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Abstract 

The purpose of the study was to determine the contributions of training volume 

that varied the time under tension (TUT) or the volume load (mechanical work) on acute 

neuromuscular responses using a consistent load. Eighteen resistance-trained males 

performed 3 fatiguing protocols of dynamic constant external resistance (DCER) elbow 

flexions. The fatiguing protocols manipulated either concentric TUT or volume load with 

respect to protocol A; protocol B involved the same volume load under 2% times less 

concentric TUT and protocol C involved performing half the volume load under equal 

TUT. The initial study (El) measured maximal voluntary isometric contraction (MVIC) 

following 1 min of recovery. A second experiment (E2) (N = 1 O), which measured MVIC 

immediately following the same fatiguing protocols, was conducted to examine the 

effects of 1 min rest on MVIC. Reduction of immediate post MVIC was significantly (p 

< 0.05) greater than after 1 min of rest. Protocol A resulted in significantly (p < 0.05) 

greater force decrements than B (El & E2) and C (E2). No significant interactions were 

detected between neural measures (interpolated twitch technique [El] & integrated 

electromyography [E2]), whereas peripheral measures (blood lactate & twitch contractile 

properties [El]) were influenced by training volume. It was concluded that the 

mechanisms of fatigue were peripheral in origin and increasing TUT or volume load 

produced greater fatigue. 





Table of Contents 

. . ............................................................................................. Abstract. ..A 

................................................................................... Table of Contents.. iv 

......................................................................................... List of Tables.. v 

....................................................................................... List of Figures. .vi 

... .............................................................................. Acknowledgements. .viii 

. . ........................................................................................... Dedication. .ix 

........................................................................................... Introduction.. 1 

.............................................................................................. Methods. 10 

............................................................................................... Results. .24 

.......................................................................................... Discussion. -3 7 

........................................................................................ Conclusion.. S 2  

.......................................................................................... References. .53 

............................................................... Appendix A: Review of literature. .60 

......................................................................... Appendix B: Raw Data.. ..92 

................................................................ Appendix C: Statistical Analysis. .96 

...................................................... Appendix D: Participant Consent Form.. .10 1 



v 

List of Tables 

Table 1 : Mean (SD) Participant Characteristics. ................................................ 10 

Table 2: Repetition Scheme for Three Fatiguing Protocols.. .................................. 1 1 

Table B 1 : Experiment 1 : Pre, Post, and Percent Difference 

Mean k SEM Values for each Dependent Variable of Fatiguing 

Protocols A, B, and C.. ........................................................................... -93 

Table B2: Experiment 2: Pre, Post, and Percent Difference 

Mean k SEM Values for Each Dependent Variable of Fatiguing 

Protocols A, B, and C.. ........................................................................... -94 

Table B3: Pre, Post, and Percent Difference of Mean k SEM 

MVIC of Fatiguing Protocols A, B, and C of 10 participants 

.................................................................................. of both Eland E2.. 95 

Table C 1 : Experiment 1 : Analysis of Variance with Repeated 

Measures (2-way, within subjects) forMean Percent Difference, 

from Pre to Post, of Each Dependent Variable.. ....................................... 

Table C2: Experiment 2: Analysis of Variance with Repeated 

Measures (2-way, within subjects) forMean Percent Difference, 

from Pre to Post, of Each Dependent Variable.. .................................... 

Table C3: Analysis of Variance with Repeated Measures 

(2-way, within subjects) for Pre, Post, and Percent Difference 

of MVIC from 10 Participants that participated in both El and E2.. ....................... .99 

Table C4: Paired t-tests for All Variables That Achieved a 

Significant F-Value Across the Fatiguing Protocols (A, B, & C) 

for El, E2, and 10 Participants of Both E 1 and E2. ......................................... -100 



List of Figures 

Figure 1 : Timeline of familiarization session.. ................................................ .12 

Figure 2: Testing timeline for experiment 1 ....................................................... 13 

Figure 3: Testing timeline for experiment 2.. ..................................................... 14 

Figure 4: Body position on the modified preacher curl 

apparatus from the side (a) and front (b). ........................................................ 17 

Figure 5: Raw data of the interpolated twitch technique 

of a participant during a 25% of MVIC isometric 

contraction with 3 doublet twitches interspaced by 1.5 s.. .................................... 19 

Figure 6: Pre fatigue IT ratio-voluntary force relationship 

of the elbow flexors for an individual participant.. ........................................... ..20 

Figure 7. Time to peak twitch, peak twitch, and half relaxation 

time measurements on a single twitch elicited during rest.. ................................. .22 

Figure 8: Maximal voluntary isometric contraction 

measured, during E 1, pre and 1 min post completion 

........................................................................ of each fatiguing protocol. -27 

Figure 9: Maximal voluntary isometric contraction 

measured, during E2, pre and immediately post 

completion of each fatiguing protocol. .......................................................... .28 

Figure 10: Maximal voluntary isometric contraction, 

of the 10 participants of El and E2, measured immediately 

and 1 min post completion of each fatiguing protocol.. ...................................... .29 

Figure 1 1 : Muscle iEMG activity measured, during E2, 

pre and immediately post completion of each fatiguing protocol.. .......................... .30 



vii 

Figure 12: Blood lactate levels measured, during E 1, 

pre and 5 min post completion of each fatiguing protocol.. .................................. .3 1 

Figure 13 : Peak twitch forces measured, 

during El, pre and post completion of each fatiguing protocol.. ............................ ..32 

Figure 14: Time to peak twitch measured, during El, 

pre and post completion of each fatiguing protocol.. ......................................... ..33 

Figure 15: Half relaxation time measured, during El, 

.......................................... pre and post completion of each fatiguing protocol.. .34 

Figure 16: Mean rate of time to peak twitch measured, 

during El, pre and post completion of each fatiguing protocol.. .............................. 35 

Figure 17: Mean rate of half relaxation time measured, 

during El, pre and post completion of each fatiguing protocol.. ............................ .36 



. . . 
Vll l  

Acknowledgements 

I would like to recognize many people for their assistance. I must thank my 

supervisor Dr. David Docherty for all the help he has given me. His guidance throughout 

the years was invaluable. I would like to acknowledge my committee for all their help 

and direction. I want to thank Dan Robbins and Tyler Goodale not only for their help but 

also for their friendship. I must thank my brother Van Tran for lending his artistic talents 

to the thesis. A special thanks to Norma Alison for all her behind-the-scene work. Last 

but not least, I would like to thank all the participants of the study for their time, sweat, 

and blood! 



Dedication 

This thesis is dedicated to my father and mother. Without them, I would not have 

achieved my present goals nor have the strength to pursue future ones. I am forever 

indebt of their continuing love and support. 



Introduction 

Resistance training is an effective method for developing muscular strength and 

hypertrophy. However, the optimal resistance training program remains elusive. The 

difficulty in optimizing a resistance training program may be due to its complex nature, 

which can be attributed to many variables, and the interaction of these variables, such as 

training load, volume, frequency, intra-sessional work to rest ratios, fatigue, and order of 

exercises. Of the above variables, volume is considered to be one of the most influential 

(Tan, 1999). Training volume is considered to be an important variable in hypertrophic 

adaptations (Bloomer & Ives, 2000) and has been shown to influence strength (Berger, 

1962; Kraemer, 1997; Sclumberger, Stec, & Schmidtbleicher, 2001); however, other 

studies have failed to show a relationship between training volume and muscular 

adaptations (Hass, Garzarella, De Hoyos, & Pollock, 2000; Ostrowski, Wilson, 

Weatherby, Murphy, & Lyttle, 1997; Starkey et al., 1996). Thus, the optimal volume of 

training necessary to elicit maximal muscular strength or hypertrophy remains 

controversial (see appendix A). 

A common criticism of studies investigating the effects of training volume is the 

lack of control regarding other variables such as load and contraction velocity. The 

absence of control for these variables may be attributed to the discrepancy in the 

definition of volume. One method for determining training volume is to measure the total 

number of repetitions completed during a specified duration (day, week, or month). Due 

to the simplicity of quantifymg repetitions, this method has been widely utilized 

(Carpinello & Otto, 1998). 



An alternative method for calculating volume is to prescribe volume in regard to 

the amount of work performed. Mechanical work is calculated by multiplying the force 

required to move the load, or resistance, by the distance traveled by the load. With the 

assumption that all repetitions are performed with the same range of motion, repetitions 

may be substituted for distance. Therefore, work may be approximated by multiplying the 

load by the number of repetitions (for dynamic contractions only) and is ofien referred to 

as "volume load" (Stone et al., 1999). Determining the volume load may be a superior 

method of calculating volume because it recognizes that the load is also a contributing 

factor to volume. However, this method does not define the load and repetitions because 

similar volume loads may be obtained fiom lifting different loads. 

Potential discrepancies may arise between comparable prescribed volumes, using 

either method, if the time under tension (TUT) is unequal. To prevent such discrepancies, 

volume may also be defined by the cumulative time that the muscles are under tension 

during a training session. In order to quantify volume by TUT during dynamic training 

protocols, load and contraction velocities of the concentric, isometric, and eccentric 

phases of the repetition must also be factored in. Few studies have directly manipulated 

TUT as a training variable nor compared the separate influences of TUT and volume load 

on neuromuscular adaptations. Thus, the influences of TUT are unknown. 

Training studies that have varied TUT by manipulating contraction velocities 

during resistance training programs have produced equivocal results. Wescott et al. 

(2001) found that subjects performing slow tempo (ST) training significantly improved 

mean strength compared to subjects training with regular tempo (RT) (1 2.0 & 8.0 kg, 

respectively). The data suggest that the greater concentric TUT (2% times greater) 



experienced by the ST group might have contributed to the greater strength 

enhancements. However, Keeler, Finkelstein, Miller, and Fernhall (2001), using a similar 

experimental design to Westcott et al., found RT (39%) to be a superior protocol than ST 

(1 5%) training in regard to strength enhancement. 

The above studies illustrate the general problem of studies that manipulate TUT. 

Consistency between training loads is difficult to maintain because performing 

movements at a relatively slower tempo reduces the ability to maintain the same number 

of repetitions (Keogh, Wilson, & Weatherby, 1999). The ineffectiveness of the ST group 

in the study by Keller et al. (2001) may be the result of the lower training intensity 

(50%1RM) that was used compared to the RT group (80%1RM). Wescott et al. (2001) 

found that the greater concentric TUT experienced by the ST group was related to greater 

strength adaptations. However, it was not clear whether TUT had a greater influence than 

volume load because the training load for both groups were not normalized between 

protocols. More studies are needed that directly manipulate TUT as a training variable 

and equate different protocols for load. 

Neuromuscular fatigue is often the result of resistive-type exercises and may 

provide insight into the acute effects of various training protocols. Fatigue is defined as a 

temporary reduction in force generating capabilities (Kent-Braun, 1999). The 

development of fatigue may be of central or peripheral origin. Central, or neural, fatigue 

refers to all processes proximal to and including the neuromuscular junction (NMJ). 

Peripheral fatigue includes any disruptions in force generating capacities that lie distal to 

the NMJ such as impairment to excitation-contraction properties (Green, 1988). 



The effects of manipulating volume have been shown to influence the acute 

fatigue response ( H a i n e n  & Pakarinen, 1993). Furthermore, fatigue has been 

implicated in the development of long-term strength adaptations. Rooney, Herbert, and 

Balnave (1994) found that six weeks of training using an exercise protocol that induced 

twice as much fatigue, as another protocol, resulted in significantly greater strength 

enhancements. These results agree with Schott, McCully, and Rutherford (1 995) who 

observed similar findings during a 14 week study. They found that training with 

continuous tension resulted in greater fatigue and greater strength enhancements 

compared to a protocol that only differed in greater rest periods. These findings suggest 

that processes associated with fatigue also augment strength adaptations. Therefore, 

training protocols that influence the acute fatigue response might also affect the long- 

term development of muscular adaptations. 

Few studies have investigated the effects of TUT on the acute fatigue response. 

Behrn and St-Pierre (1 997) investigated the effects of contraction duration on fatigue. 

Quadriceps and plantar flexor muscles were studied during long (1 9 min 30 s) and short 

(4 min 17 s) submaximal isometric exercises. Irrespective of muscle type, the long 

duration exercise resulted in greater muscle inactivation (12.0%) than the short duration 

protocol (5.8%) when averaged over the recovery period. The decrease in neural drive 

was considered to be dependent on duration. 

However, the influence of duration on muscle activation is less clear during 

dynamic constant external resistance (DCER) protocols and when the total TUT is under 

3 minutes. Behm, Reardon, Fitzgerald, and Drinkwater (2002) observed similar neural 

deficits following a single set of DCER elbow flexion utilizing either a 5, 10, or 20RM 



load. The TUT of the 5, 10, and 20RM protocols were 35,70, 140s, respectively. The 

researchers suggested that greater TUT, similar to Behm and St. Pierre (1997), was 

necessary to produce different degrees of activation. However, the contractile properties 

(peak twitch, time to peak twitch, and half relaxation time) were observed to be 

significantly altered by the 20RM protocol suggesting that TUT might influence the 

peripheral components of fatigue. 

Regan and Potteiger (1 999) also supported TUT as a contributing factor to acute 

peripheral adaptations. Utilizing an isokinetic protocol, subjects performed 20 leg 

extensions on a dynamometer at various velocities (1.05,2.09, and 5.23 rad-s-') resulting 

in different durations of TUT (12,30,60s). The strength athletes that were subjected to 

greater TUT had a significantly greater blood lactate concentration. Blood lactate 

accumulates during anaerobic metabolism necessary to fuel intensive short-term 

activities, such as resistance training, and is often used as a marker of peripheral 

processes (Kent-Braun, 1999; MacDougall et al., 1999). The accumulation of blood 

lactate might allow for inferences into muscular adaptations regarding specific training 

protocols. H a i n e n  and Pakarinen (1993) found a high correlation between blood lactate 

accumulation and human growth hormone secretion and have suggested that blood lactate 

might be an indicator of training intensities. 

The early phase of strength development is often attributed to neural processes, 

whereas the subsequent strength enhancements are a result of peripheral adaptations 

(Tan, 1999). It has been suggested that acute peripheral fatigue during resistance training 

contributes to the development of hypertrophy (Schott et al., 1995). If peripheral 

adaptations are an important factor in strength development and TUT is an important 



variable which influences peripheral responses, then further studies are necessary to 

determine the extent to which TUT contributes to acute and long-term neuromuscular 

responses. 

