  P u b l i c a t i o n s ,  
O x f o r d ,  2 1 1 - 2 2 9 .

G o l d s p i n k .  G .  ( 1 9 7 4 ) .  D e v e l o p m e n t  o f  m u s c l e .  In G .  G o l d s p i n k  ( E d ) .  G r o w t h  o f . c e l  Is 
in v e r t e b r a t e  t i s s u e s .  C h a p m a n  A  H a l l ,  L o n d o n ,  0 9 - 9 9 .

G o l l n i c k .  P . D . .  A r m s t r o n g ,  R . B . .  S a u b e r t .  C . W . ,  P i e h l .  & S a l t i n ,  B. ( 1 9 7 2 ) ,
E n z y m e  a c t i v i t y  a n d  f i b er  c o m p o s i t i o n  in s k e l e t a l  m u s c l e  o f  u n t r a i n e d  a n d  tra ined  
m e n .  J o u r n a l  o f  A p p l i e d  P h y s i o l o g y . 3 3 , ( 3 ) ,  3 1 2 - 3 1 9 .

G r e e n ,  H . J . ,  T h o m s o n ,  J . A . ,  D a u b ,  W . D . .  H o u s t o n ,  M . E .  &  R a n n e y ,  D . A .  ( 1 9 7 9 ) .  
F i b e r  c o m p o s i t i o n ,  f i b er  s i z e  and  e n z y m e  a c t i v i t i e s  in v a s t u s  l a ter a l i s  o f  e l i t e  a t h l e t e s  
i n v o l v e d  in h i g h  i n t e n s i t y  e x e r c i s e .  E u r o p e a n  Jo u r n a l  o f  A p p l i e d  P h y s i o l o g y .  4 4 ,  1 0 9 -  
1 1 7 .

G r i m b y ,  L .  &  H a n n e r z ,  J.  ( 1 9 7 7 ) .  F i r i n g  rate an d  r e c r u i t m e n t  o r d e r  o f  t o e  e x t e n s o r  
m o t o r  u n i t s  in d i f f e r e n t  m o d e s  o f  v o l u n t a r y  c o n t r a c t i o n .  Jo u r n a l  o f  P h y s i o l o g y .  2 6 4 ,  
8 6 5 - 8 7 9 .

G r i m b y ,  L . .  H a n n e r z .  J . .  A  H e d m a n .  B.  ( 1 9 8 1 ) .  T h e  f a t i g u e  a n d  v o l u n t a r y  d i s c h a r g e  
p r o p e r t i e s  o f  s i n g l e  m o t o r  uni ts  in m a n .  Jo u r n a l  o f  P h y s i o l o g y .  3 1 6 , 5 4 5 - 5 5 4 .
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H a k k i n e n ,  K . .  K o m i ,  P . V . .  A  A l e n ,  M .  ( 1 9 8 5 ) .  C h a n g e s  in i s o m e t r i c  f o r c e  and  
r d a x a t i o n - t i m e ,  e l e c t r o m y o g r a p h i c  a n d  m u s c l e  f ibre  c h a r a c t e r i s t i c s  o f  h u m a n  s k e l e t a l  
m u s c l e  d u r i n g  s t r e n g t h  t r a in i n g  and  d e t r a i n i n g .  A c t a  P h v s i o l o e i c a  S c a n d i n a v i c a .  1 2 5 . 
5 8 7 - 6 0 0 .

H a k k i n e n ,  K.  & K o m i ,  P . V .  ( 1 9 8 6 ) .  T r a i n i n g - i n d u c e d  c h a n g e s  in n e u r o m u s c u l a r  
p e r f o r m a n c e  u n d e r  \ o h i n t a r y  anti u  f l e x  c o n d i t i o n s .  E u r o p e a n  J o u r n a l  o f  A p p l i e d  
P h y s i o l o g y . 5 5 ,  1 4 7  i »5.

H a k k i n e n ,  K . ,  P a k a n n e n .  A .  A  K a l i i n e n ,  M .  ( 1 9 9 2 )  N e u r o m u s c u l a r  a d a p t a t i o n s  a n d  
se r u m  h o r m o n e s  in w o m e n  d u r i n g  s h o r t - t e r m  i n t e n s i v e  s t r e n g t h  t r a in i n g .  E u r o p e a n  
Journal  o f  A p p l i e d  P h y s i o l o g y .  6 4 .  1 0 6 - 111 .

H a k k i n e n ,  K . ,  P a k a n n e n ,  A . .  A l e n .  M . .  K a u h a n e n .  H .  &. K o m i ,  P . V .  ( 1 9 8 8 ) .  
N e u r o m u s c u l a r  a n d  h o r m o n a l  a d a p t a t i o n s  in a t h l e t e s  to  s t r e n g t h  t r a in i n g  in t w o  y e a r s .  
J o urnal  o f  A p p l i e d  P h y s i o l o g y .  6 5 ( 6 ) ,  2 4 0 6 - 2 4 1 2 .

H a k k i n e n ,  K . ,  K a l i i n e n ,  M . ,  K o m i ,  P . V .  &  K a u h a n e n ,  H .  ( 1 9 9 1 ) .  N e u r o m u s c u l a r  
a d a p t a t i o n s  d u r i n g  s h o r t - t e r m  " n o r m a l "  and  r e d u c e d  t r a i n i n g  p e r i o d s  in s t r e n g t h  
a t h l e t e s .  E l e c t r o m y o g r a p h y  a n d  C l i n i c a l  N e u r o p h v s i o l o g y , 3 1 . 3 5 - 4 2 .

H a k k i n e n ,  K.  A  K e s k m e n ,  K . L .  ( 1 9 8 9 ) .  M u s c l e  c r o s s  s e c t i o n a l  a r e a  a n d  v o l u n t a r y  
f o r c e  p r o d u c t i o n  c h a r a c t e r i * ’>cs in e l i t e  s t r e n g t h -  a n d  e n d u r a n c e - t r a i n e d  a t h l e t e s  a n d  
spr int ers .  E u r o pe a n  Journal  o f  . Appl ied  P h y s i o l o g y .  5 9 . 2 1 5 - 2 2 0 .

