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Abstract

Purpose The purpose of this study was to investigate the

effects of a fatigue-inducing bout of submaximal, inter-

mittent isometric contractions on the electromechanical

delay (EMD) of the leg extensors and flexors in young and

old men.

Methods Twenty young (mean ± SD: age = 25 ± 2.8

years) and sixteen old (age = 70.8 ± 3.8) recreationally

active men performed maximal voluntary contractions

(MVCs) followed by a fatigue-inducing protocol consisting

of intermittent isometric contractions of the leg extensors

or flexors using a 0.6 duty cycle (6 s contraction, 4 s

relaxation) at 60 % of MVC until volitional fatigue. MVCs

were again performed at 0, 7, 15, and 30 min post fatigue.

A three-way mixed factorial ANOVA was used to analyze

the EMD data.

Results There was a two-way muscle 9 time interaction

(P = 0.039) where the EMD of the leg flexors was greater

(P = 0.001–0.034) compared with baseline at all post

fatigue time periods, but was only greater at immediately

post fatigue for the extensors (P = 0.001). A significant

two-way interaction for muscle 9 age (P = 0.009)

revealed that the EMD was greater (P = 0.003) for the

extensors for the old compared with the young men, but not

different for the flexors (P = 0.506).

Conclusions These findings showed differential fatigue-

induced EMD recovery patterns between the leg extensors

and flexors with the flexors being slower to recover and

also that age-related increases of EMD are muscle group

specific. The sustained increased EMD of the flexors dur-

ing recovery may have important injury and performance

implications in a variety of populations and settings.

Keywords Aging � Isometric contraction � Muscle

recovery � Quadriceps � Hamstrings

Introduction

The process of muscle contraction involves an electrome-

chanical delay (EMD) which has been defined as the time

lapse that exists between the onset of electrical activity and

the onset of tension or force production (Cavanagh and

Komi 1979). EMD is a common neuromuscular assessment

tool and has been used previously by researchers examin-

ing the effects of muscle fatigue (Mercer et al. 1998;

Minshull et al. 2007, 2012a), muscle damage (Minshull

et al. 2012b; Howatson 2010), training-induced changes

(Reeves et al. 2003), musculotendinous stiffness (Badier

et al. 1999), differences among muscle groups (Nilsson

et al. 1977; Zhou et al. 1995b; Minshull et al. 2007),

genders (Minshull et al. 2007), and age groups (Zhou et al.

1995b). The EMD has been suggested to primarily be

influenced by the propagation of action potentials across

the muscle membrane, the excitation–contraction coupling

(EC-C) processes (Boncompagni et al. 2006; Cavanagh and

Komi 1979), and the stretching of the series elastic com-

ponent (SEC) (Herda et al. 2012; Cavanagh and Komi
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1979; Winter and Brookes 1991), with the SEC repre-

senting the major portion of the measured time delay

(Cavanagh and Komi 1979; Badier et al. 1999). For

example, Sasaki et al. (2011) have suggested the amount of

slack within the muscle–tendon unit may be a primary

factor influencing EMD and Nordez et al. (2009) have

reported during plantar flexion actions, the passive portion

of the SEC attributes 47.5 % of the total EMD. Addition-

ally, muscle fiber type has been reported to influence the

EMD (Nilsson et al. 1977; Viitasalo and Komi 1981) with a

shorter EMD being associated with higher proportions of

type II muscle fibers (Viitasalo and Komi 1981; Zhou et al.

1995a). Since EMD has been reported to be related to

higher muscle strength (Bell and Jacobs 1986), rate of force

development (Zhou et al. 1995a), muscle fiber conduction

velocity (Viitasalo and Komi 1981), and muscle stiffness

(Zhou et al. 1995a), it has been suggested as being a

potentially useful indicator of neuromuscular function

(Zhou et al. 1995a).