Statement of the problem and purpose 

Presently, the majority of studies and training programs prescribe volume using 

the volume load method. However, without acknowledgement of TUT, it is uncertain 

whether these studies or programs can confidently suggest that volume is equated. If 

discrepancies can occur using volume load, stricter protocols for volume are necessary. 

Time under tension is considered an alternative method for determining volume. Few 

studies have directly examined TUT on DCER training and currently no study has 

directly compared the effects of TUT and volume load on acute fatigue. Thus, the relative 

influences of TUT on strength, hypertrophy, and fatigue are unclear. If long-term 

enhancements of muscular strength and hypertrophy are related to the volume of training, 

resistance programs should be planned to optimize the volume. The first step to 

answering this question is to identify the acute physiological effects of various methods 

of determining volume, such as TUT and volume load. The purpose of the study was to 

determine the contributions of TUT and volume load on acute neuromuscular responses 

following single arm elbow flexions performed with a consistent load. 



Research questions 

Did equal TUT under different volume load result in similar magnitude of 

fatigue? 

Did equal volume load under different of TUT result in similar magnitude of 

fatigue? 

Did TUT or volume load exert a greater influence on acute fatigue? 

Was there a difference in origin of fatigue (central or peripheral) when fatigue 

was incurred by either manipulating TUT or volume load? 

i. Did greater TUT or volume load result in greater central fatigue? 

ii. Did greater TUT or volume load result in greater peripheral 

fatigue? 

Operational dejhitions 

1. Fatigue: A temporary decline in force production measured by the maximal 

voluntary isometric contraction of the elbow flexors. 

2. Volume load: Training volume quantified by an approximation of mechanical 

work calculated by multiplying the number of repetitions by the load. 

3. Concentric time under tension: Training volume quantified by the total time that 

the muscles are under concentric tension. 

4. Eccentric time under tension: Training volume quantified by the total time that the 

muscles are under eccentric tension. 



5. Trained subjects: Individuals that have performed upper body resistance training 

approximately three times a week for a minimum of one year prior to beginning 

the study. 

6. Muscle activation: The extent to which a muscle is activated as measured by the 

interpolated twitch technique. 

7. Maximal voluntary isometric contraction: The greatest force that an individual is 

able to generate. 

8. 10RM: The maximal load that an individual is able to successfully arm curl ten 

times. 

Limitations and Delimitations 

Participants were male. 

Participants were trained. 

Participants were university aged. 

Ninety percent of a 1 ORM was used as the load for all fatiguing protocols. 

Peripheral fatigue was assessed using evoked contractile properties and blood 

lactate. 

Assumptions 

1. All participants provided maximal effort. 

2. The interpolated twitch techmque and integrated electromyography are valid 

measures of voluntary activation. 



3. Peak twitch, time to peak twitch, and half relation time are valid measures of 

peripheral contractile properties. 

4. Blood lactate is representative of muscle lactate. 

5. Maximal isometric strength measures will provide accurate fatigue levels induced 

from dynamic fatigue protocols. 

6. Changes in dependent values indicate changes as a result of the fatiguing 

protocols and not the result of error in measurement or effort of the subjects. 



Methods 

Subjects 

Eighteen university-aged males participated in the study. Participant 

characteristics are shown in Table 1. Experiment 1 (El) had an N of 18, whereas 

experiment 2 (E2) had an N of ten (1 0 fi-om El). All participants were strength trained 

and possessed a minimum of one year of continuous upper body resistance training. Prior 

to participation, written consent was obtained and all participants were debriefed on the 

purpose of the study and potential risks involved in participation. Approval of the study 

was granted by the University of Victoria Human Research Ethics Committee. 

Table 1 

Mean (SD) Participant Characteristics 

Experiment N Age Mass (kg) 

1 18 25.1 (3.50) 85.2 (13.2) 

2 10 25.8 (3.14) 86.5 (15.2) 

Experimental Design 

Two experiments were conducted to investigate the acute effects of varying 

training volume. Both El  and E2 utilized a similar experimental design consisting of 

three identical fatiguing protocols designed to manipulate either TUT or volume load 

(Table 2) but differed in the type and time of measurements. After satisfactory 

completion of two familiarization sessions, participants performed each fatiguing 



protocol, in random order, on separate days with approximately 48-72hrs between testing 

sessions. All participants were asked to refiain from performing any resistance training 

targeting the biceps brachii for the duration of the study. 

Table 2 

Repetition Scheme for Three Fatiguing Protocols 

Protocol Sets Repetitions Concentric Eccentric Volume Total Total 
Phase (s) Phase (s) load * Concentric Eccentric 

A 3 10 5 2 27 150 60 

B 3 10 2 2 27 60 60 

C 3 5 10 4 13.5 150 60 

Note: Asterisks (*) denotes volume load was calculated by multiplying number of 

repetitions by ninety percent (of 10RM). Example calculation of volume load for protocol 

A = 3 x 10 x 0.9 = 27. 

Familiarization Session 

As seen in Figure 1, following the initial rest period (5 min) participants 

performed a warm-up consisting of three sets of 10 repetitions of DCER elbow flexion, 

separated by 3 min rest periods, at a load of 50% of the estimated 1 ORM. All warm-ups 

during the familiarization sessions were performed using the repetition scheme of 

protocol A (see Table 2). Participants were then tested for their supramaximal stimulus 

(SMS) (see page 16). The interpolated twitch technique (ITT) (see page 17) was 

performed to familiarize the subjects with the protocol. 



Warm-up 

I SMS ITT 

Randomized order 

Figure 1. Timeline of familiarization session. 

5 min rest , 3 min , 60s , 5 min 

Testing of the 10RM was conducted 5 min post ITT. Participants performed 

single arm standing dumbbell curls of the dominant arm. Participants had their backs to 

the wall to maintain form (Lagally et al., 2002). One complete repetition consisted of 

moving the arm through the full range of elbow motion. The participants were instructed 

to maintain a supinated grip, to avoid any extraneous body movement, and keep in time 

I I 

10RM test 
Protocol A 

with a pre-set metronome throughout the test. All 1 ORM testing was performed using the 

repetition scheme of protocol A. The principal investigator supervised all 1 0RM tests to 

ensure that consistency was maintained between tests and participants. Participants 

started at an initial load of 75% of the estimated 1 RM. The load was adjusted accordingly 

by 100g - 2kg increments to ensure a 10RM was obtained. Five minute rest periods 

between lORM attempts were provided to minimize fatigue (Brandenburg, 2001). No 

participants required more than 3 attempts. 

Following the 10RM test, the remaining protocols in random order were 

performed at 50% of the 10RM. This was necessary to familiarize the participants with 

the various cadences associated with each protocol (Table 2). Five minute rest periods 

5 min 

were provided between fatiguing protocols. 

B C 

5 min 
b 



Experiment 1 testing session 

Participants received 5 min of rest upon arrival at the lab to ensure consistency 

between sessions. Following the initial rest period, an identical warm-up was performed, 

as in the familiarization session, but utilizing the repetition scheme of the fatigue protocol 

being tested to provide participants with additional practice with the timing of lifts. 

Twitch contractile properties, interpolated twitch technique, maximal voluntary isometric 

contraction (MVIC), and blood lactate were measured pre and post fatiguing protocol. 

Pre blood samples were drawn approximately 10 min after the pre ITT test to allow for 

blood lactate to return to resting levels (Metzger & Fitts, 1987). Twitch contractile 

properties were always measured immediately prior to the ITT (Figure 2). The ITT was 

administered 1 min post fatiguing protocol (Behm, Reardon, et al., 2002). Blood lactate 

levels were measured 5 min post MVIC (MacDougall et al., 1999). 

MVIC 
& 

ITT Blood lactate 

MVIC 
& 

ITT Blood lactate 

Warm-up 

5minrest. lm in ,  lOmin .3min 1 min , 4 min , 
I I b 

Fatigue protocol 

Twitch contractile properties Twitch contractile properties 

Figure 2. Testing timeline for experiment 1. 



Experiment 2 testing session 

The fatigue response in El might have been influenced by the 1 min rest period 

prior to post fatigue evaluation. This rest period was necessary to allow for measurement 

of twitch contractile properties. As a result, E2 was conducted to determine the extent of 

recovery of MVIC following 1 min of rest. Experiment 2 utilized a similar testing 

protocol to El using the same warm-up and identical fatiguing protocols. However, 

participants performed the MVIC pre and immediately following each fatiguing protocol 

(Figure 3). Electromyograrns of the biceps brachii were measured during the MVIC. 

warm-up MVIC & iEMG MVIC & iEMG 
I 

I Fatigue protocol I 

Figure 3.  Testing timeline for experiment 2. 

Fatiguing protocols 

All fatiguing protocols used the same technique and guidelines as the 10RM 

testing (see familiarization session page 1 1) but varied in the number of repetitions and 

cadence of the protocol being tested. Participants were instructed to keep in time with a 

pre-set metronome. The principal investigator supervised all fatiguing protocols to ensure 

that consistent technique was maintained between testing sessions and participants. 

The various fatigue protocols were designed to manipulate either concentric TUT 

or volume load with respect to protocol A. In protocol B participants performed the same 



volume load under 2% times less concentric TUT, whereas in protocol C participants 

performed half the volume load under equal TUT when compared to protocol A (see 

Table 2). Manipulation of the concentric phase was chosen to be consistent with other 

TUT studies (Keeler et al., 2001 ; Wescott et al., 2001). 

Ninety percent of the 10RM was used as the load for all fatiguing protocols to 

ensure the volume load was consistent between trials (Benson, 2002). All participants 

were able to complete the prescribed repetitions. 

Electromyography 

Prior to electromyography (EMG) and stimulating electrode placement, the skin 

was thoroughly prepared via sanding of the designated area followed by cleansing with 

isopropyl alcohol. Electrode placements were marked by non-permanent ink and 

participants were instructed to redraw the marks when it appeared to fade. A ground 

electrode was placed on the lateral aspect of the deltoid (Behm, Reardon, et al., 2002). 

Two surface electrodes (silver-silver chloride, 10 mm in diameter) were placed, one over 

the motor point (midbelly) of the biceps brachii and the other 2 cm superior (proximal 

one third of the biceps brachii). 

Electromyographic data was sampled at 2000Hz and analyzed at 2s of the MVIC 

for a period of 500 ms. Raw EMG was amplified (Biopac Systems Inc. EMG 100 and 

analog to digital converter, MPlOO set at 2000 gain) and filtered (10 - 500Hz) (Esposito, 

Orizio, & Veicsteinas, 1998). The EMG signal was then rectified and integrated for data 

analysis using Acknowledge 3.7 software (Biopac Systems Inc.). 



Set up on the modiJiedpreacher curl 

The supramaximal stimulus, interpolated twitch technique, twitch contractile 

properties, and MVIC tests were performed on the modified preacher curl apparatus. The 

apparatus was adjusted so that the participant's legs were at a 90' knee angle and their 

chest flush against the arm rest pad. The arm was fully supinated and rested on an arm 

pad at a joint angle of 90" (see Figure 4). The joint angles were measured via a 

goniometer. To minimize extraneous body movement, metal clamps were lowered until 

they pressed firmly against the upper arm. The height of each clamp was measured and 

recorded for each individual. The wrists of the participants were inserted into a wrist 

strap attached to the strain gauge. A standard force of 1 ON (resting tension) was set to 

eliminate slack in the wire connecting the stain gauge to the wrist straps (Figure 5). A 

chalk outline of the forearm position was used to further aid the participants in 

maintaining consistent arm position from pre and post measures. 



Figure 4. Body position on the modified preacher curl apparatus from the side (a) and 

front (b). 

Supramaximal Stimulus 

The supramaximal stimulus test was conducted to determine the electrical 

stimulus that was used during the twitch contractile properties and ITT tests. Placement 

of the electrodes was designed to target the musculocutaneous nerve. The cathode was 

lowered over the biceps brachii (midbelly) midway between the anterior edge of the 

deltoid and the proximal elbow crease with the elbow flexed at 90 degrees. The anode 

was placed over the distal tendon in the elbow groove (Allen, Gandevia, & McKenzie, 

1995; Allen, McKenzie, & Gandevia, 1998). Large electrodes (10 x 5 cm) were used to 



fully cover the belly of the biceps brachii (Behm, Reardon, et al, 2002). Stimulation was 

given via Digitimer LTD. Constant Current High Voltage Stimulator (DS7A). 

Participants were instructed to remain fully rested and to close their eyes to 

prevent anticipation of the stimulus. Voltage was set at 100V rectangular pulse and 

amperage was progressively increased (1 0rnA - 1 A) on consecutive trials until no further 

increase in twitch amplitude was detected. Force values, sampled at 2000Hz, were 

detected by a strain gauge (Omegadyne Ltd. Model 101-500, range 0-5001bs), amplified 

(Biopac Systems Inc. MPIOO), and analyzed (Acknowledge 3.7). The minimum electrical 

stimulus that elicited the greatest muscle contractile force was considered the 

supramaximal stimulus. 

Interpolated twitch technique 

The ITT was conducted to measure the extent of muscle activation. Pre ITT 

consisted of two maximal contractions separated by 3 min rest periods and three 

submaximal contractions (75,50, & 25% of MVIC), in random order, interspaced by 1 

min rest periods. Post ITT consisted of one MVIC followed by 1 min rest and three 

submaximal contractions (75,50, & 25% of MVIC), same order as pre ITT, interspaced 

by 30s rest periods. The shorter post ITT was used to minimize the effects of recovery 

(Behm, Reardon, et al., 2002). Each contraction was 3s in duration, two doublets were 

delivered at 1.5s and 3s of the contraction. Participants were instructed to cease 

contracting after the second doublet. A third doublet was delivered at rest following each 

contraction (Figure 5). A doublet was used (2 twitches interspaced by 10 ms) to increase 

the signal to noise ratio (McKenzie & Gandevia, 1991). 



U 1 

0.00 1.50 3.00 4.50 
seconds 

Figure 5. Raw data of the interpolated twitch technique of a participant during a 25% of 

MVIC isometric contraction with 3 doublet twitches interspaced by 1.5 s. The top and 

bottom lines represents EMG activity and force, respectively. 

All maximal and submaximal forces were plotted with their respective 

interpolated twitch (IT) ratios. An IT ratio is the interpolated twitch divided by the 

control twitch (doublet at rest). A second order polynomial equation was constructed (a2 

+ bx + c) for each subject to determine the extent of muscle activation because it best 

represents the curvilinear relationship of voluntary force and muscle activation (Behm, 

St-Pierre, & Perez, 1996). An example of a constructed equation for an individual 

participant is shown in Figure 6. 