Ha lar ,  E . M . .  D e L i s a .  J . A .  a : S o i n e ,  T . L .  ( 1 9 8 3 ) .  N e r v e  c o n d u c t i o n  s t u d i e s  in u p p e r  
e x t r e m i t i e s :  .Ain t e m p e r a t u r e  c o r r e c t i o n s .  A r c h i v e s  o f  P h y s i c a l  M e d i c i n e  a n d  
R e h a b i l i t a t i o n .  6 4 .  4 1 2 - 4 1 6 .

H ath er ,  B . M . .  r e s e l l ,  P . A . ,  B u c h a n a n ,  P . ,  &  D u d l e y ,  G . A .  ( 1 9 9 1 ) .  I n f l u e n c e  o f  
e c c e n t r i c  a c t i o n s  o n  s k e l e t a l  m u s c l e  a d a p t a t i o n s  to r e s i s t a n c e  t r a i n i n g .  A c t a  
P h y s i o l o g i c a  S c a n d i n a v i c a .  1 4 3 , 1 7 7 - 1 8 5 .

H o f t e r ,  J . A . .  L o e b ,  G . E . ,  S u g a n o . N . ,  M a r k s ,  W . B . ,  O ’ D o n o v a n ,  M . J .  &  Pratt,
C . A .  ( 1 9 8 7 ) .  Cat  h i n d l i m b  m o l o r n e u r o n s  d u r i n g  l o c o m o t i o n .  I l l  F u n c t i o n a l  
s e g r e g a t i o n  in s a r t o r i u s .  J o u r n a l  o f  N e u r o p h v s i o l o g y . 5 7 .  5 5 4 - 5 6 2 .

H o u s t o n ,  M . E . ,  E r o e s e ,  E . A . ,  V a l e r i o t e ,  S t . P . ,  G r e e n ,  H . J .  &  R a n n e y ,  D . A .  ( 1 9 8 3 ) .  
M u s c l e  p e r f o r m a n c e ,  m o r p h o l o g y  a n d  m e t a b o l i c  c a p a c i t y  d u r i n g  s t r e n g t h  t r a in i n g  a n d  
d e t r a i n i n g :  a o n e  l e g  m o d e l .  E u r o p e a n  Jo u r n a l  o f  A p p l i e d  P h y s i o l o g y . 5 1 . 2 5 - 3 5 .

J a c o b s .  I . ,  E s b j o r n s s o n ,  M . ,  S y l v e n .  C . ,  H o l m ,  I. ,  &  J a n s s o n ,  E .  ( 1 9 8 7 ) .  S p r in t
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t r a in i n g  e f f e c t s  o n  m u s c l e  m y o g l o b i n ,  e n z y m e s ,  f iber  t y p e s ,  a n d  b l o o d  l a c ta t e .
M e d ,  i n e  a n d  S c i e n c e  in S p o r t s  a n d  E x e r c i s e .  1 2 ( 4 ) ,  3 6 8 - 3 7 4 .

J o h a n s s o n .  C  . L o r e n i z o n ,  R . ,  S j o s t r o m ,  M . ,  E a g e r l u n d ,  M .  &  E u g l - M e v e r s ,  A . R .  
( 1 9 8 7 ) .  A c t a  P h y s i o l o g i c a  S c a n d i n a v i c a .  1 3 0 . 0 0 3 - 0 6 9

J o n e s ,  D . A .  &. R u t h e r f o r d ,  O . M .  (. 1 9 8 7 ) ,  H u m a n  m u s c l e  s t r e n g t h  t r a in in g :  the e f f e c t s  
o f  th re e  d i f f e r e n t  r e g i m e s  and  the  n a t u r e  o f  the re sul tant  c h a n g e s .  Jo u r n a l  o f  
P h y s i o l o g y .  3 9 1 . 1 - 1 1 .

K a m e n ,  G . .  T a y l o r ,  P . ,  &  B e e h l e r ,  P . J .  ( 1 9 8 4 ) .  U l n a r  a n d  P o s t e r i o r  T i b i a l  N e r v e  
C o n d u c t i o n  V e l o c i t y  in A t h l e t e s .  I n t er nat ion a l  J ou rn a l  o f  S p o r t s  M e d i c i n e . 5 ,  2 6 - 3 0 .

K a t c h ,  V . .  W e l l m a n .  A . .  A  G o l d ,  A .  ( 1 9 7 4 ) .  V a l i d i t y  o f  a n t h r o p o m e t r i c  
m e a s u r e m e n t s  and  the  s e g m e n t  / o n e  m e t h o d  for  e s t i m a t i n g  s e g m e n t a l  anti  total b o d y  
v o l u m e .  M e d i c i n e  a nd  . Sc i e nc e  m S p o r t s .  0 ( 4 ) ,  2 7 1 - 2 7 6 .

K o m i ,  P . V .  ( 1 9 8 6 ) .  T r a i n i n g  o f  m u s c i e  s t r en gth  and p o w e r :  I n t e r a c t i o n  o f  
n e u r o m o t o r i c ,  h y p e r t r o p h i c  a n d  m e c h a n i c a l  f a c t o r s .  In ter n a t i o n a l  J o u r n a l  o f  S p o r t s  
M e d i c i n e .  7 ( s u p p l e m e n t ) .  1 0 - 1 5 .
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Review of' literature

T h e  rapid a p p l i c a t i o n  o f  f o r c e  t h r o u g h  m u s c u l a r  c o n t r a c t i o n  a c r o s s  m u l t i p l e  

j o i n t s  to  p r o v i d e  a c c e l e r a t i o n ,  d e c e l e r a t i o n ,  m a i n t a i n  v e l o c i t y  o r  c h a n g e  d i r e c t i o n  o f  

the  b o d y  m a s s  is cr i t i ca l  in m a n y  s p o r t s .  D e p e n d i n g  u p o n  t h e  s p o r t ,  th i s  w o r k  m a y  

b e  r e q u i r e d  i n s t a n t a n e o u s l y ,  c o n t i n u o u s l y  f o r  s e v e r a l  s e c o n d s ,  o r  i n t e r m i t t e n t l y  f o r  

s e v e r a l  m i n u t e s .  T h e  a m o u n t  o f  p h y s i c a l  w o r k  c o m p l e t e d  in a  g i v e n  u n i t  o f  t i m e  i s  

t e r m e d  p o w e r  ( K n u t t g e n ,  1 9 7 8 ) .