Neuromuscular fatigue has been defined as an exercise-

induced reduction in the ability to exert force or power,

regardless of whether the task can be sustained (Bigland-

Ritchie and Woods 1984). The implications of fatigue are

far reaching, given its potential prevalence among a variety

of populations, and in many performance-related tasks or

activities of daily living. Thus, its measurement may pro-

vide important physiological and performance-based

information regarding neuromuscular function in a variety

of circumstances. For example, the effects of fatigue have

been used to examine the influences and mechanisms of

muscle specific responses (Minshull et al. 2012a; Zhou

1996; Howatson 2010), gender differences (Minshull et al.

2007), physiological mechanisms (Fitts 2006; Bigland-

Ritchie and Woods 1984; Westerblad et al. 1991), and

aging (Allman and Rice 2001). Given neuromuscular

fatigue involves mechanisms associated with impairments

in neuromuscular function, such as muscle membrane

action potential propagation (Badier et al. 1999) and EC-C

impairments (Boncompagni et al. 2006; Jones 1996), the

EMD would appear to be consequently associated with

these fatigue-inducing mechanisms. For instance, Zhou

et al. (1996) reported an 18.7-ms increase in EMD (for the

vastus lateralis) immediately following isometric maxi-

mum voluntary contractions (MVCs) of the leg extensors

and that the EMD had recovered to baseline within 10 min

following the fatigue task. Similarly, Minshull et al.

(2012a) showed the leg flexors had increased EMD values

(14.2 ms higher post fatigue) following MVCs and recov-

ery was observed within 8 min following the fatigue task.

An increased EMD resulting from fatiguing tasks may

yield performance and injury risk consequences because of

the elongated muscle excitation and contraction time

responses. Specifically, individuals may be predisposed to

increased injury risk due to the inability of the muscles to

properly stabilize the knee joint during critical periods of

mechanical loading (Blackburn et al. 2009; Twist et al.

2008), which may increase the likelihood for ligamentous

injury (Mercer et al. 1998), specifically of the anterior

cruciate ligament (ACL) (Hagood et al. 1990; Bennell et al.

1998). Although several studies have examined the influ-

ence of fatigue-induced EMD on the leg extensor muscle

group, a paucity of data exists concerning these effects on

the leg flexors. Because the leg flexors have been shown to

be important for athletic-related tasks (Mero et al. 1992;

Delecluse 1997; Thompson et al. 2012), fall risks (Bento

et al. 2010) and injury prevention pertaining to the knee

joint and ACL (Hagood et al. 1990; Bennell et al. 1998),

impaired leg flexor muscle contraction times may be par-

ticularly detrimental to performance and injuries in a

variety of populations and settings.

Aging has been shown to adversely affect the neuro-

muscular system often leading to reduced functional per-

formance capabilities and increased injury risks in older

adults. It has also been shown that muscle fiber composi-

tion is altered with aging, where a greater proportion of

Type I fibers is observed compared with Type II (Lexell

1995). The association between EMD and neuromuscular

characteristics may further be supported in the observed

age-related increases in EMD (Zhou et al. 1995b). More-

over, although the fatigue-induced effects on increased

EMD have been demonstrated in young adults (Zhou 1996;

Zhou et al. 1995a, 1996; Minshull et al. 2007, 2012a, b),

we are aware of no studies that have examined these effects

in older adults. Older adults have been reported to have

impaired EC-C mechanisms (Boncompagni et al. 2006),

which have been shown to be largely affected by fatigue

(Fitts 2006; Green 1997; Miller et al. 1995), and because

EMD is a function of EC-C, it is possible that aging may

lead to differential effects of fatigue on EMD in old

compared with young adults. Given that older adults are

already often functionally impaired, or operating near the

functional impairment threshold, even minor changes in

performance capacities may yield large functional conse-

quences. Further, previous authors have suggested that an

increased EMD may reduce proprioceptive sensitivity,

which may affect force generating capabilities and further

exacerbate injury risk in an already vulnerable elderly

population (Rack et al. 1983; Morse et al. 2005). These

consequences have been acknowledged by Bento et al.