Percent of MVlC 

Figure 6. Pre fatigue IT ratio-voluntary force relationship of the elbow flexors for an 

individual participant. 



Maximal voluntary isometric contraction 

Participants performed 2 pre MVIC, separated by 3 min rest periods, and one post 

MVIC. The average of the peak pre MVIC forces were measured (non-twitched forces 

for El). Maximal voluntary isometric contractions during El were measured 1 min post 

fatigue protocol, whereas E2 MVICs were measure immediately following each protocol. 

All MVIC attempts were 3s in duration. 

Twitch contractile properties 

Participants were instructed to remain fully rested and to close their eyes to 

prevent anticipation of the stimulus. All measures were performed during a fully relaxed 

state, as a result neural activation was nonexistent. Thus, the twitch contractile properties 

are representative of peripheral changes. All twitch contractile properties were measured 

from a single stimulation (singlet). Peak twitch (PT) is representative of excitation- 

contraction (E-C) coupling. Time to peak twitch (TPT) and half relaxation time (%RT) 

represent calcium (caw) kinetics, specifically sequestering and reuptake at the 

sarcoplasmic reticulum (SR), respectively (artenblad, Sjnrgaard, & Madsen, 2000). Peak 

twitch was the greatest force evoked by the singlet, TPT was the time from the onset of 

stimulation to the PT, and %RT is the time from PT to decrease by half in amplitude 

(Figure 7). The mean rate of peak twitch was calculated by calculating the slope of PT 

divided by TPT. A similar approach was used for the mean rate of half relaxation (%PT 1 

%RT). All twitch characteristics were included (Acknowledge 3.7) and averaged (3 

trials). 
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Figure 7. Time to peak twitch, peak twitch, and half relaxation time measurements on a 

single twitch elicited during rest. The top and bottom lines represents EMG activity and 

force, respectively. 

Blood sample 

Capillary blood samples were drawn from the non-exercising fingertips. Subjects 

had blood drawn in a seated position before the fatigue protocol and five minutes 

following each fatiguing protocol (MacDougall et al., 1999). Lactate levels were 

analyzed via a Lactate Pro blood analyzer (Arkray Inc. LT- 1 7 1 0). 



Statistics 

Previous studies have reported post DCER elbow flexion blood lactate values 

around 3.0 mmo1.L-' (Lagally et al., 2002; MacDougall et al., 1999). As a result, four 

blood lactate values were removed because resting levels were greater than 3.0 mmol-L-'. 

In addition, one set of values for the twitch contractile properties was removed due to 

incomplete data. 

Data were analyzed using SPSS 11.5. A two-way analysis of variance (ANOVA) 

with repeated measures was conducted for both experiments (3 x 2). The two ANOVA 

levels included the fatigue protocols (A, B, & C) and the differences between pre and 

post tests measures. F ratios that reachedp 5 0.05 were considered significant. Student's 

paired t-tests were performed where significant main effects were detected. 



Results 

Fatigue 

All protocols, in El and E2, resulted in significant decreases in isometric force 

output from pre to post values (p < 0.0005). In El, force production following protocol 

A, which involved high volume load and high TUT, decreased by 19.2 + 1.92% (mean * 
SEM), which was significantly greater (p < 0.05) than force decrements observed in 

protocol B (-12.8 * 1.61%). Protocol C resulted in a 15.0 * 2.79% reduction in force but 

was not significantly different from protocol A or B (Figure 8). In E2, protocol A resulted 

in significantly greater (p < 0.01) percent decrease in force production (-27.6 k 1.66%) 

compared to protocol B and C (-15.9 + 1.35 & -20.3 * 3.12%, respectively). Percent 

decreases in force production was not different between protocol B and C (Figure 9). 

Percent decreases in MVIC, of the 10 participants in El and E2, measured after 1 

min of rest was significantly less (p < 0.05) compared to percent decreases measured 

immediately following the fatiguing protocols for protocols A and B. Percent decreases 

in MVIC were not significantly different when measured 1 min and immediately 

following completion of protocol C (Figure 10). 

Neural Measures 

Mean muscle activation values, across all protocols, indicated that participants 

were able to achieve full or near full activation (96.5 + 0.56%). Initial muscle activation 

of protocols A, B, and C (95.7 * 1.28,96.5 +: 0.73, & 97.3 * OM%, respectively) were 

not significantly different from post values (95.1 + 1.54,97.3 + 0.70, & 96.2 + 1 .l,  



respectively). No significant interactions were detected for percent difference fiom pre to 

post values between protocol (F = 0.67). 

In experiment 2, significant iEMG reduction ( p  < 0.05) fiom pre to post measures 

(Figure 11) were detected for protocol A, B, and C (-30.3 + 7.97, -21.0 + 6.78, & -21.7 a 

8.17%, respectively). No significant interactions were detected between fatiguing 

protocols (F = 0.46). 

Peripheral measures 

The greater concentric TUT of protocols A and C resulted in significantly (p < 

0.01) greater percent increases in blood lactate levels (1 18 + 19.7 & 152 + 3 1.5%, 

respectively) than protocol B (62.7 + 18.6%) but were not significantly different between 

each other (Figure 12). 

Significant interactions were detected for the twitch contractile properties. The 

high volume load and high TUT of protocol A resulted in significantly greater (p < 0.005) 

percent reduction in PT (-57.2 + 5.09%) than protocol B and C (-1 1.8 + 6.53 & -30.3 k 

8.61%, respectively). Protocol C, which involved 2% times greater TUT, resulted in 

significantly greater percent decreases in PT protocol compared to protocol B (p < 0.05) 

(Figure 13). 

Protocols A, B, and C produced significant (p < 0.005) deceases from pre to post 

values in TPT (-1 8.4 +: 3.1 3, -16.6 + 2.19, & -20.1 + 3.35%, respectively) and % RT (- 

37.5 k 8.77, -33.1 + 7.05, & -30.2 + 7.03%, respectively) (see Figures 14 & 15). No 

significant interactions were detected between the fatiguing protocols in either TPT (F = 

1.92) or $4 RT (F = 0.88). 



The mean rate of peak twitch for protocol A decreased by 45.9 + 6.60%, which 

was significantly different (p < 0.005) than protocol B (8.64 * 9.37%) and C (-12.8 + 

10.5%). Protocol B and C were not significantly different. Protocol B was not 

significantly different fiom pre to post values (see Figure 16). 

The mean rate of half relaxation of protocol A decreased by 20.32 + 8.34% and 

was significantly different (p < 0.05) from B (74.5 * 32.74%) and C (-6.3 1 1.76%). 

Protocol B and C were statistically different (p  < 0.05). Protocol C was not significantly 

different from pre to post values (see Figure 17). 



Fatigue Protocol 

Figure 8. Maximal voluntary isometric contraction measured, during El ,  pre and 1 min 

post completion of each fatiguing protocol. Vertical lines represent standard error of the 

means. Asterisk (*) denotes significant difference from pre to post (p < 0.00005). Letter 

A denotes significant percent difference from each other (p < 0.05). 



Fatigue Protocol 

Figure 9. Maximal voluntary isometric contraction measured, during E2, pre and 

immediately post completion of each fatiguing protocol. Vertical lines represent standard 

error of the means. Asterisk (*) denotes significant difference from pre to post (p < 

0.0005). Letters A and B denotes significant percent differences from each other (p < 

0.01). 



Post 1 min Post 

Figure 10. Maximal voluntary isometric contraction, of the 10 participants of E l  and E2, 

measured immediately and 1 min post completion of each fatiguing protocol. Asterisk (*) 

denotes significant difference from immediate post to 1 min post MVIC (p < 0.05). 



Fatigue protocol 

Figure I I. Muscle iEMG activity measured, during E2, pre and immediately post 

completion of each fatiguing protocol. Vertical lines represent standard error of the 

means. Asterisk (*) denotes significant difference from pre to post (p < 0.05). 
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Fatigue Protocol 

Figure 12. Blood lactate levels measured, during El,  pre and 5 min post completion of 

each fatiguing protocol. Vertical lines represent standard error of the means. Asterisk (*) 

denotes significant difference from pre to post (p < 0.0005). Letters A and B denotes 

significant percent differences from each other (p < 0.05). 
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Fatigue protocol 

Figure 13. Peak twitch forces measured, during El, pre and post completion of each 

fatiguing protocol. Vertical lines represent standard error of the means. Asterisk (*) 

denotes significant difference from pre to post (p < 0.05). Letter A denotes significant 

percent differences from each other (p < 0.05). 
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Fatigue Protocol 

Figure 14. Time to peak twitch measured, during El ,  pre and post completion of each 

fatiguing protocol. Vertical lines represent standard error of the means. Asterisk (*) 

denotes significant difference from pre to post (p < 0.001). 



Fatigue Protocol 

post w 

Figure 15. Half relaxation time measured, during El ,  pre and post completion of each 

fatiguing protocol. Vertical lines represent standard error of the means. Asterisk (*) 

denotes significant difference from pre to post (p < 0.005). 
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Fatigue Protocol 

Figure 16. Mean rate of peak twitch measured, during El,  pre and post completion of 

each fatiguing protocol. Vertical lines represent standard error of the means. Asterisk (*) 

denotes significant difference from pre to post (p < 0.05). Letters A and B denotes 

significant percent differences from each other (p < 0.005). 



Fatigue Protocol 

Figure 17. Mean rate of half relaxation measured, during El,  pre and post completion of 

each fatiguing protocol. Vertical lines represent standard error of the means. Asterisk (*) 

denotes significant difference fiom pre to post (p < 0.05). Letter A denotes significant 

percent difference fiom each other (p < 0.05). 



Discussion 

The Major finding of the study was that manipulating TUT or volume load 

influenced fatigue, despite being equated for volume (either by the TUT or volume load 

method). When volume load was equated, greater concentric TUT resulted in 

significantly greater neuromuscular fatigue (A vs. B) in El and E2. Similarly, more 

volume load resulted in significantly greater fatigue when TUT was equated during an 

immediate fatigue (E2) response (A vs. C). Therefore, training parameters that fail to 

control for either volume load or TUT cannot confidently suggest that volume is equated. 

Peripheral fatigue 

Varying TUT 

Twitch contractile properties exhibited significant interactions with varying TUT. 

Twitch contractile properties are representative of peripheral fatigue because measures 

were taken at rest when neural drive was non-existent. The greater concentric TUT of 

protocol A, which was 2% times greater than protocol B, resulted in significantly greater 

percent decrease in PT. The results suggest that protocol A produced greater disruptions 

in E-C coupling (Ingalls, Warren, Williams, Ward, & Armstrong, 1998; Kyparos et al., 

2001). The data are consistent with Behrn, Reardon, et al. (2002) who observed greater 

PT deficits fiom a fatiguing protocol that experienced 4 times the TUT than another 

protocol. 

All protocols resulted in significant decreases in TPT and %RT fiom initial values 

but no interactions were detected between protocols. These results were unexpected 

because temporal twitch characteristics are usually lengthened due to disrupted ~ a + +  



kinetics as a consequence of fatigue (Thompson, Ballog, Riley, & Fitts, 1992). Time to 

peak twitch is considered to represent the sequestering of ~ a + +  to bind with troponin C to 

allow for muscle contraction, whereas %RT is representative of ~ a + +  reuptake at the SR 

when caf+ is released from the regulatory proteins causing relaxation of the muscle 

(Qlrtenblad et al., 2000). The lack of significant interaction of TPT and %RT despite 

significantly different fatigue responses might be attributed to the significantly different 

post PTs (p < 0.005) of protocol A and B (14.46 k 2.03 & 26.57 * 3.06N, respectively). 

Behm, Reardon, et al. (2002) also detected significant reductions in TPT and %RT 

following a bout of resistive exercises. However, the large magnitude of PT deficits 

(44.1 -46.8%), similar to the present study, may have been attributed to the decreased 

times. Behm and St-Pierre (1997) found that increased PT resulted in increased TPT and 

vice versa, thus, TPT might be dependent on twitch amplitude. Differences may be 

present when TPT or %RT are normalized to their respective PT. Significant interactions 

were detected between protocols A and B when the mean rates of peak twitch and half 

relaxation were calculated, which may be a superior measure than TPT or %RT because it 

addresses the potential problem of varying PT. 

The significantly greater decreases in mean rates of peak twitch and half 

relaxation by protocol A, than protocol B, are consistent with fatigue studies (Ingalls et 

al., 1998; li et al., 2002; Plasket & Cafarelli, 2001; 0rtenblad et al., 2000; Thompson et 

al., 1992) and suggest disturbances in caU kinetics as a result of impaired SR function. 

Inadequate caU delivery to the myofilaments may be a result of SR disruption at the 

transverse tubules (between the voltage sensors at the t-tubules and SR), inhibition of the 



c ~ + + - A T P ~ s ~  at the SR, and by modification of the SR Ca++ channels resulting in less 

probability of opening after stimulation (Favero, 1999). 

The nonsignificant change in mean rate of peak twitch fiom pre to post values in 

protocol B suggest no SR impairment, which is consistent with the minimal fatigue 

detected in both El and E2. However, protocol B experienced a significant increase in the 

mean rate of half relaxation (74.5 A 32.74%) suggesting Ca++ kinetics may be more 

efficient. The increased rate of half relaxation may be due to potentiation as a result of 

the less fatiguing protocol. Behm and St-Pierre (1997) found that isometric fatigue of the 

plantar flexors resulted in potentiated twitch contractile properties. Garland, Walton, and 

Ivanova (2003) suggest that the mechanisms of fatigue and potentiation coexist, thus, it 

may be possible to see an increased rate of Ca? reuptake at the SR despite a overall 

decrease in force output. The mechanisms of potentiation and its relationship to fatigue 

are not well known and require further research. 

Blood lactate appeared to be influenced by TUT when the load was equated. 

Protocol A, resulted in significantly greater post blood lactate levels than protocol B 

(3.49 + 0.37 & 2.44 * 0.20 rnrno1.~-', respectively). Similar trends have been previously 

reported between lactate and training volume ( H a i n e n  & Pakarinen 1993; Regan & 

Potteiger, 1999, Williams, Ismail, Sharrna, & Jones, 2002). However, MacDougall et al. 

(1 999) did not detect a significant interaction between blood lactate and training volume. 