T h e o r e t i c a l l y ,  a n y  i m p r o v e m e n t  in t h e  a b i l i t y  to  g e n e r a t e  f o r c e  o r  in  t h e  r a t e  

o f  f o r c e  d e v e l o p m e n t  s h o u l d  i m p r o v e  p o w e r  o u t p u t  c a p a b i l i t y  ( E d g e r t o n ,  1 9 8 6 ) .  

C o n s e q u e n t l y ,  the p e r i o d i z e d  t r a in i n g  p l a n s  o f  m a n y  s p o r t s ,  s u c h  a s  a l p i n e  s k i i n g  a n d  

i c e  h o c k e y ,  s e q u e n c e  a g e n e r a l  s t r e n g t h  t r a i n i n g  p h a s e ,  to i m p r o v e  f o r c e  d e v e l o p m e n t  

in m u s c l e ,  pr ior  to  a  s p e e d  o r  p o w e r  t r a in i n g  p h a s e  d e s i g n e d  to  i m p r o v e  t h e  rat e  o f  

f o r c e  d e v e l o p m e n t .  S t r e n g t h  t r a in i n g  h a s  b e e n  w e l l  i n v e s t i g a t e d  a n d  it i s  k n o w n  that  

s t r e n g t h  i m p r o v e m e n t  o c c u r s  d u e  to b o t h  m u s c u l a r  a n d  neura l  a d a p t a t i o n s  ( M o r i t a n i  &  

D e V r i e s ,  1 9 7 9 ;  S a l e  &. M a c D o u g a l l ,  1 9 8 1 ;  K o m i ,  1 9 8 6 ) .  L e s s  i s  k n o w n  a b o u t  t h e  

i n f l u e n c e  o f  s t r e n g t h  o n  p o w e r .

In u n t r a i n e d  m u s c l e ,  s t r e n g t h  g a i n s  in the  fi rs t  s i x  w e e k s  o f  a  t r a i n i n g  p r o g r a m  

h a v e  b e e n  a t t r ibute d  p r i m a r i l y  to i n c r e a s e d  m a x i m a !  a c t i v a t i o n  o f  m u s c l e  d u e  to  

c h a n g e s  in  neural  f a c t o r s  w h i c h  m a y  i n c l u d e  an i n c r e a s e d  n u m b e r  a n d  f r e q u e n c y  o f  

m o t o r  n e u r o n s  f i r i n g  ( M o r i t a n i  & D e V r i e s ,  1 9 7 9 )  a n d  i n c r e a s e d  m o t o r  u n i t  

s y n c h r o n i z a t i o n  ( M i l n e r - B r o w n  e t  a l .  1 9 7 5 ) .  P o s s i b l e  e x p l a n a t i o n s  f o r  t h e s e  c h a n g e s  

i n c l u d e  i n c r e a s e d  s e n s o r y  i n p u t  to  th e  d e n d r i t e s  o f  a l p h a - m o t o n e u r o n e s  a n d  i n c r e a s e d  

d e s c e n d i n g  a c t i v i t y  f r o m  h i g h e r  m o t o r  c e n t r e s  ( K o m i ,  1 9 8 6 ) .

B o t h  e l e c t r o p h y s i o l o g i c a l  a n d  m e t a b o l i c  p r o p e r t i e s  o f  m o t o n e u r o n e s  a r e  

c o n s i s t e n t  w i t h  the p r o p e r t i e s  o f  the t y p e  o f  m u s c l e  f i b e r  t h e y  i n n e r v a t e  s u g g e s t i n g  a  

d e g r e e  o t  p l a s t i c i t y  in the m o t o n e u r o n e  i t s e l f .  S l o w  m o t o n e u r o n e s  h a v e  l o w e r  

m a x i m a l  t i r i n g  rat es  and  a x o n a l  c o n d u c t i o n  v e l o c i t i e s  but  g r e a t e r  e x c i t a b i l i t y  a n d  

f a t i g u e  r e s i s t a n c e  th an  fast m o t o n e u r o n e s  ( G a r d i n e r ,  1 9 9 1 ) .  T h e y  a l s o  v a r y  in the i r
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l e v e l s  o f  e n e r g e t i c  e n z y m e s  in a  m a n n e r  s i m i l a r  to the m u s c l e  f ib ers  t h e y  i n n e r v a t e  

( I s h i h a r a ,  1 9 8 8 ) .  T h e s e  d i f f e r e n c e s  in the  p r o p e r t i e s  o f  m o t o n e u r o n e s  f r o m  d i f f e r e n t  

m o t o r  u n i t  t y p e s  m a y  i n d i c a t e  a d a p t a t i o n  that i s  s p e c i f i c  to  c h r o n i c  a c t i v i t y  l e v e l s .