(2010) who have stated, ‘‘…Declines in neuromuscular

function of the lower limbs have been identified as a major

risk factor for falls among elderly’’ (pg. 450).

Studies examining the fatigue-induced effects on EMD

have primarily used intermittent isometric MVCs; how-

ever, it has been suggested that submaximal intermittent

contractions may be more functionally relevant and typical
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of activities of daily living (ADLs) (Allman and Rice

2002). Thus, the purpose of the present investigation was to

examine the effects of a fatigue-inducing bout of sub-

maximal, intermittent isometric contractions on the EMD

of the leg extensors and flexors in young and old men at

immediately after and during a 30-min recovery period.

Methods

Participants

Twenty young (mean ± SD age = 25 ± 2.8 years; stat-

ure = 178.1 ± 6.5 cm; mass = 87.4 ± 22.3 kg) and six-

teen old (age = 70.8 ± 3.8; stature = 177.5 ± 6.3;

mass = 87.8 kg) men volunteered to participate in the

study. This study was approved by the University Institu-

tional Review Board and all participants completed and

signed an informed consent document and health history

questionnaire. None of the participants reported any cur-

rent/ongoing neuromuscular diseases or musculoskeletal

injuries of the knee or hip of their right leg within 1 year

prior to testing.

Procedures

Participants visited the laboratory on three occasions with

the first session being a familiarization trial where all

participants practiced the maximal voluntary contractions

(MVC’s) and the fatigue protocol of both the leg extensor

and flexor muscle groups and the next two visits were the

experimental trials. Within 2–4 days following the famil-

iarization trial, participants reported back to the laboratory

for the first experimental trial (day 2) and then again 7 (±1)

days later for the second experimental trial (day 3). The

two experimental trials involved testing of either the leg

extensor or flexor muscle group only, on each respective

test day. The order of testing of the muscle groups was

randomized. For both experimental trials, participants were

instructed to refrain from any caffeine consumption within

12 h of testing and any vigorous physical activity or

exercise within 48 h of all testing.

Isometric strength assessments

All MVC testing procedures have been described previ-

ously (Thompson et al. 2013a); however, these procedures

will be discussed briefly below. MVCs were performed

with the right leg using a calibrated Biodex System 4 is-

okinetic dynamometer (Biodex Medical Systems, Inc.

Shirley, NY, USA). For all strength assessments, partici-

pants were seated with restraining straps placed over the

trunk, pelvis, and thigh. The input axis of the dynamometer

was aligned with the axis of rotation of the knee. All MVCs

were performed at leg angles of 60� and 30� below the

horizontal plane for the leg extensors and flexors, respec-

tively. Prior to the maximal strength testing, participants

performed a 5-min warm-up on a cycle ergometer (Monark

Exercise 828E, Vansbro, Sweden) at a self-selected low-

intensity workload, followed by three submaximal isoki-

netic leg extension and leg flexion muscle actions at

60� s-1 at approximately 75 % of their perceived maximal

effort. Depending on the randomized testing order, and

prior to the experimental protocol, the participant per-

formed two–three MVC’s with either the leg extensors or

flexors with 1 min of recovery between each contraction.

During all MVC measurements the participants were ver-

bally instructed for the leg flexion and extension MVCs to

‘‘pull’’ or ‘‘push’’, ‘‘as hard and fast as possible’’ for a total

of 3–4 s (Thompson et al. 2012).

Experimental fatigue protocol and recovery

The highest torque value (peak torque; PT) recorded from

the baseline isometric MVCs (Pre) was used to determine

the target torque level for the subsequent experimental

fatigue protocol. The target torque level was set at 60 % of

PT, which has been used effectively in previous investi-

gations (Vollestad 1997; Allman and Rice 2001) to elicit a

neuromuscular fatigue response during intermittent sub-

maximal contractions. Five minutes following the Pre

MVCs, participants performed the fatigue protocol, which

consisted of cyclical intermittent contractions using a 0.6-

duty cycle, involving a 6-s contraction followed by a 4-s

relaxation phase (Vollestad 1997; Bigland-Ritchie et al.