Subjects that performed three sets to fatigue, of DCER elbow flexions, resulted in 

nonsignificant blood lactate levels (4.7 mmo1.~-') fiom subjects that performed a single 

set to fatigue (3.5 mmol-L-'). However, the lack of significant interaction observed by 



MacDougall et al. might be attributed to the low statistical power of the study (N of 4 for 

each group). 

The greater disruptions in E-C coupling and ~ a + +  kinetics as a result of greater 

TUT may be due to increased proton [H+] concentrations. The accumulation of H+ is 

primarily the result of anaerobic metabolism during intense exercise when energy cannot 

be adequately supplied through aerobic processes. Increased acidosis as a result of 

increased H+ concentration has been implicated as a contributor to muscle fatigue. Cooke, 

Franks, Luciani, and Pate (1 988) found that a decrease in pH resulted in a decrease in 

isometric tension and Mezter and Fitts (1987) observed a high correlation between 

muscle pH and peak tension (r = 0.87) during recovery. The mechanisms of increased H+ 

concentration on fatigue have been widely studied. Increased H+ concentration reduces 

~ a + +  sensitivity by potentially acting as a competitive inhibitor to ~ a *  at the troponin C 

binding site or by altering the net charge on the thin filament (Godt & Noesk, 1989) and 

may reduce the rate of release and reuptake of ~ a + +  at the SR (Byrd, McCutcheon, 

Hodgson, & Gollnick, 1989). During fatigue, H+ exhibits a negative effect on glycolytic 

enzyme activities of phosphofructokinase (Erecinska, Deas, & Silver, 1995; Trivedi & 

Danforth, 1966), adenylate cyclase, and phosphorylase b kinase (Spriet, Lindinger, 

McKelvie, Heigenhauser, & Jones, 1989), resulting in reduced ATP production. 

The short duration of the MVIC (3s) suggests the primary source for adenosine 

triphosphate (ATP) was the ATP-PCr system. Recovery of phosphocreatine (PCr) may be 

inhibited by increased acidosis (McMahon & Jenkins, 2002). A high H+ concentration, 

due to Le Chatlier's principle, might push the creatine kinase equilibrium to the left 

resulting in a decrease rate of PCr resynthesis. However, recovery of PCr is an active 



process and may be less susceptible to gradient fluctuation, thus, more studies are needed 

to determine the relationship of PCr and H'. 

Varying volume load 

Twitch contractile properties were also influenced by volume load. Protocol A, 

which involved twice the volume load than C, resulted in a significant greater reduction 

in PT. Thus, protocol A may have produced greater disruptions in E-C coupling. No 

significant differences in TPT and %RT were detected between protocols A and C. 

However, Protocol A resulted in significantly greater reduction in mean rates of peak 

twitch and half relaxation than C, which suggests that greater deficits in PT may be a 

result of impairments of the SR. Therefore, greater volume load, when TUT and load are 

equated, resulted in greater deficits in E-C coupling. 

No significant differences in blood lactate levels were detected between protocol 

A and C. As a result, the deleterious effects of increased acidosis on force production do 

not explain the greater fatigue response and impairment of E-C coupling experienced by 

protocol A and suggest that other mechanisms of fatigue were involved. 

A possible mechanism for the greater fatigue response of protocol A may be the 

greater mechanical stress experienced by performing more mechanical work (volume 

load). Protocol A involved twice the amount of work than C, consequently the muscle 

fibers were subjected to twice as much shortening and elongation. Active strain of 

muscles is considered the primary cause of muscle damage (Lieber & FridCn, 1993). 

Early exercise-induced muscle damage is primarily due to myofibrillar trauma 

within the sacromere (Lieber & Friden, 1999; Newham, McPhail, Mills, & Edwards, 



1983). Muscle damage will have a direct consequence on caf+ kinetics. Balnave and 

Allen (1995) found that muscles that were repeatedly stretched (actively) resulted in 

greater changes (reduced tetanic Ca++, reduced tetanic force, increased resting ca") in 

muscle properties than an isometric protocol. The isometric protocol was necessary to 

determine the extent of altered ~ a + +  kinetics from muscle induced injury as a result of 

mechanical stress. 

The "popping sarcomere" hypothesis may account for the fatigue response and 

impaired SR function observed by increasing mechanical stress. The popping-sarcomere 

hypothesis, in which eccentric contractions (active stretch) of the descending limb of the 

length-tension curve can cause selected half-sarcomeres to be preferentially lengthened 

(weakest sarcomeres first) when they exceed their yield point (Morgan & Allen, 1999). A 

single active stretch rarely produces significant muscle damage as most sarcomeres return 

to normal after stretch but a small fraction may remain overextended (popped). Repeated 

contractions will produce more opportunities for popping to progress to muscle damage. 

Recruitment of muscle fibers as a result of fatigue (Maton, 1981) may lead to extra 

popping, increasing the possibility of muscle damage. These disrupted sarcomeres then 

put extra load on neighboring sarcomeres, which can lead to tearing of the membrane of 

either the sarcolemrna, transverse tubules, or SR causing a disruption of ca++ kinetics 

(Morgan & Allen, 1999). Thus, disruption of SR function due to increased mechanical 

stress may explain the significantly greater decrease in rates of peak twitch and half 

relaxation of protocol A compared to C in the presence of equal blood lactate. 

The present study manipulated the concentric phase between protocols. Muscle 

damage is primarily the result of eccentric contractions when sarcomeres are elongated 



passed their optimal tension-length ratio, resulting in a greater possibility of injury 

(Lieber & Friden, 1999). Although protocol A performed twice as many eccentric 

contractions than C, the true disparity between protocol A and C in regard to muscle 

damage is unknown and requires further research. 

Another possible explanation of the influence of volume load may be a result of 

greater metabolic demands. Ingalls et al. (1998) estimated that 75% of PT decrements, 

observed immediately after muscle injury, can be explained by E-C coupling. Therefore, 

25% of PT decrements may be attributed to other factors. It is possible that protocol A 

was associated with a higher metabolic cost than C. From a physics perspective, protocol 

A involved twice the mechanical work than C, which suggests that it required twice the 

energy. A reduction in rate of relaxation has been associated with reduced free-energy 

change from ATP hydrolysis (Dawson, Gadian, & Wilkie, 1980). Therefore, the fatigue 

response of protocol A may be partially a result of reduced energy availability. 

The decrease in force as a result of high metabolic demands may be due to 

decreases in substrate (glycogen & PCr) or increases in metabolites (adensosine 

diphosphate [ADP], inorganic phosphate [Pi], and H'). Although blood lactate levels 

were similar between protocol A and C, Erecinska et al. (1995) found no simple 

correlation between change in pH and concentrations of ADP or Pi. Therefore, if the 

metabolic costs were different between protocols a disparity of ADP or Pi levels may 

exist despite nonsignificant differences in H+ concentrations. 

Peripheral fatigue may occur as a result of insufficient muscle substrates that are 

required for the synthesis of ATP. Fatiguing protocols often result in a reduction of 

muscle glycogen (Lees, Franks, Spangenburg, & Williams, 2001; MacDougall et al., 



1999) and PCr (Kent-Braun, 1999; MacDougall et al., 1999) levels. The influence of 

volume on muscle substrates during DCER elbow flexion is not fully understood. 

MacDougall et al. detected significantly greater muscle glycogen depletion in the high (3 

sets) volume group compared to the low (1 set) volume protocol. However, no significant 

differences were detected across groups with respect to post ATP and PCr concentration. 

The arm was not occluded and it is possible that recovery did occur during the time 

required to perform the muscle biopsy. Further research of the relationship between 

muscle substrate availability and fatigue are necessary to strengthen this hypothesis. 

The more plausible explanation of high metabolic cost on fatigue may be due to 

the interactions of increased metabolites, such as Mg++, ADP, and Pi, as a consequence of 

ATP utilization. As muscular fatigue develops there may be a net consumption of ATP 

from sources such as MgATP. Utilization of the MgATP complex can result in an 

increased M~'' levels, which has been linked to decreased force (Westerblad & Allen, 

1992) and decreased Ca++ release (Blazev & Lamb, 1999). Furthermore, when ATP is 

hydrolyzed, it is split into Pi and ADP. Because ADP is released at the end of the power 

stroke, increased levels of ADP levels might hinder cross-bridge kinetics (Westerblad, 

Dahlstedt, & Lannergren, 1998). This is thought to occur because high levels of MgADP 

may act as a competitive inhibitor of ATPase (Cooke et al., 1988). Inorganic phosphate is 

also a significant contributor to peripheral fatigue. When Ca++ is limited around the SR 

(in vivo), Ca* release decreases when Pi concentration is increased. One mechanism for 

the above phenomenon is the "calcium-phosphate precipitate" hypothesis, which states 

that Ca++ and Pi will bond together and precipitate out of solution when the SR 

concentration of both molecules reaches a threshold (6mM2) (Westerblad & Allen, 1996). 



As a result, ~ a + +  release and reuptake at the SR is altered. Therefore, the effects of 

increased metabolites might also explain the significant differences in E-C coupling, 

specifically ~ a *  kinetics, between protocol A and C. 

Volume load vs. TUT 

Comparisons between protocol B and C suggest that varying TUT is more 

influential on acute peripheral fatigue than volume load when load is equated. Although 

not statistically significant, the greater TUT of protocol C resulted in a greater magnitude 

of fatigue, than B in El and E2, despite performing half the mechanical work. Reduction 

in peak twitch following protocol C was significantly greater than B, which suggests that 

the observed trends of greater fatigue may be a result of greater disruption in E-C 

coupling. Greater disruption in E-C coupling may be due to the deleterious effects of the 

significantly greater H+ contraction incurred by protocol C compared to B. Furthermore, 

due to the nonsignificant difference in blood lactate levels between protocol A and C, the 

effects of volume load on blood lactate are minimal, reaffirming that blood lactate 

appears to be influenced solely by TUT during DCER protocols when the load is equated. 

Central fatigue 

All participants were able to achieve full or near full muscle activation (96.5 * 
0.56%) of the elbow flexors. These results agree with other studies that have reported 

high levels of muscle activation of the elbow flexors (Allen et al., 1995 [90.3-99.8%]; 

Allen et al., 1998 [99.1%]; Behm, Whittle, Button, & Power, 2002 [95%]; De Serres & 



Enoka, 1998 [99.5%]; Gandevia, Herbert, & Leeper, 1998 [98%]; McKenzie, Bigland- 

Ritchie, Gorman, & Gandevia, 1992 [98.4%]; McKenzie & Gandevia, 1991 [98%]). 

All protocols resulted in nonsignificant changes in muscle activation. These 

results are consistent with Merton (1954) who found that interpolated twitches 

disappeared during sustained isometric contractions when maximal effort was needed to 

maintain the prescribed force output. The magnitude of an interpolated twitch represents 

the level of muscle inactivation (not activated). Merton suggested that the limitations in 

force generating capacities are peripheral in origin. Similar results have been reported by 

other researchers. Bigland-Ritchie, Furbush, and Woods (1986) found that at the limit of 

endurance, when maximal effort was required to maintain the target force, interpolated 

twitches disappeared. Gandevia et al. (1998) found no evidence of increased interpolated 

twitches, compared with initial values, during repetitive elbow flexion efforts (force 

decreased to 50% by the 19" contraction). Plasket and Cafarelli (2001) observed muscle 

activation levels of the vastus lateralis to remain constant (> 96%) following an isometric 

fatiguing protocol. The results of the study suggest that full or near full muscle activation 

can be maintained during the development of fatigue during dynamic efforts. However, 

significant post muscle inactivation levels of the elbow flexors have been reported by 

other researchers using a maximal isometric (McKenzie & Gandevia, 1991 [4 - 1 1 %I; 

McKenzie et al., 1992 [13.2%]) and submaximal dynamic fatiguing protocol (Behm, 

Reardon, et al. 2002 [4.5-6.5%]; Behm, Baker, Kelland, & Lomond, 2001 11 1.1%]). 

The discrepancy between studies may be due to experimental design. First, 

restriction of all possible movements is impossible. Behm, Reardon, et al. (2002) suggest 

that subjects attempting an MVIC could retract their scapula, altering the joint angle and 



lengthening their elbow flexors muscles. Allen et al. (1 998) found a slight inward 

shoulder movement (36.4 rnm) of subjects performing a maximal isometric elbow 

flexion. The change in muscle length may alter the length-tension relationship, which 

may produce more or less force at time of stimulation (Allen et al., 1998). The possibility 

of this mechanism might account for some of the variability between studies. Second, 

time of measurement might be a factor. Behm, Reardon, et al. (2002) found muscle 

inactivation to be more pronounced at 30s (3.2%) compared to 3 min (1.4%) post 

fatiguing protocol. In the present study the ITT was measured at 1 min post protocol to 

allow for measurement of twitch contractile properties. It is possible that muscle 

inactivation levels might have been more pronounced if measured immediately following 

the fatiguing protocols. Third, muscle activation is normally tested during isometric 

protocols. It is not clear whether fatigue produced by dynamic protocols are appropriately 

evaluated by isometric methods. Gandevia et al. 1998 found no decreases in neural drive 

during dynamic contractions using a dynamic muscle activation measure. More research 

is required to elucidate this relationship. The last plausible explanation is the ability of 

the ITT to overestimate muscle activation (Yeu, Ranganathan, Siemionov, Liu, & Sagal, 

2000). A decreased or non-existent interpolated twitch may be a result of anti-dromic 

collisions rather than full neural drive (Herbert & Gandevia, 1999). Therefore, a larger 

decrease in muscle activation may have occurred but due to overestimation of the ITT no 

significant differences were detected. 

Due to the lack of significant interactions, it appears that muscle activation is not 

influenced by variation in TUT or volume load. The data are consistent with Behm, 

Reardon, et al. (2002) who found similar muscle inactivation levels across fatiguing 



protocols of elbow flexion. Muscle activation has been suggested to be dependent on 

duration. The short TUT experienced by all protocols (5 3.5 min) in this study may not 

have been great enough to produce varying degrees of muscle inactivation. Behm and St- 

Pierre (1 997) reported significant differences in muscle inactivation following 19 min 30s 

(long fatigue) of submaximal isometric contraction compared to 4 min 17 s (short 

fatigue). 

Electromyography represents the electrical properties of the muscle and is often 

used to monitor neural drive. All fatiguing protocols resulted in significant decreases in 

iEMG. Significant reductions in iEMG activity following dynamic fatigue have been 

previously reported. Behrn, Reardon, et al. (2002) found iEMG of the biceps brachii to be 

significantly depressed following DCER arm curls (20.5-30.4%). Kauhanen, HWinen, 

and Komi (1989) observed a significant reduction of iEMG during the last repetition of 

dynamic arm curls (DCER) and arm curl machine protocols. 