T h e r e  is  s o m e  ev i d e n c e  that  in o r d e r  to  c o - o r d i n a t e  o p t i m u m  f u n c t i o n i n g  o f  the 

m o t o r  u ni t  a s  a  w h o l e  th e  e l e c t r o p h y s i o l o g i c a l  a c t i v i t y  o f  m o t o n e u r o n e s  c h a n g e s  in 

c o n j u n c t i o n  w i t h  m u s c l e  w h e n  e x p o s e d  to a l t e r e d  f u n c t i o n a l  d e m a n d s .  F o r  e x a m p l e ,  

i m m o b i l i z a t i o n  o f  the c a t  s o l e u s  l e a d s  to a s l o w  to  fast m y o s i n  t r a n s f o r m a t i o n .  T h i s  

c h a n g e  is  a c c o m p a n i e d  b y  a d e c r e a s e  in the  a f t e r h y p e r p o l a r i z a t i o n  r e s p o n s e  o f  th e  

m o t o n e u r o n e  w h i c h  e f f e c t i v e l y  i n c r e a s e s  its m i n i m u m - m a x i m u m  f i r ing  f r e q u e n c y  

( G a l l e g o  et  a l .  1 9 7 9 ) .  T h u s  the a l t e r e d  f o r c e - f r e q u e n c y  r e l a t i o n s h i p  o f  the  m u s c l e  

f i b r e s  a r e  m a t c h e d  b y  th e  m o t o n e u r o n e .  M e t a b o l i c  c h a n g e s  s u c h  as  i n c r e a s e d  p r o t e i n  

s y n t h e s i s  a n d  o x i d a t i v e  p o t e n t i a l  a f t e r  c h r o n i c  e n d u r a n c e  e x e r c i s e  ( G e r c h m a n  e t  al .  

1 9 7 5 )  a n d  i n c r e a s e d  o x i d a t i v e  e n z y m e  a c t i v i t i e s  a f t er  c o m p e n s a t o r y  o v e r l o a d  in both  

t h e  m u s c l e  f i b e r  a n d  m o t o n e u r o n e  ( P e a r s o n  &  S i c k l e s ,  1 9 8 7 )  a l s o  o c c u r .  T h e  

m e c h a n i s m s  o f  n e r v e / m u s c l e  c o o r d i n a t i o n  are  u n k n o w n .  C l a s s i c a l l y ,  r e - i n n e r v a t i o n  

s t u d i e s  h a v e  s h o w n  that the  m o t o n e u r o n e  i np u t  to  a m u s c l e  f i b e r  d e t e r m i n e s  

p h e n o t y p e  e x p r e s s i o n  ( K o m i ,  1 9 8 6 ) ,  h o w e v e r  m o t o n e u r o n e  c h a n g e s  h a v e  b e e n  

o b s e r v e d  to  p r e c e d e  m u s c l e  c h a n g e s  ( F o e h r i n g  e t  al .  1 9 8 7 ) .  T h e r e f o r e ,  a d a p t a t i o n  in 

n e r v e  a n d  m u s c l e  m a y  r e l y  on  b o t h  the  a m o u n t  a n d  pat tern  o f  d e p o l a r i z a t i o n  in t h e  

m o t o n e u r o n e  a s  w e l l  as  o r t h o g r a d e  a n d  r e t r o g r a d e  a x o n a l  t r an s p o r t  o f  t r o ph i c  

s u b s t a n c e s  ( G a r d i n e r ,  1 9 9 1 ) .

N e r v e  m o r p h o l o g y  and f u n c t i o n  m a y  a l s o  c h a n g e  w i t h  e x e r c i s e .  I n t e n s e  f o r c e d  

t r a i n i n g  h a s  b e e n  d e m o n s t r a t e d  to  d e c r e a s e  n e r v e  f i ber  d i a m e t e r ,  m y e l i n  a r e a  a n d  

m e a n  a x o n  d i a m e t e r  ( R o y  et  al .  1 9 8 3 ;  A n d e r s o n  &  E d s t r o m ,  1 9 5 7 )  w h i l e  v o l u n t a r y  

t r a i n i n g  ( S a m o r a j s k i  e t  a l .  1 9 7 5 )  a n d  c o m p e n s a t o r y  o v e r l o a d  ( E i s e n  et  a l .  1 9 7 3 ; W a l s h  

e t  al .  1 9 7 8 )  h a v e  e l i c i t e d  n e r v e  f i b e r  h y p e r t r o p h y .  S i n c e  n e r v e  a x o n  d i a m e t e r  is  h i g h l y  

r e l a t e d  to  n e r v e  c o n d u c t i o n  v e l o c i t y  ( N C V )  ( W a x m a n ,  1 9 8 0 )  a n y  c h a n g e  in d i a m e t e r  

w o u l d  c a u s e  a c o n c o m i t a n t  c h a n g e  in N C V  w h i c h  c o u l d  a f f e c t  th e  rate o f  f o r c e  

p r o d u c t i o n  a n d  t h e r e f o r e  m u s c u l a r  p o w e r .  In s p i n a l i z e d  c a t s ,  t h o s e  a n i m a l s  e x e r c i s e d  

f o r  1 3 - 1 4  w e e k s  had fa s te r  m o t o r  N C V  than t h o s e  not  e x e r c i s e d  ( E d g e r t o n  e t  a l .
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1 9 8 0 ) .  In h u m a n s ,  m o t o r  N C V  l ias b e e n  r e p o r t e d  to  b e  f a s t e r  in s t r e n g t h  than  

e n d u r a n c e  a t h l e t e s  ( K a m e n  et  al .  1 9 8 4 ) .  It h a s  a l s o  b e e n  r e p o r t e d  th a t  e l i t e  t rack  

sp r i n t e r s  h a v e  s l o w e r  N C V  than u n t r a i n e d  c o n t r o l s  ( U p t o n  &  R a d f o r d ,  1 9 7 5 )  w h i c h  is  

s u r p r i s i n g  s i n c e  fast  c o n d u c t i n g  m o t o r n e u r o n s  s h o u l d  t h e o r e t i c a l l y  p r o v i d e  an  

a d v a n t a g e  to s p r i n t e r s  b y  i n c r e a s i n g  the rate  o f  m u s c l e  a c t i v a t i o n .  S a l e  e t  a l .  ( 1 9 8 2 )  

fo u n d  s m a l l  ( 3 % )  but  s i g n i f i c a n t  i n c r e a s e s  in N C V  in a  g r o u p  that  u n d e r w e n t  

i m m o b i l i z a t i o n  p r i o r  to  s t r e n g t h  t r a in i n g .  O t h e r  t r a i n i n g  s t u d i e s  h a v e  s h o w n  i n c r e a s e s  

( S i n g h  et  al .  1 9 7 7 ;  U p t o n ,  1 9 7 6 )  o r  n o  c h a n g e  in N C V  ( L e h n e r t  &  W e b e r ,  1 9 7 5 ) .