1986). During the fatigue protocol, participants were

required to track their torque production by tracing a hor-

izontal line set at the target torque level, on a computer

monitor placed directly in front of them which displayed

the real time torque signal. The fatigue test was terminated

when participants were no longer able to reach their target

torque level, despite giving a maximal effort, which was

visually assessed by the researcher similar to procedures as

described by (Bilodeau et al. 2001; Vollestad 1997). Upon

termination of the fatigue protocol, 2–3 MVCs were then

recorded immediately (Post), 7 (Recov7), 15 (Recov15)

and 30 (Recov30) minutes following the fatigue task.

Strong verbal encouragement was provided throughout the

duration of the fatigue protocol, and during all MVCs.

Electromyography measurements

Surface EMG recordings were examined from the vastus

lateralis (VL) and biceps femoris (BF) (Mitchell et al.
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2011) muscles as to be representative of the leg extensor

and flexor muscle groups, respectively. Prior to the

electrode placements, the skin at the specified location of

the vastus lateralis and biceps femoris was shaved, abra-

ded, and cleaned with isopropyl alcohol, to reduce inter-

electrode impedance and increase the signal-to-noise

ratio. Pre-gelled bipolar surface electrodes (EL502,

Biopac Systems Inc, Goleta, CA, USA) with an inter-

electrode distance of 25 mm were then placed over the

VL and BF muscles of the right thigh. For the VL, the

electrode was placed at 66 % of the distance between

the anterior superior iliac spine and the lateral superior

border of the patella, and for the BF the electrode was

placed at 50 % of the distance between the ischial

tuberosity and the lateral tibial condyle. The electrode

placements were in accordance with the recommendations

of the SENIAM project (Hermens et al. 1999). A single,

pre-gelled surface electrode was placed on the tibial

tuberosity to serve as a reference electrode.

Signal processing

The torque (Nm) and EMG (lV) signals were sampled

simultaneously at 2 kHz with a Biopac data acquisition

system (MP150WSW, Biopac Systems, Inc.; Santa Bar-

bara, CA, USA), stored on a personal computer (Dell

Inspiron 8200, Dell Inc., Round Rock, TX, USA), and

processed off-line with custom-written software (Labview

8.5, National Instruments, Austin, TX, USA). The scaled

torque signal was filtered using a fourth-order, zero-phase

shift, low-pass Butterworth filter with a 10-Hz cutoff

frequency. The passive baseline torque value was con-

sidered the limb weight and subtracted from the signal so

that the new baseline value was set at 0 Nm. All sub-

sequent analyses were performed on the scaled, filtered,

and gravity-corrected torque signal. Isometric MVC PT

was determined as the highest 0.5 s epoch during the

entire 3–4 s MVC plateau. The raw EMG signals (lV)

were digitally bandpass filtered at 20–400 Hz using a

zero-phase fourth-order butterworth filter and subse-

quently rectified.

The EMD was identified as the time (ms) difference

between the EMG and torque onsets. The EMG onset was

determined manually, using custom-written software which

provided an interactive graph from which a high-resolution

window was subsequently scaled (y axis = *30 lV and

x axis = *100 ms) to establish an optimal view for cursor

placement and consequently onset detection. A horizontal

line was displayed on the graph that represented 3 SDs

above baseline (Barry et al. 2005) and provided a visual

guide to aid the researcher in determining the EMG onset

(Fig. 1). Torque onset determination was automated and

was initiated when the torque signal reached 7.5 and 4 Nm

for the leg extensors and flexors, respectively (Thorlund

et al. 2008; Thompson et al. 2013a).