However, increases in iEMG have been consistently observed in submaximal 

isometric fatiguing protocols (Maton, 198 1 ; Morianti, Nagata, & Munro, 1982). 

Increased iEMG may be due to the increased neural drive necessary to recruit more motor 

units due to the fatigue of currently activated units and to increased activation of 

synergist muscles (Gabriel, Basford, & An, 2001). However, this relationship is not 

applicable during maximal isometric efforts. Bigland-Ritchie et al. (1986) detected initial 

iEMG increases of the quadriceps during an MVIC but consequently iEMG decreased 

when the target force was difficult to maintain as a result of fatigue. Kent-Braun (1 999) 

and Bigland-Ritchie et al. observed significant decreases in iEMG during a sustained 

MVIC of the dorsiflexors and soleus muscle. 



The reductions in iEMG are contradictory to the nonsignificant results of muscle 

activation. The ITT is considered to be one of the most direct measures of central drive 

(Gandevia, 2001). The ability to maintain full or near full activation suggests that iEMG 

may be influenced by other factors. A reduction in iEMG activity may be a result of the 

type I1 fibers susceptibly to fatigue, leaving mainly low tension type I fibers responsible 

for force generation. Type I fibers have less twitch potential and may result in less 

electrical activity (Gabriel et al., 2001). An M-wave (representative of an action 

potential) is often reduced during fatigue, which suggests a reduction in membrane 

excitability (Behrn & St-Pierre, 1997; Bellemare & Garzaniti, 1988). Because the 

decrease in M-wave was not a result of inadequate simulation, it may be concluded that 

the development of fatigue was a result of neuromuscular propagation failure. 

Conduction velocity has been observed to decrease as a result of fatigue, which also 

signifies impaired fiber excitability (Krogh-Lund & Jwgenson, 1993). A decrease in ~ a ' ,  

K', ATPase activity is associated with loss of excitability (Fowles, Green, Turpling, 

O'Brien, & Roy, 2002). Accumulation of H+ might also alter the electrical composition 

of the muscle (Godt & Noesk, 1989). Therefore, a sustained high level of neural drive 

may still exist, as shown by the ITT, whereas the decrease in iEMG may be due to 

preferential recruitment of type 1 fibers and altered electrical conductivity around the 

muscle fibers. 

Central fatigue is defined to include the NMJ (Green, 1988), thus, depending on 

the precise location of the deficient propagation, iEMG may reflect neural drive if the 

disturbance was partially located at the NMJ. The results suggest that iEMG surface 

electrodes at the site of the muscle may be influenced by peripheral fatigue. 



Integrated electromyograrns were not influenced by the volume of exercise. These 

results agree with Lagally et al. (2002) who detected significant decreases in iEMG 

following DCER elbow flexion but found no significant interactions between training 

protocols that varied volume load. 

If iEMG was related to peripheral fatigue, why does it not exhibit similar 

significant interactions of the peripheral measures? Although not significant, protocol A 

resulted in a greater decrease in iEMG activity (30.28 * 7.97%) compare to protocol B 

and C (20.94 + 6.78 & 21.72 * 8.17%, respectively). These trends are consistent with the 

MVIC and the twitch contractile properties data. However, the non-significant 

interactions of iEMG may be a consequence of the statistical power of E2. Significance 

may have occurred if the N was greater or if there was less variability in iEMG data. Due 

to the short notice of E2, a N similar to El (1 8) was not achievable. 

The lack of significant interactions of both neural measures on training volume 

may be due the limited influence of neural drive on fatigue. Kent-Braun (1 999) 

concluded that neural processes accounted for 20% of the factors that contribute to 

fatigue, whereas the majority of disruptions in force generating capacities lie within the 

peripheral processes. Therefore, the relative influences of the central components on 

fatigue are limited and require greater sensitivity of measure or greater variation between 

independent variables to detect significant differences. 

Effects of 1 minute rest 

In El, protocol A approached but failed to reach a significantly greater decrease 

in MVIC ( p  = 0.067) compared to protocol C. Due to the possibility that the 1 min rest 



period may have altered the magnitude of the fatigue. A second experiment (E2) was 

conducted that measured the MVIC immediately post fatiguing protocol resulting in a 

significant difference in percent change in MVIC @ < 0.01) between protocols A and C. 

The results of E2 confirmed that 1 rnin of rest is sufficient to alter the fatigue response. 

When the data were collapsed over protocols (of the 10 participants in El & E2), 

immediate post MVIC declined by 21.24 (k 1.27%), which was significantly different (p 

< 0.05) than the force decrements (16.34 2.48%) after 1 min of rest. 

The significant difference detected fi-om an immediate and 1 min post fatigue 

response might be attributed to replenishment of PCr. The short duration of the MVIC 

(3s) suggests that the primary source of ATP was fi-om ATP-PCr metabolism 

(phosphagen system). Because PCr represents the most immediate reserve for the 

rephosphorylation of ATP, the quick rate of resynthesis of PCr would make the most 

significant contribution to force generation during the 1 min recovery period. The 

recovery half life of PCr can range fi-om 14.4s (Brendahan, Kemp, Roussel, Le Fur, & 

Cozzone, 2003) to 36s (Thompson, Kemp, Sanderson, & Radda, 1995), which suggests 

that 75% of PCr stores may be replenished within 1 min. Full recovery of PCr may be 

achieved by 2 min (Hesselink et al., 2003) to 4-6 min (McCartney et al., 1986; Sahlin & 

Ren, 1989). 

Although evidence suggests that a large recovery of PCr can occur within 1 min, 

the force generating capacities are not recuperated to the same extent. This may be due to 

the creatine kinase equilibrium. During the period of recovery, H+ are released as a result 

of PCr resynthesis. Sahlin and Ren (1989) found that muscle pH remained depressed after 

2 rnin of rest. The researchers calculated the resynthesis of PCr (creatine + ATP -, PCr 



+ADP + H') during that 2 min period could account for a release of 29 rnmol ~ + . k ~ - '  (dry 

weight), which may account for the depressed muscle pH. High muscle acidosis has been 

implicated as a causative agent in muscle fatigue (Metzger & Fitts, 1987). Therefore, 

even with considerable CPr restoration force production may remain depressed due to 

other factors. 

Conclusion 

Manipulating the TUT or the volume load during dynamic resistance training 

influences fatigue. Therefore, a discrepancy might exist between training volumes that 

are solely equated for TUT or volume load. Time under tension may have a greater 

influence on peripheral fatigue than volume load when load is equated. Furthermore, the 

profile of fatigue may change within 1 min of rest. 

The majority of force deficits are peripheral in origin. The data suggest that full 

muscle activation can be maintained during the development of fatigue and peripheral 

processes might influence iEMG. Increased TUT, when volume load was equated, 

resulted in greater fatigue as a result of impairments in E-C coupling attributed to 

increased acidosis. Increased volume load, when TUT was equated resulted in greater 

fatigue due to greater disruptions in E-C coupling. This disruption may be caused by 

greater mechanical stress or greater energy utilization. Therefore, in order to minimize 

discrepancies between protocols, the load and contraction velocities of the repetitions 

must be defined when describing dynamic training volume. 
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Appendix A 

Review of Literature 



The majority of sports require explosive power, speed, endurance, and balance, of 

which strength is a fundamental factor (Tan, 1999). For this reason, most athletes in some 

form or another utilize resistance training. Resistance training is an effective method of 

developing muscular strength and hypertrophy. However, the optimal resistance training 

program remains elusive. The difficulty in optimizing a resistance training program may 

be due to its complex nature, which can be attributed to many variables, and the 

interactions of these variables, such as training intensities, volume, fi-equency, intra- 

sessional work to rest ratios, fatigue, and order of exercise. Of the above variables, 

training volume is considered to be one of the most influential (Tan, 1999). Training 

volume has been shown to influence strength (Berger, 1962; Kraemer, 1997; 

Sclumberger, Stec, & Schrnidtbleicher, 2001) and is considered to be a key variable in 

hypertrophic (Bloomer & Ives, 2000; Parker, McEvoy, & Barrie, 1999; Poliquin & King, 

1992) responses to resistance training. However, little is known about the optimal volume 

of training necessary to elicit maximal muscular strength or hypertrophy. 

A common criticism of studies investigating the effects of volume on 

neuromuscular responses is the lack of control regarding other variables such as intensity 

and contraction velocity. The absence of control of other variables may be attributed to 

the discrepancy in the definition of volume between studies. Training volume is easily 

quantifiable by the total number of repetitions completed during a specified duration 

(day, week, or month). Therefore, volume is often prescribed in terms of number of 

repetitions and sets. 

An alternative method for calculating volume is to prescribe volume in regard to 

the amount of work performed. Work is calculated by multiplying the force required to 



move the load, or resistance, by the distance traveled by the load. With the assumption 

that all repetitions are performed with the same range of motion, repetitions may be 

substituted for distance. Therefore, work may be approximated by multiplying the load 

by the number of repetitions (for dynamic contractions only) and is often referred to as 

"volume load". Determining the volume load may be a superior method of calculating 

volume because it recognizes that the load is also a contributing factor to volume (Stone 

et al., 1999). However, this method does not define the load because similar volume loads 

may be obtained from lifting different weights. 

Discrepancies may arise between comparable prescribed volumes, using either 

method, if the times under tension (TUT) are unequal. To prevent such discrepancies, 

volume may also be defined by the accumulative time that the muscles are under tension 

during a training session. In order to quantify volume by TUT, tension and contraction 

velocities of each repetition within the set must be factored in. Few studies have 

investigated the direct relationship between TUT and muscular strength and hypertrophic 

adaptations. Consequently, the influence of TUT on muscular strength adaptations are 

unknown. 

Presently, three sets per exercise consisting of 8-12 repetitions per set are 

commonly prescribed for targeting muscular hypertrophy and three sets of 4-6 repetitions 

for muscular strength (Bloomer & Ives, 2000). Practitioners also suggest that 12-24s and 

48-72s of TUT per set are optimal for muscular strength and muscular hypertrophy 

adaptations, respectively (Parker et al., 1999). The aforementioned training volume 

parameters continue to be prescribed despite equivocal findings (Carpinelli & Otto, 

1998). If long-term enhancements of muscular strength and hypertrophy are related to the 



volume of training, resistance programs should be planned to optimize the volume. 

Therefore, it is necessary to identify the contributions of volume during resistance 

training. 

Neuromuscular fatigue is often the result of resistive exercises and may provide 

insight to the acute effects of various training modalities. The effects of manipulating 

volume have been shown to influence the fatigue response ( H a i n e n  & Pakarinen, 1993; 

MacDougall, Ray, Sale, McCartney, Lee, & Garner, 1999; Regan & Potteiger, 1999). 

Furthermore, neuromuscular fatigue has been implicated in the development of long-term 

strength adaptations (Rooney, Herbert, & Balnave, 1994; Schott, McCully, & Rutherford, 

1995). Training protocols that influence the acute fatigue response may also effect the 

long-term development of muscular adaptations. Therefore, it is important to understand 

the effects of volume on acute neuromuscular responses. 

The focus of this paper is on the role of volume, specifically TUT and volume 

load, and its influence on acute fatigue and long-term neuromuscular muscular 

adaptations. Dynamic training is widely utilized by athletic and recreational individuals. 

For that reason isometric training studies will not be reviewed. The objectives of this 

paper are to discuss (a) the physiological mechanisms of fatigue, (b) the relationship 

between volume and acute fatigue, and (c) to review resistance training studies that have 

varied volume, by either manipulating TUT or volume load, and its effect on long-term 

muscular adaptations. 

Physiological mechanisms of muscular fatigue 

Fatigue is defined as a temporary reduction in force generating capabilities (Kent- 

Braun, 1999). The development of fatigue may be of central or peripheral origin. Central, 



or neural, fatigue refers to all processes proximal to and including the neuromuscular 

junction (NMJ). Peripheral fatigue includes any disruptions in force generating capacities 

that lie distal to the NMJ such as impairment to excitation-contraction properties (Green, 

1988). 

Central fatigue 

Central fatigue will occur when the muscles are capable of generating more force 

than the central nervous system is able or prepared to request (Macintosh & Rassier, 

2002). Mechanisms implicated in central fatigue include inhibition at the supraspinal and 

spinal level (Gandevia, 200 1). 

Fatigue at supraspinal levels involves cognitive structures (cerebellum, basal 

ganglia, motor cotrex) that are superior to the spinal cord. The most studied fatigue- 

related supraspinal structure is the motor cortex and associated corticospinal cells. The 

direct role of many cortical spinal cells outside the motor cortex remains unclear. Central 

fatigue is thought to occur when the drive to cortical cells becomes suboptimal by way of 

a change in excitability of cortical circuits. The decreased excitability may be a result of 

intracortical inhibitions by means of GABBAB receptors, which might provide evidence 

of an inhibitory (supraspinal) cortical system (Gandevia, 2001). 

Development of central fatigue at the spinal level has been attributed to inputs 

from various afferent fibers often resulting in inhibition of central drive. Large diameter 

fibers such as the muscle spindle and golgi tendon organ (GTO), as well as small 

diameter afferents and Renshew cells, have been implicated in negative feedback 

mechanisms during fatigue. Increased muscles spindle inputs augment further muscular 

contractions, however, during a sustained MVIC there is a rapid decline in firing 



frequency of the muscle spindles resulting in a reduced capacity to detect variations in 

muscle length, suggesting a fatigue-related decline in spindle sensitivity (Gandevia, 

2001). 

The main actions of the GTO include inhibition of primary muscles andlor 

widespread inhibition of synergistic muscles. Golgi tendon organs respond to forces 

exerted on the tendon and its discharge rates should parallel the force at the tendon. 

Therefore, strong muscular contractions elicit a greater inhibitory response fkom the 

GTO. Like the muscle spindle, after a fatiguing contraction a decline in the sensitivity of 

the GTO is observed (Gandevia, 2001). The decline in GTO activity is modest and 

coupled with the reduced drive of the muscle spindle (opposing effects) resulting in an 

overall reduction in motoneuron firing. 

Small diameter afferents, particular the type I11 and IV fibers, are also thought to 

contribute to the development of fatigue. The activity of these fibers have been observed 

to increase during strong muscular contractions. The contributions of small diameter 

afferents may be two-fold; facilitation of inhibitory effects of Ib afferents (GTO) and by 

exerting an inhibitory presynaptic effect on the 1 a afferents (muscle spindle) (Gandevia, 

2001). 