T h e s e  f i n d i n g s  o n  the i n f l u e n c e  o f  t r a i n i n g  o n  n e r v e  f i b e r  d i a m e t e r  a n d  

c o n d u c t i o n  v e l o c i t y  a r e  s o m e w h a t  e q u i v o c a l .  T h i s  m a y  b e  d u e  to i n a d e q u a t e  

s ta t i s t i ca l  p o w e r  c a u s e d  b y  the  s m a l l  e f f e c t  b e i n g  i n v e s t i g a t e d  ( e g .  3 %  i n c r e a s e  in  

N C V ;  S a l e  et  a l .  1 9 8 2 )  c o m b i n e d  w i t h  the s m a l l  s a m p l e  s i z e s  u t i l i z e d  in t h e  m a j o r i t y  

o f  the  s t u d i e s  ( n <  11) .  F u r t h e r m o r e ,  w h e t h e r  a d i f f e r e n c e  in N C V  e x i s t s  b e t w e e n  

e n d u r a n c e  a n d  p o w e r  t r a in e d  a t h l e t e s  r e m a i n s  an o p e n  q u e s t i o n .

N e u r a l  a d a p t a t i o n  m a y  a l s o  o c c u r  w i t h i n  r e f l e x  a r c s  to  f a c i l i t a t e  a c t i v a t i o n  o f  

a g o n i s t  o r  i n h i b i t  a c t i v a t i o n  o f  a n t a g o n i s t  m u s c l e s  ( K a m e n  e t  a l .  1 9 8 1 ;  H a k k i n n e n  &  

K o m i ,  1 9 8 6 ;  K o c e j a  et  al .  1 9 9 1 ) .  L e a r n i n g  to c o - o r d i n a t e  t h e  a c t i v a t i o n  o f  a l l  

m u s c l e s  i n v o l v e d  d i r e c t l y  a n d  in s t a b i l i z i n g  a  m o v e m e n t  a l s o  c o n t r i b u t e s  t o  a  s t r e n g t h  

t r a in ing  e f f e c t  ( R u t h e r f o r d  &  J o n e s ,  1 9 8 6 ) .  C o m b i n e d  w i t h  t a s k  s p e c i f i c  r e c r u i t m e n t  

o f  m o t o r  uni t s  w i t h i n  a m u s c l e  ( H o f f e r  et al .  1 9 8 7 )  t h e s e  f a c t o r s  m a y  b e  r e s p o n s i b l e  

for  th e  s p e c i f i c i t y  o f  m o v e m e n t  pat tern  c o m m o n l y  o b s e r v e d  in s t r e n g t h  m o v e m e n t s  

( S a l e ,  1 9 8 8 ) .  S i m i l a r l y ,  s p e c i f i c  n eu ra l  a d a p t a t i o n  m a y  o c c u r  w i t h  s p e e d  a n d  p o w e r  

t r a in i n g  ( U p t o n  e t  a l .  1 9 7 5 ;  H a k k i n e n  et al .  1 9 8 5 ;  H a k k i n e n  &  K e s k i n e n ,  1 9 8 9 ) .

A s  s t r e n g t h  t r a in i n g  p r o c e e d s ,  m u s c l e  h y p e r t r o p h y  g r a d u a l l y  c o n t r i b u t e s  m o r e  

to s t r e n g t h  i m p r o v e m e n t  than n eu ra l  fac t o r s  ( M o r i t a n i  &  D e V r i e s ,  1 9 7 9 ;  H a k k i n n e n  

&  K o m i ,  1 9 8 6 ) .  M u s c l e  h y p e r t r o p h y  s u b s e q u e n t  to s p r i n t  t r a i n i n g  a l s o  o c c u r s  

( T h o r s t e n s s o n  et a l .  1 9 7 5 ;  H a k k i n n e n  &  K e s k i n e n ,  1 9 8 9 ;  C a d e f a u  e t  a l .  1 9 9 0 )  y e t  t h e  

m a g n i t u d e  o f  t h e s e  c h a n g e s  is  u s u a l l y  l e s s  than w i t h  s t r e n g t h  t r a i n i n g  ( K o m i ,  1 9 8 6 ) .  It  

is  g e n e r a l l y  a g r e e d  that th e  m a i n  c o n t r i b u t o r  to  m u s c u l a r  h y p e r t r o p h y  i s  a n  i n c r e a s e  in  

m y o f i b r i l l a r  v o l u m e  ( L u t h i  e t  al .  1 9 8 6 )  and  s o m e  e v i d e n c e  h a s  s u g g e s t e d  that  this



o c c u r s  m o r e  r e a d i l y  in t y p e  II f i b e r s  ( T h o r s t e n n s o n  et al .  197 b ;  K u n o  et al .  1 9 9 0 ) .

T h e  e x t e n t  o f  s k e l e t a l  m u s c l e  h y p e r t r o p h y  s e e m s  to b e  l i n k e d  to th e  e n h a n c e m e n t  o f  

r e p a i r  m e c h a n i s m s  s t i m u l a t e d  b y  r e p e a t e d  m u s c l e  d a m a g e  o c c u r r i n g  a s  a re s u l t  o f  

a c u t e  s t r e n g t h  t r a in i n g  s e s s i o n s .  E c c e n t r i c  e x e r c i s e  s e e m s  to  b e  e s p e c i a l l y  p o t e n t  at 

c a u s i n g  m u s c l e  d a m a g e  s i n c e  h i g h e r  f o r c e s  are  g e n e r a t e d  at  l o n g e r  m u s c l e  l e n g t h s  

t h a n  o t h e r  m o d e s  o f  c o n t r a c t i o n  ( A r m s t r o n g  et  al .  1 9 9 1 ) .  T h e s e  f a c t o r s ,  c o m b i n e d  

w i t h  u n e q u a l  l e n g t h e n i n g  o f  s a r c o m e r e s  e l i c i t i n g  f o r c e  m i s m a t c h e s  w i t h i n  the  m u s c l e  