Statistical analyses

A three-way mixed factorial ANOVA (muscle [leg exten-

sors vs. leg flexors] 9 age [young vs. old men] 9 time

phase [Pre vs. Post vs. Recov7 vs. Recov15 vs. Recov30])

was used to analyze the EMD data. When appropriate,

follow-up analyses included one-way repeated measures

ANOVAs and independent samples t tests with Bonferroni-

corrections on either the simple main effects (when a sig-

nificant interaction was present) or main effects collapsed

across the opposing variable (when no significant interac-

tion was present). PASW software version 20.0 (SPSS Inc,

Chicago, IL, USA) was used for all statistical analyses. An

alpha value of P B 0.05 was considered statistically sig-

nificant for all comparisons.

Fig. 1 A diagram showing a filtered torque and b rectified electro-

myography (EMG) tracings from which the c electromechanical delay

(EMD) was determined as the time difference (ms) between the EMG

and torque onsets
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Results

Means and SD values for EMD are presented in Table 1 for

all time phases for the leg extensors and flexors for the

young and old men. There was no significant three-way

interaction (muscle 9 age 9 time phase, P = 0.755) but

there were two-way interactions for muscle 9 time

(P = 0.039) and muscle 9 age (P = 0.009). For

muscle 9 time, the EMD was greater for the leg flexors at

all post fatigue time phases (i.e., Post, Recov7, Recov15,

Recov30; (P = 0.009–0.034) but was only greater at

immediate Post for the leg extensors (P = 0.001) com-

pared with Pre fatigue (Fig. 2). For muscle 9 age, the

EMD was greater for the leg extensors for the old com-

pared with the young men (P = 0.003), but no differences

were observed for the leg flexors (P = 0.506) (Fig. 3).

Discussion

The primary findings of the present study revealed that a

fatigue-inducing bout of intermittent isometric contractions

elicited increased EMD at Post compared with Pre fatigue

values for the leg extensors and flexors in the young and

old men. However, differential recovery patterns for the

EMD were observed between the leg extensors and flexors

such that the leg extensors exhibited a more rapid recovery

(no differences between Pre vs. Recov7, Recov15 and

Recov30) compared with the leg flexors in which no

recovery was present up to 30 min post fatigue (i.e., greater

EMD at all recovery periods compared to Pre values)

(Fig. 2). Additionally, the EMD of the leg extensors was

greater for the old compared with the young men, but no

age-related differences were observed for the leg flexors

(Fig. 3).

The present study showed that EMD increased as a

result of neuromuscular fatigue for the leg extensors and

flexors in both the young and old men. These findings are

similar to previous studies which have reported fatigue-

induced increases in the EMD for the leg extensors (Zhou

1996; Zhou et al. 1995a, b; Häkkinen and Komi 1983), leg

flexors (Minshull et al. 2007, 2012a; Mercer et al. 1998),

adductor pollicis (Duchateau and Hainaut 1985), and

biceps brachii (Howatson 2010) muscles. Additionally,

there were no age-related differences regarding the effects

of fatigue on EMD increases at Post fatigue; which sug-

gests that aging does not appear to be associated with

impairments in the physiological responses influencing a

longer EMD induced by neuromuscular fatigue, in a pop-

ulation of recreationally active men. Because EMD is a

function of both the structural components (i.e. SEC, ten-

don properties) (Minshull et al. 2012b; Zhou 1996; Cava-

nagh and Komi 1979) and the muscle membrane action

potential propagation and EC-C processes (Zhou 1996;

Fitts 2006; Green 1997), the observed increases in EMD

Table 1 Mean (SD) electromechanical delay (EMD) values for all time phases for the leg extensors and flexors in young and old men

Muscle Age Pre Post Recov7 Recov15 Recov30 Mean timec phase

Leg extensors Young 92.88 (14.38) 115.55 (17.25) 91.72 (14.59) 93.92 (13.35) 94.25 (11.21) 97.66