Renshaw cells provide autogenetic inhibition to agonist and synergist 

motoneurons. Like other spinal interneurons, Renshaw cell outputs are diverse and may 

influence the motoneuron, 1 a afferents, 1 a inhibitory interneurons, fusimotor neurons, 

and other Renshaw cells. Renshaw cells regulate excitability and firing rates of the 

motoneuron via recurrent inhibition. Recurrent inhibition refers to the inhibition of the 

motoneuron stimulated simultaneous by the same efferent fibers as the muscles are 



exerting force (Gandevia, 2001). However, data on the Renshaw cells are scarce and 

their functions and mechanisms during fatigue are not fully known. 

As a consequence of fatigue along the supraspinal and spinal pathways (decrease 

excitation or increased inhibition), there is reduced capacity of the central nervous system 

to activate the motoneuron resulting in decreased excitability (Green, 1988). The net 

effect of central fatigue is low signaling communication to the periphery and decreased 

motor unit activation (Gandevia, 2001; Green, 1988). 

Peripheral fatigue 

Peripheral fatigue may be further divided into disturbances at either the level of 

excitation or contraction processes. Peripheral fatigue during excitation processes may 

include a decreased excitability of the sarcolemma and transverse-tubules (t-tubules) to 

conduct a regenerative action potential and disruptions between t-tubule and sarcoplasmic 

reticulum (SR) interactions to collectively store and release ca" (Green, 1988). The net 

effect of failure at any one of these sites is sub-optimal signaling resulting in a reduced 

ca++ concentration in the cytosol. Alterations in the SR after exercise-induced muscle 

damage have resulted in a depression in catt release, possibly as a result of inhibition of 

the C ~ * - A T P ~ S ~  at the SR and by modification of the SR ~ a + +  channels resulting in less 

probability of opening after stimulation (Favero, 1999). Although the precise mechanisms 

of SR dysfunction are not full understood it may be attributed to swelling and dilation of 

the SR as a result of membrane damage or to ionic imbalances caused by increased water 

content during strenuous exercise (Balnave & Allen, 1995; Byrd, 1992). 

Peripheral fatigue within the contraction processes is a result of disturbances at 

either the level of the regulatory (troponin & tropomyosin) or the force generating (actin 



& myosin) proteins. Decrease in force production is often attributed to either a decreased 

affinity of the regulatory protein troponin for caU andlor disruptions of the cross- 

bridging cycle (Green, 1988). Peripheral fatigue is largely dependent on the regulation of 

~ a + +  and any disruptions in the periphery resulting in decreased ~ a *  concentrations are 

accompanied by a decrease in force. Calcium is an essential component of muscular 

contraction so substrates and metabolites that affect ~ a + +  and its release fiom the SR 

might also contribute to peripheral fatigue. The ability to perform repeated and sustained 

contractions may also dependent on substrates and metabolites that interact with ~ a + +  

(McCully, Authier, Olive, & Clark, 2002). 

Metabolic by-products may provide insight to the development of fatigue. A 

leading hypothesis suggests that a rise in Mg* or a fall in ATP concentrations or both 

inhibit the release of ~ a + +  at the SR during fatigue. As muscular fatigue develops there 

may be a net consumption of ATP fiom sources such as MgATP. Utilization of the 

MgATP complex can result in an increased M ~ + +  and corresponding decrease in ATP 

concentrations. Low ATP is thought to inhibit further SR ~ a *  release in an attempt to 

reduce the demand for ATP during muscular contractions. High MgU concentrations 

might serve as an indicator of low ATP (Allen, Kabbara, & Westerblad, 2002). Although 

MgU and ATP seem to exhibit a substantial inhibitory effect on the SR caU release, this 

alone cannot explain the reduction in SR ~ a *  release during muscular fatigue. 

Lactic acid is often implicated as a contributor to fatigue during sustained 

muscular contraction because of its inhibitive affect on glycolytic enzymes. In skinned 

muscle samples, Cooke, Franks, Luciani, and Pate (1988) confirmed that a decrease in 

pH resulted in a decrease in isometric tension and Mezter and Fitts (1987) observed a 



high correlation between muscle pH and peak tension (r = 0.87) during recovery. With 

human subjects, increased proton (H+) concentration is consistent with a decreases in 

force production (Hlikkenin & Parkarinin, 1993; Hargreaves et al., 1998; MacDougall et 

al., 1999). Increased H+ concentration reduces Ca++ sensitivity potentially by acting as a 

competitive inhibitor to Ca++ at the troponin C binding site or by altering the net charge 

on the thin filament (Godt & Noesk, 1989) and may also reduce the rate of release and 

reuptake of Ca++ at the SR (Byrd, McCutcheon, Hodgson, & Gollnick, 1989). During 

fatigue, H+ exhibit a negative effect on glycolytic enzyme activities of 

phosphofructokinase (Trivedi & Danforth, 1966), adenylate cyclase, and phosphorylase b 

kinase (Spriet, Lindinger, McKelvie, Heigenhauser, & Jones, 1989) resulting in reduced 

ATP production. Kent-Braun proposed a possible relationship between lactate 

concentration and force production was evidence for the existence of a metabolic 

feedback mechanism. Currently, the significance of H' contribution to the development 

of fatigue is questionable due to recovery in force in the presence of high muscle acidosis 

(Sahlin & Ren, 1989). 

Inorganic phosphate (Pi) is thought to play a significant role in peripheral fatigue. 

When Ca++ is limited around the SR (in vivo), CaU release decreases when Pi is 

increased. One mechanism for the above phenomenon is the "calcium-phosphate 

precipitate" hypothesis. This hypothesis suggests that when the SR concentration of both 

molecules reaches a theoretical threshold ( 6 m ~ ~ )  CaU and Pi will bond together and 

precipitate out of solution until the concentration of both ions falls below the threshold 

(Allen et al., 2002). 



Peripheral fatigue may also occur as a result of insufficient muscle substrates such 

as muscle glycogen, tricarboxylic acid, and phosphocreatine (PCr) stores. ATP is the 

direct energy source for almost all processes including muscular contraction. The 

aforementioned substrates are used in the synthesis and resynthesis of ATP and depletion 

of these stores would theoretically result in low ATP availability. This mechanism is 

merely speculative; studies have shown an inverse relationship between fatigue and 

levels of certain substrates such as glycogen (Lees, Franks, Spangenburg, & Williams, 

2001; MacDougall et al., 1999) and PCr (Kent-Braun, 1999; Hargraves et al., 1998; 

MacDougall et al., 1999), whereas tricarboxylic acid intermediates do not exhibit such a 

relationship (McCully et al., 2002). 

The ~ a + +  ion may play a role as a negative feedback indicator to inhibit the 

release of further caU when cytosolic caU levels are too high. As previously mentioned, 

SR function may be impaired during exercise resulting in sub-optimal ~ a + +  re-uptake. A 

decrease in caU re-uptake will increase cytosolic ~ a + +  exposing the fibers to high 

concentrations of free caw. Exposure to high levels of free caw for a prolonged period 

of time is sufficient to stimulate autolytic processes, which might lead to cell death. 

Therefore, it would be advantageous that no further caU is released during conditions of 

high levels of free ~ a + +  (Byrd, 1991). 

Contributions of the central and peripheral components 

Investigations to determine the magnitude of central and peripheral contributions 

to fatigue during voluntary contractions have produced equivocal results (Green, 1988). 

Merton (1954) first used the interpolated twitch to examine neural drive of abductor 

pollicis. An interpolated twitch is an electrical stimulus superimposed on a voluntary 



contracting muscle. If further increases in force are detected, as a result of the 

interpolated twitch, then those muscles are not considered to have been fully activation. 

The presence and magnitude of an interpolated twitch represents the level of muscle 

inactivation (not activated). Merton observed that as fatigue deepens the interpolated 

twitch began to reduce until maximal exertion was necessary to maintain the tension, in 

which case the interpolated twitch disappeared. Merton suggested that the limitations in 

force generating capacities are peripheral in origin. 

Similar findings were reported by other researchers. Bigland-Ritchie, Furbush, 

and Wood (1986) investigated the primary role of central and peripheral factors on 

fatigue during intermittent sub-maximal voluntary contractions of the quadriceps and 

soleus muscles. Following an isometric fatiguing protocol, force production declined by 

50%. Electrical stimulation during the MVIC of the fatiguing protocol revealed no or 

negligible super-imposable twitches, suggesting that full central activation of the muscle 

was still occurring. Gandevia Herbert, and Leeper (1998) found that decrements in 

muscle activation did not occur during dynamic fatigue. The researchers found no 

evidence of increased interpolated twitches, compared with initial values, during 

repetitive elbow flexion efforts in a fatigued state (force decreased to 50% by the 1 9th 

contraction). Plaskett and Cafarelli (2001) observed significant decreases in MVIC 

following an isometric fatiguing protocol. However, the researchers did not detect 

significant reductions in muscle activation or EMG fiom initial values. The results of the 

studies suggest full or near full muscle activation can be maintained during the 

development of fatigue. 



However, evidence exists that suggest central fatigue does occur. Neural deficits 

have been detected, following fatiguing protocols, by researchers using the interpolated 

twitch technique. McKenzie and Gandevia (1 99 1) found a decrease in muscle activation 

(4-1 0%) following a fatiguing protocol of consisting of 18 maximal isometric 

contractions of the elbow flexors. Similar results were observed by McKenzie, Bigland- 

Ritchie, Gorman, and Gandevia (1 992) who detected a decrease in muscle activation 

(13.2%) following a fatiguing protocol of consisting of 30 maximal isometric 

contractions of the elbow flexors. Kawakami, Amerniya, Kaneshisa, Ikegawa, and 

Fukunaga (2000) observed pronounced muscle inactivation (3O%)of the lower limbs 

(plantar flexors). Behm, Reardon, Fitzgerald, and Drinkwater (2002) and Behrn, Baker, 

Kelland, & Lomond (2001) found significant muscle inactivation of the elbow flexors 

following dynamic elbow flexion (4.5-6.5 & 1 1.1 %, respectively). 

The extent to which central mechanisms contributes to fatigue are debatable, 

however, it is clear that the majority of force deficits lie in the periphery. Behrn et al. 

(2001) observed significant increases in the ratio of peak twitch1MVIC to persist 

throughout seven days following a rigorous fatiguing protocol, which represents 

disruptions within the excitation-contraction processes. Due to the lack of muscle 

inactivation (after day 1) associated with muscle damage, it was concluded that the 

majority of force deficits occurred in the peripheral components. Similar results were 

observed by Kent-Braun (1999) who found moderate reduction in neural drive in a study 

designed to quantify the relative contributions of central fatigue. Central contributions 

were assessed via a central activation ratio (CAR) (peak MVCIpeak total force). Pre and 

post CAR values revealed that 15% of the 78% fall in MVC was due to central factors. 



These values suggested that the central component was responsible for approximately 

20% of the fatigue developed, the remainder was assumed to have peripheral origins. 

Although modest the central components play a significant role in fatigue. 

Relationship of volume and acute fatigue 

Evidence implicating volume's influence on fatigue has been demonstrated by 

H a e n i n  and Parkarinin (1993). The researchers investigated the effects of high (100 

repetitions) and low (20 repetitions) training volume on acute force production. Ten 

trained males completed both protocols in separate testing sessions. The low volume 

session consisted of twenty 1RM back squats, whereas the high volume session 

comprised of ten sets of 10 repetitions at a load of 7O%lRM. The volume load was 

approximately three and a half times greater for the high volume training protocol, which 

resulted in a significantly greater force reduction (24.6%) and blood lactate level (1 5.0 

mmol.~-') compared to the low training protocol (10.3% & 3.5 mmo1.~-', respectively). 

MacDougall et al. (1999) found that subjects performing high volume (3 sets) of 

forearm flexion experienced significantly greater substrate depletion than the low volume 

group (1 set). The high volume group was subjected to nearly three times the volume load 

and incurred significantly greater glycogen depletion (24%) than pre-test values. 

Glycogen depletion did not reach significance in the low volume protocol. Furthermore, 

noticeable reduction in repetitions completed in the subsequent sets, of the high volume 

group, was attributed to cumulative fatigue. Few studies have directly investigated the 

effects of TUT on the acute fatigue response. Behrn and St-Pierre (1 997) examined the 

effects of duration on fatigue during sub-maximal isometric protocols. Quadriceps and 

plantar flexor (PF) muscles were studied during long (1 9min 30s) and short (4min 17s) 



duration fatigue. Irrespective of muscle type the long duration fatigue resulted in greater 

muscle inactivation (1 2.0%) than short duration fatigue (5.8%) when averaged over the 

recovery period. Therefore, the decrease in activation was considered to be dependent on 

duration. 

However, the influence of duration is less clear when the total TUT was under 3 

minutes. Behrn et al. (2002) investigated the acute fatigue response following a single set 

of dynamic constant external resistance (DCER) elbow flexion utilizing either a 5, 10, or 

20RM load. The researchers found similar neural deficits between all fatiguing protocols. 

The TUT of the 5, 10, and 20RM protocols were 35,70, 140s, respectively. The 

researchers suggested that greater TUT, similar to Behm and St-Pierre (1997), was 

necessary to detect different degrees of inactivation. It is quite possible that the variations 

in load and TUT might have confounded the data. However, the contractile properties 

(peak twitch, time to peak twitch, and half relaxation time) were observed to be 

significantly altered by the 20RM protocol, suggesting that TUT might greatly influence 

the peripheral components. 

Regan and Potteiger (1 999) further supported volume as a contributing factor in 

muscular fatigue when quantified by TUT. The researchers examined the influence of 

isokinetic velocities with respect to blood lactate concentration on strengthlpower (SP) 

and endurance (EN) trained athletes. All subjects performed three separate sessions 

consisting of 20 maximal knee extensions and flexions at a specified velocity during each 

session. Time under tension was determined to be 60,30, and 12s for each protocol at 

1.05,2.09, and 5.23 rad-s-', respectively. The researcher observed a significantly greater 

lactate concentration in protocols utilizing contraction velocities of 1 .O5 and 2.09 radas-' 



compared to the 5.23 rad-s-' for the SP subjects. No significant differences in lactate 

concentrations were detected in the EN subjects across all three contraction velocities. 

The results indicated that greater TUT produces greater blood lactate concentrations in 

strength and power athletes. 