( F r i d e n  e t  al .  1 9 9 2 ) ,  a p p e a r  to o v e r l o a d  the  c y t o s k e l e t o n  a n d  c a u s e  f oc a l  d i s r u p t i o n s  

in m u s c l e  u l t r a s t r u c t u r e .  T h e  c y t o s k e l e t a l  d i s r u p t i o n s  o r  m e t a b o l i c  d i s t u r b a n c e s  

( d e c r e a s e d  A T P )  m a y  a l s o  d a m a g e  the  s a r c o p l a s m i c  r e t i c u l u m  a n d  s a r c o l e m m a  ( B y r d ,  

1 9 9 2 )  l e a d i n g  to  a  d i s r u p t i o n  in c a l c i u m  h o m e o s t a s i s .  I n c r e a s e d  i n t r a c e l l u l a r  c a l c i u m  

c a u s e s  f u r t h e r  m u s c u l a r  d e g r a d a t i o n  b y  a c t i v a t i n g  a v a r i e t y  o f  p r o t e a s e s  and  

p h o s p h o l i p a s e s  ( A r m s t r o n g ,  1 9 9 1 ) .

M e c h a n i s m s  to  r e p a i r  this  e x e r c i s e  i n d u c e d  m u s c l e  d a m a g e  a r e  s t i m u l a t e d  

w i t h i n  h o u r s  ( C l a r k s o n ,  1 9 9 2 ;  S m i t h ,  1 9 9 2 ) .  N e u t r o p h i l s  f o l l o w e d  b y  m o n o c y t e s  

m i g r a t e  to  th e  d a m a g e d  a r e a s  a n d  a c t  to  p h a g o c y t i z e  p a t h o g e n s  a n d  t i s s u e  d e b r i s  a n d  

r e l e a s e  a n  a r r a y  o f  c y t o t o x i c  f a c t o r s .  T h e  m o n o c y t e s  d i f f e r e n t i a t e  t o  b e c o m e  

m a c r o p h a g e s  a n d  s e c r e t e  f i b r o n e c t i n  a n d  p r o t e o g l y c a n s  that  h e l p  s t a b i l i z e  the  

e x t r a c e l l u l a r  m a t r i x  a n d  p r o m o t e  c e l l  a d h e s i o n .  T h e y  a l s o  r e l e a s e  t h e  c y t o k i n e s  

i n t e r l e u k i n - 1  a n d  t u m o u r  n e c r o s i s  f a c t o r  ( E v a n s  &  C a n n o n ,  1 9 9 1 ) .  I n t e r l e u k i n - 1  

a c t i v a t e s  th e  ac t i t e  p h a s e  r e s p o n s e  w h i c h  fur t he r  ac t s  to  d i s r u p t  m e m b r a n e s  o f  n o n - s e l f  

c e l l s  a n d  p r o v i d e  a  p o o l  o f  a m i n o  a c i d s  for  c y t o k i n e - a c c e l e r a t e d  rates  o f  h e p a t i c  

p r o t e i n  s y n t h e s i s  ( E v a n s  &  C a n n o n ,  1 9 9 1  ; S m i t h ,  1 9 9 2 ) .  B o t h  t r a n s c r i p t io n  a n d  

t r a n s l a t i o n  o f  m y o f i b r i l  p r o t e i n s  i n c r e a s e  a f t e r  e x e r c i s e  i n d u c e d  m u s c l e  d a m a g e  

( G o l d s p i n k ,  1 9 9 1 ;  R u s s e l l  e t  a l .  1 9 9 2 )  a n d  n e w  c o n t r a c t i l e  p r o t e i n s  a r e  a d d e d  to the  

p e r i p h e r y  o f  m y o f i b r i l s  c r e a t i n g  l a r g e r  m y o f i b r i l s  w i t h o u t  a l t e r i n g  f i l a m e n t  p a c k i n g  

d e n s i t y  o r  c r o s s b r i d g e  s p a c i n g  ( M a c D o u g a l l ,  1 9 9 1 ) .  M y o f i b r i l  n u m b e r  a l s o  i n c r e a s e s  

v i a  l o n g i t u d i n a l  s p l i t t i n g  o f  e x i s t i n g  m y o f i b r i l s  ( G o l d s p i n k ,  1 9 7 0 ;  1 9 7 4 ) .  T h u s  

h y p e r t r o p h y  s e e m s  to  b e  the  p r i m a r y  m e c h a n i s m  b y  w h i c h  s k e l e t a l  m u s c l e  a d a p t s  to 

f o r c e  o v e r l o a d  s o  that  it is m o r e  re s i s t ant  to d a m a g e .
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C o n t r o v e r s i a l  e v i d e n c e  l ias a l s o  b e e n  p r e s e n t e d  s u p p o r t i n g  an  i n c r e a s e  in  th e  

n u m b e r  o f  m u s c l e  f ibers  ( h y p e r p l a s i a )  w i t h  l o n g  term m u s c l e  o v e r l o a d  s i n c e  

b o d y b u i l d e r s  h a v e  b e e n  r e p o r t e d  to h a v e  m o r e  m u s c l e  f i b e r s  th an  c o n t r o l s  ( L a r s s o n  &  

T e s c h ,  1 9 8 6 ) .  T h i s  c o u l d  h o w e v e r  s i m p l y  b e  a g e n e t i c  p r e d i s p o s i t i o n  in t h e s e  a t h l e t e s  

that  w a s  a  f a c tor  in the ir d e c i s i o n  to p a r t i c i p a t e  in b o d y b u i l d i n g .  T h e  d o m i n a n t  h a n d  

o f  y o u n g  h e a l t h y  a d u l t s  has  m o r e  f i b e r s  than t h e  n o n - d o m i n a n t  h a n d  h o w e v e r  