Old 101.63 (9.40) 128.38 (26.68) 108.06 (15.42) 107.56 (16.25) 108.35 (14.71) 110.8d

Mean extensorsa 97.26 (12.43) 121.97 (21.90)b 99.89 (14.96) 100.74 (14.7) 101.3 (12.87)

Leg flexors Young 80.55 (13.69) 98.10 (18.20) 84.73 (14.80) 90.45 (15.81) 89.68 (14.20) 88.70

Old 82.00 (11.34) 100.19 (20.23) 93.53 (10.10) 89.38 (15.48) 89.00 (11.02) 90.82

Mean flexorsa 81.28 (12.71) 99.15 (19.12)b 89.13 (12.94)b 89.92 (15.66)b 89.34 (12.89)b

a Significant muscle 9 time phase interaction collapsed across age group
b Significantly greater than Pre
c Significant muscle 9 age group interaction collapsed across all time phases
d Significantly greater than young

Fig. 2 Electromechanical delay (EMD) values of the knee extensors

and flexors collapsed across age groups for all time phases. Dagger

indicates an interaction (muscle 9 time phase) showing the leg

extensors had a differential recovery pattern compared with the

flexors (*significantly different than Pre). Values are mean ± SEM

Eur J Appl Physiol (2013) 113:2391–2399 2395
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resulting from neuromuscular fatigue may be a conse-

quence of alterations or impairments in these physiological

mechanisms. For example, Minshull et al. (2007) suggests

cyclical loading of mechanical stress on the muscle–tendon

unit, which would occur during the completion of a muscle

fatiguing task, may result in elongation of the connective

tissues and muscle–tendon unit over time due to the vis-

coelastic properties of the tissue, which may affect com-

pliance characteristics. It is also plausible that the

mechanical loading from repeated contractions produced

alterations in tendon properties possibly leading to tendon

creep (Maganaris 2002) and potentially influencing the

EMD response. Given the SEC is a large contributor to the

EMD, an increase in compliance characteristics and laxity

of the tissues may increase the time it takes to transmit

intrinsic muscular forces to the external load, which would

theoretically lead to an increase in the EMD. Additionally,

fatigue-induced elongation of the EMD may be influenced

by muscle membrane action potential propagation and EC-

C processes which have been suggested to be impaired as a

result of processes associated with fatigue (Green 1997;

Fitts 2006). Previous authors (Zhou 1996; Fitts 2006) have

suggested that the slowing of the sarcolemma and t-tubule

conduction processes may contribute to the prolongation of

EMD with fatigue. Sjøgaard (1990) further suggests that

repeated isometric contractions may elicit an excessive

accumulation of potassium and lower levels of sodium ions

in the extracellular fluids, which would likely result in

impaired EC-C processes, and potentially result in an

increased EMD.

A key finding of the present investigation was that the

EMD of the leg flexors did not recover to baseline values

during all phases of the recovery period up to 30 min

following the fatigue task, while the leg extensors had

recovered to baseline values by minute 7 of recovery

(Recov7). In agreement with these findings, previous

authors have also shown that an elongated EMD of the leg

extensors following fatigue had recovered back to baseline

within 3–10 min following the fatigue task (Häkkinen and

Komi 1983; Zhou 1996). Although Minshull et al. (2012a)