Keogh, Wilson, and Weatherby (1 999) examined alternative training techniques 

with the bench press compared to conventional heavy weight training (HWT) at a 6RM 

load. Subjects performed each technique and 20 min of rest was provided between 

techniques to minimize fatigue. The study included two techniques designed to increase 

the TUT such as super slow motion (SSM) that utilized a 5:0:5s 

(concentric:isometric:eccentric) repetition scheme and an eccentric technique (Ecc) that 

incorporated only a 5s eccentric phase. Both SSM (6 1.7s) and Ecc (29.95s) had 

significantly greater TUT than HWT (21.15s). Super slow motion was found to have 

generated significantly less blood lactate, pectoralis and triceps EMG activity, and 

eccentric and concentric forces compared to the HWT technique. The Ecc group 

demonstrated significantly greater eccentric force, eccentric pectoralis, triceps EMG, and 

blood lactate levels compared to HWT. The loads used in this study were not equated and 

the ineffectiveness of the SSM technique may be attributed to the usage of low tension 

(55% of 6RM). The results of the Ecc group might be attributed to a combination of high 

load (1 10% of 6RM) and high TUT, suggesting that TUT might be an important variable 

in fatigue when the intensity is of a sufficient load. 



Training studies that have manipulated volume 

Studies that vary contraction velocity 

There is a paucity of research investigating the effects of TUT and strength 

adaptations and thus inferences must be made from studies that have manipulated 

contraction velocities. Isokinetic training studies are well documented and relevant 

studies will be reviewed in this paper. However, the majority of the studies reviewed will 

consist of non-isokinetic dynamic protocols because it is more representative of practical 

training. 

Wescott and colleagues (2001) examined the effects of slow and regular 

resistance contraction velocities on strength adaptations utilizing similar TUT protocols. 

Using a large (males = 65, females = 82) elderly (mean age = 53.6) untrained population, 

subjects were assigned to either a fast tempo (FT) or slow tempo (ST) group that 

performed each repetition twice as long (7s and 14s per repetition, respectively). All 

subjects trained two to three times per week for 10 weeks. Training was conducted in a 

circuit training fashion and subjects completed one set of each exercise (13 exercises). 

The FT group performed 8-12 repetitions per set, whereas the ST group performed 4-6 

repetitions. Although the total TUT was similar, the ST group was subjected to greater 

concentric TUT. This occurred because the repetition scheme of the FT group was 2: 1 :4s 

whereas the ST utilized a 10: 1 :4s scheme. The researchers found that the ST group had 

significantly greater mean strength enhancements (12.0 kg) compared to the ST group 

(8.0 kg) and concluded that slow training is an effective method of training. However, it 

is not clear whether TUT had a greater influence than volume load because the training 

load for both groups were not equated. The FT group trained at a IORM, whereas the ST 



group trained at a 5RM (at their respective repetition schemes). Due to reported of 

performing 12 repetitions in the RT, and 6 repetitions in the ST groups, it is probable that 

a true 10RM or 5RM was not obtained. 

Young and Bilby (1 993) indirectly manipulated TUT in study designed to 

investigate the influence of contraction speed on muscular adaptations. Eighteen 

untrained male subjects were assigned to either a fast or slow group that performed the 

half squat (four sets of 8-12 repetitions) using a load of approximately 8-12RM three 

times a week for 7 '/z weeks. Using non-quantifiable TUT protocols, the fast group was 

instructed to explode as fast as possible during the concentric phase of the lift, whereas 

the slow group was instructed to slowly raise and lower the bar in a controlled manner in 

order to minimize acceleration. At the conclusion of the study both groups significantly 

improved from pre-test values but no significant differences were detected between 

groups. The authors noted that trends did emerge from the study and suggested that 

statistical significance may have been reached if the study was conducted longer. Rate of 

force development improvement was greater (68%) in the fast group compared to the 

slow group (23.5%) whereas the slow group had greater improvements in absolute MVIC 

(31%) and relative MVIC (28.4%) compared to the fast group (12.4% & 11%, 

respectively). Furthermore, the slow group had a greater improvement in vertical jump 

(9.3%) than the fast group (4.7%). The improvement in vertical jump might be attributed 

to greater strength enhancements observed in the slow group. No trends were observed in 

regards to muscular hypertrophy. The trends observed suggest that when the intensity and 

repetitions are similar, greater TUT might result in greater strength gains. 



Kanehisa and Miyashita (1 983) found that slow tempo training was an effective 

method of developing power. The knee extensor muscles, of 21 males, were trained on an 

isokinetic dynamometer for six days a week for 8 weeks. The ST group trained at 1.05 

rads-', whereas a FT group trained at 5.24 rad-s-'. The FT group performed 50 

contractions compared to 10 performed by the ST group per session. The researchers 

found that the ST group significantly improved power (watts) at all fives speeds tested 

(1.05,2.09,4.19, 5.24 rad-s-'). The FT group only improved power at the fast velocities 

(4.19, 5.24 rad-s"). The TUT was similar between protocols, whereas the greater volume 

load experience by the FT was an inferior protocol for producing power. 

Studies that have equated TUT have found it might be a greater indicator of 

volume than volume load. Wescott (1 993) conducted an 8 week study examining 

contraction velocities, in which 46 untrained subjects (males and females) participated in 

either a FT or ST group that trained three times per week. Time under tension was 

equated; the ST group performed each repetition twice (8s) as slow as the FT (4s) but was 

only prescribed half the repetitions. However, the fast group experienced approximately 

twice the volume load. Similar significant increases in average load were observed for 

fast (221bs) and slow (231bs) groups from pre-test values. Despite the greater volume 

performed by the S group, it appears that similar TUT resulted in similar strength gains. 

Similar results were observed by Gillies (1997) who investigated training 

protocols that varied in the speed of concentric contractions but were equated for TUT. 

Twenty-one trained females were randomly assigned to FT or ST group that trained three 

times a week for 8 weeks. The RT group performed 4 sets of 8 repetitions (per exercise) 

utilizing an 2:2:2 repetition scheme, whereas the ST group used a 8:2:2 scheme but 



performed only 2 sets of 8 repetition. The total TUT were equated (1 92s) for protocol, 

whereas the RT group approximately twice the volume load. At the conclusion of the 

study, both groups significantly increased their 1RM but were not statically different 

between protocols. 

Although evidence exists to support TUT as an important variable in resistance 

training, currently, the role of TUT remains controversial. Palmieri (1987) investigated 

the effects varying training contraction velocities on leg power. Fifty-five untrained 

males were randomly assigned to either a FT, ST, or combination group. The FT group 

performed concentric contractions in less than 1 s (about %s), whereas the ST group 

utilized a 2s or longer concentric phase. Despite the greater concentric TUT experienced 

by the S group, all groups significantly improved leg power (vertical jump) but were not 

significantly different. 

Morrissey, Harmen, Frykman, and Han (1998) found greater TUT to not any 

more beneficial than regular or fast tempo training. Twenty-one untrained women 

participated in the study and were randomly assigned to either a FT or ST group that 

trained three times a week for 8 weeks. All subjects performed three sets of a back squat 

at a load of 8RM. The conditions were constant except that the ST group experienced 

twice the TUT as the FT group (4s and 2s per repetition, respectively). The FT group 

significantly improved in isokinetic strength at greater test velocities, demonstrating the 

importance of training specificity (Behm & Sale, 1993). The ST group did not 

significantly improve torque at any test velocity. The relative short TUT used by the slow 

group (2:0:2s) may not have been a great enough stimulus to cause a detectable change in 

the results. 



Adeyanju, Crews, and Meadors (1 983) found that fast isokinetic training (1 80•‹/s), 

for 7 weeks, resulted in significant improvements of power and endurance from ST 

(30'1s) training. All protocols performed three sets, consisting of 20s in duration each. 

Both groups experienced similar TUT, but the ST was able to complete approximately six 

times more repetitions. 

Similar results were observed Padden-Jones, Leveritt, Lonergan, and Abernathey 

(2001) who examined the role of two different contraction velocities during a 10 week 

isokinetic eccentric training study. Twenty non-resistance trained subjects were assigned 

to either a FT (3.14 rads-'), ST (0.52 rad.il), or control (no training) group. Subjects in 

the FT and ST groups performed 4 sets of 6 maximal eccentric repetitions three times a 

week. Significant torque increases were observed in the fast group with respect to 

isometric, eccentric (both speeds) and concentric (only at 3.14 rads-l). However, 

maximal contractions were performed six times slower in the ST protocol compared to 

the FT group. As a result, the total TUT for the slow and fast groups were 17.4 and 2.9 

min, respectively. The considerable TUT experienced by the slow group might have 

influenced the results of the study (6: 1 ratio of TUT is greater than any other study 

reviewed in this paper). If TUT is representative of volume then the slow group was 

subjected to considerably greater volume and possibly incurred more muscle damage or 

accumulated greater fatigue. In either case performance would be compromised. 

Keeler, Finkelstein, Miller, and Fernhall (2001) found no advantage of greater 

TUT during resistance training. The researchers found FT to be a superior protocol 

compared to ST training in regards to strength adaptations. The study consisted of 14 

untrained females that trained three times per week for 10 weeks. The FT group used a 



repetition scheme of 2:0:4s, whereas the ST group utilized a scheme of 10:O:Ss. Both 

groups performed 8-12 repetitions to muscular failure for each on the eight exercises 

prescribed in the circuit (Nautilus equipment). The FT group significantly improved in 

total weight lifted (39%) compared to the ST group (1 5%). The data suggest that 

increased TUT might be detrimental to strength enhancements. However, due to the lack 

of control for training load, the greater increase in strength might be attributed to the FT 

group utilizing a greater load (80% of 1RM) compared to the ST group (50% of 1RM). 

Studies that varied TUT between training protocols have produced equivocal 

results. A common criticism of these studies is the lack of control for variables such as 

load. Isokinetic studies manipulating TUT (Adeyanju et al., 1983; Kanehisa & Miyashita, 

1983; Paddon-Jones et al., 2001) cannot control for tension due to the torque-velocity 

curve. It is well known that maximal isokinetic contractions at high velocities produce 

less torque than maximal contractions at lesser velocities (Housh et al., 1994). Studies 

reviewed utilizing dynamic training protocols did not equate load between experimental 

groups. Many of the studies reported load in terms of RM (Gillies, 1997; Morrissey et 

al., 1998; Wescott et al., 2001), range of RM (Young & Bilby, 1993), and a percent of 

RM (Palmieri, 1 987). Reporting loads in terms of absolute RM is controversial. A 

difference might exist between similar RM loads performed at different rates. Gillies 

(1997) had to reduce the load to 80% of an 8RM to allow the slow group to fully adhere 

to the repetition scheme whereas Keogh et al. (1 999) used a 55% of a 6RM to allow for 

full completion of the super-slow protocol. Reporting load as a percent of a RM may be a 

superior method if the reference load was attained through similar protocols for all 

groups. In the defense of the studies reviewed, the majority of the researchers were not 



directly investigating TUT. More rigorous training protocols are required for future 

studies investing TUT. 

Studies that vary volume load 

It is well documented that resistance training with a single set to failure (SSTF) 

will produce significant strength gains in a short period. Many studies have investigated 

the effects of a single set compared to multiple sets on muscular adaptations. However, it 

remains uncertain whether more volume is beneficial to strength enhancements. 

Little evidence has been produced to suggest that more volume will enhance 

strength beyond a SSTF especially in an untrained population (see review Carpinello & 

Otto, 1998). The ineffectiveness of multiple-sets (greater volume load) compared to 

singles-set protocols to produce greater strength adaptations in untrained subjects might 

be attributed to neural drive. Untrained individuals are thought to have a lower capacity 

to fully activate all motor units (Pick & Becque, 2000). Neural adaptations have been 

proposed as the main contributor at the early stages of strength development. Therefore, 

untrained individuals have a greater capacity, than trained, to adapt to a single strength 

stimuli (Tan, 1999). Strength enhancements in trained individuals might require greater 

stimulation, thus, greater volume might be needed to elicit additional strength adaptations 

(Stone, Plisk, Stone, Schilling, & O'Bryant, 1998). For that reason, only studies using 

trained subjects will be reviewed from this point on. 

In an influential study, Berger (1962) attempted to determine whether different 

strength adaptations would occur using different combinations of sets, repetitions, and 

intensity. Utilizing a large sample of 177 university-aged male physical education 

students, Berger compared nine different training programs utilizing either a one-set, 



two-set, or three-set protocol. Each protocol was further divided into three different 

training intensities. All subjects trained three times a week for 12 weeks. The results 

indicated that the training protocol of three sets with six repetitions each was superior to 

the other protocols. Berger concluded that increased volume (sets), at a relatively high 

intensity (6RM), are optimal stimuli for muscular strength enhancements. 

In a study of trained athletes, Kraemer (1997) compared strength adaptations 

between a SSTF and multiple sets to fatigue (MSTF), consisting of three sets, training 

protocols. Forty subjects were randomly assigned to either protocol. All exercises were 

performed in a circuit-training manner at a load of 8-12RM. The SSTF group performed 

the circuit once while the MSTF repeated the circuit two more times with a 1 -minute rest 

between circuits. A significant increase in 1RM bench press (12.6%) and leg press 

(18.9%) was observed in the MSTF compared to the SSTF group (4.1% and 2.2%, 

respectively). 

Sclumberger et al. (2001) observed similar results in women with a strength 

training background. Twenty-seven females were divided into a MSTF (3 sets), SSTF, 

and a control (no training) group. Training consisted of whole body workouts two times a 

week for 6 weeks at a load of 6-9RM. The MSTF group significantly improved their 

1 RM bench press (1 0.4%) from pre-test values compared to the SSTF group (4.1 %). 

Although not statistically different, the MSTF group did improve their 1RM leg 

extension (15.8%) to a greater degree than did the SSTF group (6.7%). The results of the 

study are consistent with Berger (1962) and Kraemer (1997) and imply that training 

volume does influence strength adaptations in a trained population. However, the extent 

to which volume may influence strength adaptations is not well understood. 



In a study designed to identifl fbrther benefits of increased volume (>3 sets) 

Ostrowski and colleagues (1 997) compared three groups that trained using either a 3,6, 

or 12-sets per muscle group protocol. Thirty-five males participated in the study and had 

at least one full year of resistance training experience. Training was conducted four times 

per week for 10 weeks. No significant differences in strength gains were found between 

groups. The results suggest that an upper limit to volume exists and performance beyond 

that limit (threshold) is no longer advantageous. 