( S j o s t r o m  et al .  1 9 9 1 )  w h i c h  is  not  as  e a s i l y  e x p l a i n e d  b y  g e n e t i c  f a c t o r s  a n d  s u g g e s t s  

a  p o s s i b l e  l o n g - t e r m  h y p e r p l a s i a  e f f e c t .  T h e  d e v e l o p m e n t  o f  n e w  m y o t u b e s  in t r a in e d  

v e r s u s  u n t r a i n e d  m u s c l e  has  b e e n  i n t e r p r e t e d  a s  e v i d e n c e  for  n e w  f i b e r  f o r m a t i o n  a nd  

h y p e r p l a s i a  ( A p p e i l  et  al .  1 9 8 8 )  y e t  M a c D o u g a l l  ( 1 9 9 1 )  s u g g e s t e d  that  t h i s  c o u l d  

s i m p l y  r e p r e s e n t  1 to 1 r e p l a c e m e n t  o f  n e c r o t i c  f ib e r s .  S a t e l l i t e  c e l l  p r o l i f e r a t i o n  in  

t h e  a b s e n c e  o f  n e c r o t i c  c e l l s  h a s  b e e n  o b s e r v e d  in  c o m p e n s a t o r y  h y p e r t r o p h y  

( K e n n e d y  et al .  1 9 8 8 )  t h e r e f o r e  the e x i s t e n c e  o f  a  m e c h a n i s m  f o r  h y p e r p l a s i a  i s  

p o s s i b l e .

C n z y m a t i c  c h a n g e s  w i t h i n  the m u s c l e  d u e  to s t r e n g t h  t r a i n i n g  h a v e  b e e n  

r e p o r t e d .  M y o f i b r i l l a r  a d e n o s i n e  t r i p h o s p h a t a s e  ( A T P a s e )  a c t i v i t y  m a y  d e c r e a s e  

( T e s c h  et  al .  1 9 8 7 ) ,  r e m a i n  th e  s a m e  ( T h o r s t e n s s o n  et al .  1 9 7 6 ;  H o u s t o n  e t  a l .  1 9 8 3 ;  

T e s c h  e t  a l .  1 9 9 0 )  o r  i n c r e a s e  ( H r i k s s o n  e t  al .  1 9 8 1 )  a n d  i n c o n s i s t e n t  f i n d i n g s  in t h e  

a c t i v i t i e s  o f  m e t a b o l i c  e n z y m e s  s u b s e q u e n t  to s t r e n g t h  t r a i n i n g  a l s o  e x i s t  ( H o u s t o n  e t  

al .  1 9 8 3 ;  T h o r s t e n s s o n  e l  al .  1 9 7 6 ;  T e s c h  et al .  1 9 9 0 ;  C h a l m e r s  e t  a l .  1 9 9 1 ) .  T e s c h  

( 1 9 9 1 )  s u g g e s t e d  that m u s c l e  h y p e r t r o p h y  i n d u c e d  b y  h e a v y - r e s i s t a n c e  l o w - r e p e t i t i o n  

r e g i m e n s  c a n  e f f e c t i v e l y  d e c r e a s e  m u s c l e  e n z y m e  a c t i v i t i e s  v i a  a  d i l u t i o n  e f f e c t .  T h i s  

s e e m s  t e n a b l e  s i n c e  the s t i m u l u s  f or  m u s c l e  h y p e r t r o p h y  ( m u s c l e  d a m a g e )  c o u l d  e a s i l y  

b e  p r e s e n t  w i t h o u t  a s t i m u l u s  fo r  m e t a b o l i c  e n z y m e  a d a p t a t i o n  ( h i g h  m e t a b o l i c  f l u x ) .

A c u t e  b o u t s  o f  s t r e n g t h  t r a in i n g  r e d u c e  t h e  c o n c e n t r a t i o n s  o f  A T P  a n d  c r e a t i n e  

p h o s p h a t e  ( C P )  in m u s c l e  ( T e s c h ,  1 9 8 9 ) .  T h i s  m a y  p r o v i d e  an  a d a p t i v e  s t i m u l u s  in  

m u s c l e  f o r  i n c r e a s e d  s t o r a g e  o f  t h e s e  s u b s t r a t e s .  I n d e e d ,  i n c r e a s e s  in t h e  m u s c l e  

c o n c e n t r a t i o n : ;  o f  A  FP,  a d e n o s i n e  d i p h o s p h a t e ,  c r e a t i n e ,  c r e a t i n e  p h o s p h a t e  a nd  

g l y c o g e n  ( M a c D o u g a l l  et  al .  1 9 7 7 )  h a v e  b e e n  r e p o r t e d  w i t h  s t r e n g t h  t r a i n i n g  b u t  in 

s o m e  c a s e s  n o  c h a n g e s  h a v e  o c c u r r e d  ( T e s c h  e t  a l .  1 9 9 0 ) .
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S p r in t  o r  p o w e r  tr a in in g  m a y  e l i c i t  i n c r e a s e s  in m y o f i b r i l l a r  A T P a s e  

( T h o r s t e n n s o n  e t  al .  1 9 7 5 ) ,  c r e a t i n e  k i n a s e ,  m y o k i n a s e  ( T h o r s t e n n s o n  el  al .  1 9 7 5 ;  

C a d e f a u  et  al .  1 9 9 0 )  a n d  e n z y m e s  a s s o c i a t e d  wi t h  g l y c o l y s i s  ( C a d e f a u  et al .  1 9 9 0 ) .  in 

g e n e r a l ,  s p r i n t  t r a in i n g  c a u s e s  l e s s  h y p e r t r o p h y  than s t r e n g t h  t r a in i n g  ( K o m i ,  1 9 8 b )  but  

m e t a b o l i c  f l u x  s h o u l d  b e  h i g h e r .  T h e s e  t w o  fac t o r s  c o u l d  a c c o u n t  for  the  m o r e  

c o n s i s t e n t  o b s e r v a t i o n s  o f  i m p r o v e m e n t s  in m e t a b o l i c  e n z y m e  a c t i v i t i e s  w i t h  sprint  

v e r s u s  s t r e n g t h  t r a in i n g .  A c u t e  s p r i n t  e x e r c i s e  a l s o  c a u s e s  d e c r e a s e s  in m u s c l e  

g l y c o g e n ,  A T P  a n d  C P  ( J a c o b s  et al .  1 9 8 3 )  h o w e v e r  n o  i n c r e a s e  in m u s c l e  

c o n c e n t r a t i o n  o f  A T P  a n d  C P  ( T h o r s t e n n s o n  et al .  1 9 7 5 ) ,  but  i n c r e a s e s  in m u s c l e  

g l y c o g e n  c o n t e n t  ( C a d e f a u  et al .  1 9 9 0 )  h a v e  b e e n  r e p o r t e d  s u b s e q u e n t  to  spr int  

t r a in i n g .