reported the EMD of the leg flexors was greater following a

fatigue task compared with baseline, their findings revealed

the EMD had returned to baseline at 8 min of recovery,

showing a more rapid recovery compared with the present

study. These discrepancies may be attributed to differences

in fatigue protocols, as Minshull et al. (2012a) used a

maximal intermittent protocol, in comparison with the

submaximal intermittent protocol used in the present

investigation. The observed differential recovery patterns

between the leg extensors and flexors may be attributed to

differences in physiological and activity pattern charac-

teristics between muscle groups. For example, in addition

to the leg flexors being smaller muscles than the leg ex-

tensors (Wickiewicz et al. 1983), it has been suggested that

they may have higher proportions of type II muscle fibers

(Garrett et al. 1984), longer muscle fibers (Wickiewicz

et al. 1983), and differences in tendon properties (Noyes

et al. 1984) and muscle architecture including smaller

pennation angles (Chen et al. 2011) compared with the leg

extensors. It has further been suggested that the leg flexors

may not contribute largely to many normal activities of

daily living (Chen et al. 2011; Jamurtas et al. 2005), par-

ticularly where low levels of locomotor exertion may be

involved. Thus, the leg flexors may not be as accustomed to

intense fatiguing contractions as other locomotor muscle

groups (i.e. leg extensors), which may result in greater

physiological disruptions from fatiguing contractions, and

consequently delayed recovery processes. Collectively,

these findings demonstrate that neuromuscular fatigue of

the leg flexors may lead to increased EMD for an extended

period of time following the completion of a fatigue task,

which has been suggested as being a factor that may neg-

atively affect the functional performance of the involved

muscles (Cavanagh and Komi 1979; Minshull et al. 2012b).

The increased EMD of the leg flexors may be particularly

detrimental to performance because the leg flexors have

been shown to be important contributors to performance-

related tasks (Thompson et al. 2012, 2013b; Delecluse

1997). The present study showed a 22 % increase in EMD

Post fatigue for the leg flexors and maintained a 9–11 %

increased EMD during recovery, which may lead to an

elevated incapacity to effectively stabilize the knee during

critical periods of mechanical loading (Twist et al. 2008)

for an extended time period following the onset of fatigue.

An increased EMD could slow the initial contraction time

of the leg flexor muscle group which may increase ACL

Fig. 3 Electromechanical delay (EMD) values of the leg extensors

and flexors collapsed across all time phases for the young and old age

groups. Dagger Indicates an interaction (muscle 9 age group)

showing the old had greater EMD compared with the young for the

leg extensors but not for the leg flexors. Values are mean ± SEM
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injury risk, given the important contribution of these

muscles in stabilizing the knee joint (Hagood et al. 1990).

It has been proposed that with fatigue in older individuals,

an increased tendon laxity and EMD may reduce the pro-

prioceptive sensitivity, which can increase the time needed

to generate force rapidly for postural readjustments (Morse

et al. 2005; Rack et al. 1983) to recover from a loss of

balance and prevent falls (Bento et al. 2010; Pijnappels

et al. 2008). Although no differences were observed

between the young and old men regarding the EMD

recovery between muscle groups, it is possible the delayed

recovery of the EMD for the leg flexors may have greater

detrimental effects for the elderly, given they are nearer

their functional daily living thresholds.

The present findings showed revealed the EMD of the

leg extensors was greater for the old compared with the

young men, but no age-related differences were observed

for the leg flexors. These findings are similar to those of

previous studies that have reported longer EMD in old

compared with young individuals for the leg extensors

(Zhou et al. 1995b; Clarkson and Kroll 1978) and plantar

flexors (Morse et al. 2005). Zhou et al. (1995b) reported

that the EMD of the vastus lateralis of the older men

(56–78 years) was longer than that of young college-aged

men (18–24 years). Although the absolute EMD values

between their study and the present investigation vary in

magnitude with Zhou et al. (1995b) reporting lower EMD

values compared with the present study (33.9–40.4 and

97.66–110.8 ms, respectively), similar relative age-related

increases in EMD were observed between the studies (17.5

and 13 % greater EMD for old vs. young for Zhou et al.

and the present findings, respectively). The differences in

the absolute EMD values between Zhou et al. (1995b), and

the present study may be due to the differences in knee

joint angles tested (90� vs. 120�), testing devices (load cell

transducer vs. dynamometer), electrode placement, the

method of calculating EMD, and/or the differences in age

characteristics of the old men between studies. For exam-

ple, in their study, EMD was calculated using automated

force and EMG onset detection thresholds of 3.6 N and

15 lV, respectively, in which force was derived from a

customized load cell testing apparatus, whereas the present

study calculated the EMD using an automated torque

threshold of 7.5 Nm and a manual detection method for the

EMG set at *3.0 SD above baseline (Barry et al. 2005).