Only one study investigated volume on a trained population and found 

contradictory results. Hass, Garzarella, De Hoyos, and Pollock (2000) compared SSTF 

and MSTF (three sets) on a circuit training system (similar to Kraerner, 1997) with forty- 

two resistance-trained subjects. The SSTF group performed the circuit once while the 

MSTF group performed the circuit three times with 3-5 minutes rest periods between 

circuits. All subjects performed the prescribed exercises three times a week for 13 weeks 

at a load of 8-12RM. Significant increases were observed in 1RM strength of all five tests 

(leg extension, leg curl, chest press, overhead press, and biceps curl). However, no 

significant strength differences were detected between the two groups. These results 

suggest that a single set is adequate and performing multiple sets is no more 

advantageous in enhancing strength adaptations. 

The conflicting results of Hass et al. (2000) may be due to their experimental 

design. Kraemer (1 997) and Hass et al. both used a circuit training protocol. However, 

the rest between circuits in the Hass et al. study was 3-5 minutes, resulting in a large 

restlwork ratio. Three to five minutes may allow for PCr stores to completely replenish 

(McMahon & Jenkins, 2002). Therefore, the cumulative fatigue may not have been as 



pronounced as in the Kraemer study, which utilized a 1 -minute rest duration between 

circuits. Increased fatigue may be an important stimulus for strength adaptations (Rooney 

et al, 1994; Schott et al., 1995). Furthermore, the use of different strength tests may have 

attributed to the discrepancy in experimental results. Hass et al. used tests requiring small 

muscles, which are generally associated with small strength gains. Testing on smaller 

muscle groups may decrease the probability of detecting a significant difference between 

groups in a short time (Stone et al., 1998). Kraemer observed significant differences in 

strength gains utilizing large multi-joint bilateral tests such as the leg press and bench 

press. This rationale does not explain the non-significant gains by the high volume group 

observed by Hass et al. (2001) during the chest press strength evaluation. Differences in 

subjects may have accounted for the non-significant results observed by Hass and 

colleagues. Although both experiments used trained subjects, the level of conditioning 

may have been different. Kraemer used NCAA Division 1 football players whereas Hass 

et al. used recreational weightlifters. Due to the high level of competition in the NCAA, it 

may be assumed that the football players were more trained and, therefore, more 

susceptible to greater volume-induced training. Due to numerous variations between 

training protocols, training variables need to be standardized to allow for more accurate 

comparisons between studies investigating training volume. 

Conclusion 

The magnitude of strength adaptations and fatigue to resistance training appears 

to be influenced by the volume of training. More volume appears to result in a greater 

magnitude of fatigue (Hakkinen, & Pakarinen, 1993) and fatigue-associated metabolites 

(MacDougall et al., 1999; Regan and Potteiger, 1999). Greater training volume quantified 



by TUT (Young & Bilby, 1993; Keogh et al., 1999; Wescott et al., 2001) and by volume 

load (Berger, 1962; Kreaer, 1997; Sclumberger et al., 2001) appears to improve strength. 

Time under tension may be more influential that volume load when the intensity is of a 

sufficient load (Gillies, 1997; Wescott, 1993; 2001; Young & Bilby, 1993). Greater 

volume appears be less influential in an untrained population (Carpinello & Otto, 1998; 

Morrissey et al., 1998; Paddon-Jones et al., 2001 Palmieri, 1987; Starkey et al., 1996), 

nor does training beyond three sets in a trained population (Ostrowski et al, 1997). 

Comparisons between studies are difficult due to the lack of control for 

extraneous variables and to variation in training status. Studies that manipulate TUT need 

to control for the load otherwise results cannot conclusively be attributed to TUT. The 

majority of TUT studies available have utilized untrained subjects (Morrissey et al., 

1998; Paddon-Jones et al., 2001 ; Palmieri, 1987; Starkey et al., 1996; Wescott, 1993; 

2001 ; Young & Bibly, 1993) creating a need for more studies involving trained subjects 

because these individual are thought to be more susceptible to greater volume (Stone et 

al., 198 8). Furthermore, additional studies involving longer training periods (> 12 weeks) 

are needed to investigate the role of volume on chronic strength training because athletes 

are more likely to train beyond 12 weeks. 

A consensus for an operational definition of volume has not yet been achieved. 

Without a universal definition of volume, studies that prescribe volume cannot 

confidently suggest that volume is equated between experimental protocols. A 

discrepancy may exist between training protocols that have not controlled for either 

volume load or TUT. There is a paucity of research investigating the effects of TUT on 

acute neuromuscular adaptations. These studies are needed to determine the relative 



influences of TUT and volume load. The results of such studies could provide strict 

guidelines for training volumes of future training studies or programs. Currently, no study 

has directly investigated the effects of TUT and volume load on acute neuromuscular 

responses. 
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Appendix B 

Raw Data 



Table B 1 

Experiment 1: Pre, Post, and Percent Dzference Mean * SEM Values for each Dependent 

Variable of Fatiguing Protocols A, B, and C 

Measurement A B C 

% RT (ms) 

MVIC (N) Pre 

Post 

% diff 

ITT (% activation) Pre 

Post 

% diff 

Blood lactate (rnmol) Pre 

Post 

% diff 

Pre 

Post 

% diff 

Pre 

Post 

% diff 

Pre 

Post 

% diff 

Slope of TPT (Nls) Pre 

Post 

% diff 

Slope of ?h RT (Nls) Pre 

Post 

% diff -20.34 * 8.34 74.52 * 32.74 6.31 11.76 



Table B2 

Experiment 2: Pre, Post, and Percent Difference Mean SEM Values for Each 

Dependent Variable of Fatiguing Protocols A, B, and C 

Measurement A B C 

MVIC (N) P r e 390.58 a 28.06 383.88 a 22.89 379.82 & 18.89 

Post 282.95 k 21.94 322.32 * 18.67 301.23 k 16.54 

%diff -27.62k1.66 -15.86 * 1.35 -20.25 k 3.12 

iEMG (mV) P r e 436.20 a 45.22 491.90 & 69.78 469.06 a 47.54 

Post 285.26 a 33.63 365.26 a 44.16 353.98 a 37.21 

% diff -30.28 a 7.97 -20.94 * 6.78 -21.72 k 8.17 



Table B3 

Pre, Post, and Percent Difference of Mean -+ SEM MVIC of Fatiguing Protocols A, B, 

and C of 10 participants of both Eland E2 

Experiment MVIC A B C 

E 1 P r e 366.04 +: 17.93 366.10 * 18.70 368.29 + 18.92 

Post 292.89 + 19.02 322.30 * 16.79 304.07 + 22.75 

% diff -20.03 * 2.77 -1 1.63 * 2.40 -17.36 + 4.45 

Post 282.32 * 21.94 322.32 * 18.67 301.24 + 16.54 

% diff -27.62 + 1.66 -15.86 + 1.35 -20.25 * 3.12 



Appendix C 

Statistical Analysis 



Table C1 

Experiment 1 : Analysis of Variance with Repeated Measures (2-way, within subjects) for 

Mean Percent Difference, from Pre to Post, of Each Dependent Variable 

N Measures SS df MS F Significance 

MVIC 

Error 

ITT 

Error 

Blood lactate 

Error 

Peak Twitch 

Error 

TPT 

Error 

%RT 

Error 

Rate of TPT 

Error 

Rate of %RT 

Error 203781.352 18 11321.186 
Note: Asterisk (*) denotes significance at p < 0.05. 



Table C2 

Experiment 2: Analysis of Variance with Repeated Measures (2-way, within subjects) for 

Mean Percent Difference, from Pre to Post, of Each Dependent Variable 

N Measures SS df MS F Significance 

10 MVIC 706.329 2 353.164 8.121 0.003" 

Error 782.828 18 43.49 

10 iEMG 536.667 2 368.334 0.463 0.637 

Error 10433.201 18 579.622 
Note: Asterisk (*) denotes significance at p < 0.05. 



Table C3 

Analysis of Variance with Repeated Measures (2-way, within subjects) for Pre, Post, and 

Percent Difference of MVIC from I0 Participants that participated in both El  and E2 

N Measures SS df MS F Significance 

10 Pre 5458.023 5 109 1.605 1.521 0.202 

Error 32302.546 45 717.834 

10 Post 12438.92 5 2487.784 3.348 0.01 2* 

Error 33439.52 45 743.100 

10 % diff 1434.734 5 286.947 4.888 0.001 * 

Error 2641.876 45 58.708 
Note: Asterisk (*) denotes significance at p < 0.05. 



Table C4 

Paired t-tests for All Variables That Achieved a Signijicant F- Value Across the Fatiguing 

Protocols (A, B, & C) for E l ,  E2, and 10 Participants of Both El and E2 

Condition N Measurement A vs. B A vs. C B vs. C 

Participants of El & E2 

10 

10 

MVIC 

Blood Lactate 

Peak Twitch 

Slope of TPT 

Slope of %RT 

MVIC 

MVIC (El) 

MVIC (E2) 

10 El vs. E2 MVIC 0.0125* 0.024* 0.237 
Note: Asterisk (*) denotes significance at p < 0.05. 



Appendix D 

Participant Consent Form 



UNIVERSITY OF VICTORIA 
OFFICE OF THE VICE-PRESIDENT, RESEARCH 
HUMAN RESEARCH ETHICS COMMITTEE 

Participant Consent Form 

The effects of varying time under tension and volume load on acute neuromuscular 
responses 

You are being invited to participate in a study entitled The effects of varying time under 
tension and volume load on acute neuromuscular Responses that is being conducted by Quan 
Tran who is a graduate student in the School of Physical Education at the University of Victoria 
and you may contact him if you have further questions by either phone (704-1332) or email 
(auantran@,uvic.ca). As a graduate student, I am required to conduct research as part of the 
requirements for a degree in Master's of Science. It is being conducted under the supervision of 
Dr. David Docherty. You may contact my supervisor at 721-8375 or docherty@uvic.ca. 

The purpose of this research project is to examine the effects of varying time under tension (TUT) 
and volume load on acute neuromuscular responses following dynamic constant external 
resistance (DCER) elbow flexion, using dumbbells, at a constant load (90% of 10RM). 

Research of this type is important because the majority of studies and training programs prescribe 
volume using the volume load method. Volume load is the approximation of mechanical work 
performed during a workout. However, without acknowledgement of TUT, the total time that the 
muscles are under continuous tension, it is uncertain whether these studies or programs can 
confidently suggest that volume is equated. If discrepancies can occur using volume load, stricter 
protocols for volume are necessary. Time under tension is considered an alternative method for 
determining volume. Few studies have directly examined TUT on DCER (fi-ee weights) training 
without the influence of varying training load. Currently, no study has directly compared the 
effects of TUT and volume load on acute neuromuscular responses. Thus, the relative influences 
of TUT are unknown. 

If long-term enhancements of muscular strength and hypertrophy are influenced by the volume of 
training, resistance programs should be planned to optimize the volume. Therefore, the frst step 
to answering this question is to identify the contributions of various methods of determining 
volume, such as TUT and volume load, on acute neuromuscular responses to better understand 
training volume. 

You are invited to participate in this study because you have participated in a minimum of one 
year of upper body resistance training, approximately three times per week, prior to beginning the 
study. 

If you agree to voluntarily participate in this research, your participation will include 
performance of various exercise protocols, giving eight blood samples for lactate analysis, and 
administration of the interpolated twitch technique (I'IT). The I'IT involves a brief electrical 
stimulus to the biceps brachii during a hlly relaxed and maximal voluntary contracted state. 
Comparison between the twitches obtained during these states will give an estimate of muscle 
activation. 



The experiment will consist one control and three exercise protocols of DCER elbow 
flexion designed to manipulate either TUT or volume load. You will be required to participate in 
a minimum of two familiarization sessions. A third familiarization session will be conducted if 
there is a greater than 5% difference in the acquired 10RM. After satisfactory completion of the 
familiarization sessions, participants will perform each exercise protocol on separate days with 
approximately 24-72hrs between testing sessions. You will perform the ITT to measure muscle 
activation and have blood drawn pre and post each exercise protocol. 

Participation in this study may cause some inconvenience to you because of the time 
commitment, approximately 5 hours for 6 sessions over a period of 2-3 weeks. Although very 
unlikely, you may also experience some discomfort during the mild electrical stimulus during the 
ITT and during acquisition of a small blood sample. 

There are some potential risks to you by participating in this research. However, the risks of 
infection with blood testing is very low. The blood sample will be taken in a sterile environment 
with sterile instruments by qualified personnel. The lactate samples are taken by finger prick in 
the laboratory. All equipment that may come in contact with the finger and blood is sterilized 
before and after each session. The finger is sterilized before the sample is taken by alcohol swab 
and the finger puncture unit is a new, sterile instrument for each subject (one use only). The tester 
will be wearing gloves on freshly cleaned hands. In addition, following the testing sessions, you 
may experience some minor muscle soreness. Gentle stretching of the affected muscles should 
alleviate the stiffness. If the muscle soreness persists for more than 48 hours or if you experience 
discomfort greater than normally encountered during a regular training session please inform the 
investigator (704-1332) and the test will be terminated. You can either reschedule another 
appointment to complete the test or withdraw fiom the study. 

Your participation in this research must be completely voluntary. If you do decide to participate, 
you may withdraw at any time without consequence or explanation. If you do withdraw fiom the 
study your data will not be used in the study. 

In terms of protecting your anonymity, your data will be stored by assigning a code number to the 
data sheet rather than a name. Only the principal investigator and the supervising professor will 
have access to the data. 

Your confidentiality and the confidentiality of the data will be protected. All information 
collected during the study will only be accessible by the principal investigator or supervisor and 
personal results will not shared without your consent. 

Data from this study consisting of raw data and electronic files (recorded onto a CD) will be 
stored in a personal locked file cabinet for a minimum of 5 years. Upon completion of the 
retention period, the documents will be shredded and the CD destroyed. 

It is anticipated that the results of this study will be shared via a thesis paper and published 
article. 

In addition to being able to contact the researcher at the above phone numbers, you may verify 
the ethical approval of this study, or raise any concerns you might have, by contacting the 
Associate Vice-president, Research at the University of Victoria (250-472-4362). 



Your signature below indicates that you understand the above conditions of participation in this 
study and that you have had the opportunity to have your questions answered by the researchers. 

Name of Participant Signature Date 

A copy of this consent will be left wzwith you, and a copy will be taken by the researcher. 