T h e  i m p a c t  o f  s t r e n g t h  t r a in i n g  o n  s p r i n t / p o w e r  p e r f o r m a n c e  has  n o t  b e e n  

e x t e n s i v e l y  s t u d i e d .  B o t h  s l o w  a n d  fast v e l o c i t y  i s o k i n e t i c  t o r q u e  h a s  b e e n  p o s i t i v e l y  

r e la t ed  t o  r o w i n g  ( B e l l  e t  al .  1 9 8 9 )  a n d  c y c l i n g  a n a e r o b i c  p o w e r  ( S m i t h ,  1 9 8 7 )  as  w e l l  

as  4 0  m  run t i m e  ( A n d e r s o n  et a l .  1 9 9 1 ) .  B e l l  e t  al .  ( 1 9 8 9 )  r e p o r t e d  n o  c h a n g e  in 15 

or  9 0 s  a n a e r o b i c  p o w e r  v a l u e s  a f t e r  f i v e  w ' ee ks  o f  i s o k i n e t i c  t r a i n i n g  h o w e v e r .  A s  

t h e s e  i n v e s t i g a t o r s  h y p o t h e s i z e d ,  thi s  m a y  b e  d u e  to the  a n a e r o b i c  r o w i n g  tes t  

i n v o l v i n g  a m o r e  c o m p l e x  m o v e m e n t  pa t t e rn  than u t i l i z e d  in s t r e n g t h  t r a in i n g  a n d / o r  

i n s u f f i c i e n t  s t r e n g t h  t r a in i n g  d u r a t i o n .  A s  w e l l ,  d i f f e r e n c e s  in th e  c e nt ra l  a c t i v a t i o n  o f  

the m o t o r n e u r o n e  p o o l  in m o v e m e n t  a n d  f o r c e  tasks  m a y  c a u s e  d i f f e r e n c e s  in the  c o ­

o r d i n a t i o n  o f  s y n e r g i s t i c  m u s c l e s  ( T a x  et  al .  1 9 9 0 )  w h i c h  w o u l d  a c c o u n t  f o r  a  l a c k  o f  

s t r e n g t h  t r a n s f e r  to a n a e r o b i c  p o w e r .  N e v e r t h e l e s s ,  P e t e r s e n  et  al .  ( 1 9 8 4 )  s h o w e d  

c h a n g e s  in 3 0  s a n a e r o b i c  p o w e r  o n  the  c y c l e  e r g o m e t e r  a f t er  f i v e  w e e k s  o f  i s o k i n e t i c  

s t r e n g t h  t r a i n i n g .  C o n t r a r y  to the s t u d y  b y  B e l l  e t  al .  ( 1 9 8 9 )  w h e r e  th e  a n a e r o b i c  

p o w e r  o f  s k i l l e d  r o w e r s  w a s  t e s t ed  o n  a r o w i n g  e r g o m e t e r ,  the  s u b j e c t s  in th i s  s t u d y ,  

s w i m m e r s ,  w e r e  not  p r e v i o u s l y  t r a ined  in th e  m o v e m e n t  used  fo r  a n a e r o b i c  p o w e r  

t e s t i n g .  It i s  t h e r e f o r e  p o s s i b l e  that s t r e n g t h  t r a in i n g  c a u s e d  n e u r a l  a d a p t a t i o n  in th e  

s w i m m e r s  w h i c h  i m p a c t e d  a n a e r o b i c  p o w e r  to  a g r e a t e r  e x t e n t  than w o u l d  h a v e  b e e n  

p o s s i b l e  i f  t h e y  w e r e  a l r e a d y  tra ined  in c y c l i n g .  H o w e v e r ,  the  i n f l u e n c e  o f  s t r e n g t h  

t r a in i n g  o n  a n a e r o b i c  p o w e r  r e m a i n s  e q u i v o c a l .
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D e s p i t e  s i m i l a r i t i e s  in neural  and  m u s c u l a r  a d a p t a t i o n  to  s t r e n g t h  a n d  p o w e r  

e x e r c i s e  it m a y  b e  h y p o t h e s i z e d  that  p r ior  s t r e n g t h  t r a i n i n g  m a y  n o t  h a v e  an  

i m m e d i a t e  e f f e c t  tin a n a e r o b i c  p o w e r  s i n c e  n o  t i m e  f o r  s p e c i f i c  n eu ra l  a d a p t a t i o n  h a s  

o c c u r r e d .  A s  an e x c e p t i o n  to th is ,  i f  s t r en gth  w a s  t r a in ed  u s i n g  a  c o m p l e x  m o v e m e n t  

s i m i l a r  to  that  for  w h i c h  p o w e r  w a s  r e q u i r e d  th e n  t h e r e  m a y  b e  a  m o r e  c o m p l e t e  

p o w e r  t r ans f e r .  It m a y  a l s o  b e  h y p o t h e s i z e d  that  p o w ' e r  t r a i n i n g  w o u l d  b e  m o r e  

s u c c e s s f u l  a f t e r  a  p e r i o d  o f  s t r e n g t h  t r a in i ng  s i n c e  a n  i m p r o v e d  q u a l i t y  o r  q u a n t i t y  o f  

m u s c l e  c o u l d  th e n  b e  t r a ined  n e u r a l l y  to c o n t r a c t  fa s t e r .  N o  r e s e a r c h  i n v e s t i g a t i n g  

t h e s e  h y p o t h e s e s  h a s  b e e n  r e p o r t e d .
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