The mechanisms responsible for age-related increases in

EMD may be linked to morphological and structural

changes in the muscle–tendon unit across the life span. For

example, it has been demonstrated that aging results in

morphological changes in muscle composition, such that

older adults exhibit a selective loss of type II muscle fibers,

yielding relatively higher type I to type II fiber areas

(Lexell 1995). Changes in muscle fiber type would

theoretically support the observed age-related increased

EMD, as previous authors have suggested that EMD may

be related to muscle fiber type composition, (Zhou et al.

1995b; Viitasalo and Komi 1981; Nilsson et al. 1977),

where type II fibers and motor units have been reported to

be associated with shorter EMD times (Zhou et al. 1995b;

Viitasalo and Komi 1981). Since previous studies have

shown that SEC compliance is lower (Valour and Pousson

2003) and musculotendinous stiffness is greater (Valour

and Pousson 2003; Ochala et al. 2005) in older compared

with young adults, the longer EMD in old age is likely not

explained by these structural changes, as a stiffer SEC and

muscle–tendon unit would in theory result in a shorter

EMD (Valour and Pousson 2003). Thus, a reasonable

explanation for the observed increased EMD in older adults

may be a result of impairments of the EC-C processes.

Findings from Boncompagni et al. (2006) support this

theory as they have reported the vastus lateralis of old men

had lower calcium ion release units (CRUs) compared with

younger men, resulting in age-related impaired EC-C

mechanisms. The impaired ability of calcium ions to cross

the transverse tubules and sarcolemma may inhibit mus-

cular activation/contraction processes (Hill 1950; Kahya

et al. 2010), by increasing the response time of EC-C

mechanisms, which may lead to a longer EMD. Interest-

ingly, the leg flexors did not show any age-related increases

in EMD, which to our knowledge have not previously been

examined in old compared with young populations. Thus,

the effects of aging on increases in EMD appear to be

muscle group-specific, which may be a function of the

previously mentioned (see above) differences between the

leg extensors and flexors; however, future investigations

are needed to further examine the influence of age and

EMD among these and other muscle groups. Ultimately, an

age-related increase in EMD may yield functional conse-

quences among older individuals due to the longer

response times required to yield force output (Morse et al.

2005).

In conclusion, these findings demonstrated fatigue-

induced increases in EMD following a fatigue task for both

the leg extensors and flexors in young and old men with

differential recovery patterns observed between the two

muscle groups, where EMD recovered slower for the leg

flexors than the leg extensors. There were no age-related

differences for the effects of fatigue and recovery on EMD,

suggesting mechanisms associated with fatigue-induced

EMD increases may be similar in old compared with young

healthy men. Last, EMD of the leg extensors was greater

for the old compared with the young men, but no age-

related differences were observed for the leg flexors. Taken

together, the increased EMD immediately post fatigue for

the leg extensors and flexors, delayed recovery times for

the leg flexors, and longer EMD in older men for the

Eur J Appl Physiol (2013) 113:2391–2399 2397
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extensors suggest that factors involving fatigue status, age,

and muscle group may yield impaired physiological and

potentially functional characteristics. These impairments

may result in elongated neuromuscular response times, as

measured by EMD. Such effects may lead to functional

performance-based deficiencies and increased risk for

injury among a variety of populations where fatigue may

be present, or in older adults where EMD may be elon-

gated. Coaches, practitioners, and researchers may choose

to use these findings and perhaps exercise caution when

working with clients that exhibit characteristics of neuro-

muscular fatigue, or old age, regarding activities (such as

rapid or explosive type movements) where neuromuscular

delays may potentially lead to decreased functional per-

formance abilities and increased injury risks.
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