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ABSTRACT


Background: A greater attention has been focused on the need to design strategies to increase functional
capacities in older populations. This has raised several questions regarding the ability of regular endurance
training to preserve functional capacity with age.
Objective: The purpose of this study was to examine the age-associated changes in neuromuscular function
in endurance trained men before and after a high-intensity, intermittent fatigue task.
Method: 26 healthy endurance trained male subjects: 16 old (59-79 yrs) and 10 young (20-34 yrs) men performed a high-intensity, intermittent fatigue exercise corresponding to 10 sets of 10 repetitions on a horizontal leg press at 70% of the individual one repetition maximum. Maximal voluntary contractions (MVC)
and evoked contractions of the knee extensors muscles were performed before and after the exercise.
Results: Decreases in MVC (old: -9.7 % and young: -14.3 %) and electromyographic activity were not different
between groups. Peak twitch torque was reduced only for the old men and no changes in voluntary activation and M-wave properties were recorded in either group.
Conclusion: The present study indicates in endurance trained men aged 59-79 years that muscle functional
capacities are maintained despite losses in strength and contractile function related to the age.

KEYWORDS: AGING - ENDURANCE TRAINING - NEUROMUSCULAR PERFORMANCE – M-WAVE – EVOKED TWITCH
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INTRODUCTION

With aging, a great number of structural and functional transformations occur leading to a decline in "optimal" physical capacity. Many of the changes in physiological functional capacity related to aging have been
found to be the result of long standing sedentary lifestyle [1, 2]. This reduction in physical capacity with aging is related to many factors including a reduction in physical activity as well as changes in body composition [3] and/or the development of clinical diseases. Because of the increasing number of older men and
women in our society, the possibility of reducing or even preventing these age-related troubles has received
increased interest. Within this framework, greater attention has been focused on the need to design strategies to increase functional capacity in older persons [4-6] but also to enhance the performance of master
athletes. Indeed, studies have shown that master endurance athletes are able to maintain their performance
despite structural changes in the muscle classically described with aging [7, 8]. These observations have
raised several questions on the benefit of regular endurance training on preserving functional capacity with
age. During long distance events, performance depends on classical endurance qualities such as maximal
aerobic capacity, efficiency of locomotion and neuromuscular performance [9, 10]. However, the majority of
studies have focused on the effects of resistance training but few available studies have investigated endurance trained populations [11-15].
The positive effect of regular physical activity on performance and well being in older adults is well known.
However, the effect on neuromuscular performance appears controversial [16-27]. These conflicting results
could be mainly attributed to different methodologies as well the nature and the characteristics of training
rather than the fitness level of subjects.
Classically in the scientific literature, neuromuscular function is studied using a fatiguing task and assessed
by the decrease in maximal force-generating capacity. This is particularly the case during long distance
events where significant decrease in muscular performance is systematically described with exercise duration (e.g. [28]). More recently, many studies have investigated neuromuscular function with fatigue using
electromyography and electrical stimulation techniques [21, 23, 29, 30]. These non-invasive techniques use
the measurements of M-wave and twitch amplitude and duration to better characterise the origin of neuromuscular fatigue (i.e. central and/or peripheral fatigue) [31].
Within this context, the purpose of this study was to compare the maximal isometric contraction, EMG activity, voluntary activation, M-wave and twitch properties of the knee extensors muscles in two groups of endurance trained young and older men. Specifically, we investigated 1) age-associated changes in neuromuscular performance in endurance trained men; and 2) age-associated changes in neuromuscular performance
following a high-intensity intermittent fatigue task in endurance trained men.
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MATERIALS AND METHODS

SUBJECTS AND OVERALL DESIGN – The investigation was conducted on 16 healthy older men (Age, 66.1 ± 5.8 yrs
[59-79 yrs]; height, 1.75 ± 0.06 m; body mass, 76.4 ± 7.1 kg) and on 10 young men (Age, 25.4 ± 4.6 yrs [20-34
yrs]; height, 1.80 ± 0.07 m; body mass, 75.0 ± 8.6 kg). All subjects were free from present or past neuromuscular conditions that could affect motor function. Subjects were fully informed about the protocol, and informed consent was obtained prior to all testing. This study was approved by a local research ethics committee (Saint Germain-en-Laye, France). Particular care was taken in recruiting young and older individuals with
the same training level. The individuals selected for this investigation (both young and older adults) were
trained in endurance activities (cycling) for at least 6 years (Cycling hours per week, Young: 11.7 ± 4.0 h;
Older: 10.9 ± 2.2 h) and were not reticent to perform the fatiguing task.

PROCEDURES – One week after a full familiarization session, subjects performed an exercise protocol composed of 10 sets of 10 repetitions on a horizontal leg press (Technogym, Gambettola, Italy) at an intensity of
70% of the one repetition maximum (1 RM). 1RM values were obtained during the familiarisation session the
week before using standard procedures [29]. The rest between sets was 90-s. The exercise consisted of a 3-s
concentric contraction followed by a 3-s eccentric contraction. Each contraction started from a position of
90° of knee flexion to reach to a knee flexion of 170°. The subjects were verbally encouraged to carry out all
the sets. All subjects were able to complete the 10 sets of 10 repetitions.
Immediately before (Pre) and after (Post) the exercise, neuromuscular assessments were performed. The
average time between the end of the fatiguing exercise and the post-fatigue neuromuscular assessments
was 25 sec.

NEUROMUSCULAR ASSESSMENTS
Torque measurements – A force transducer was used to measure maximal isometric torque of the right knee
extensors (KE) muscles generated voluntary and with electrical stimulation. Subjects were seated in an experimental chair, (Schnell Trainingsgesäte GmbH, Peutenhausen, Germany) with a 110° hip angle and a 100°
knee angle. Arms were folded and placed on their chest avoiding any pulling from the side-handfuls of the
chair. The knee axis was aligned with the ergometer axis and the ankle was attached to the ergometer leg
arm extending from the transducer. In the testing session the subjects were asked to perform maximal isometric contractions (0 rad.s-1) of the KE muscles of 2-3-s duration. The best performance of the three trials
was defined as MVC. The subjects were strongly encouraged and the three trials were executed with a 1-min
rest period between each trial.
Electrically Evoked Contractions. – Electrical stimulation was applied to the right femoral nerve with a monopolar cathode ball electrode (0.5-cm diameter) pressed into the femoral triangle by the experimentalist.
The anode was a 50 cm2 (10 x 5 cm) rectangular electrode (Medicompex, Ecublems, Switzerland) located in
the gluteal fold opposite the cathode. The subject positioning was exactly the same as for the torque measurements. A high-voltage stimulator (model DS7, Digitimer, Hertfordshire, United Kingdom) was used to
deliver a square-wave pulse of 1 ms duration, 400 V maximal voltage at an intensity ranging from 50 to 110
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mA. The optimal intensity of stimulation was set by progressively increasing the stimulus intensity until the
maximal isometric twitch torque was achieved. The same intensity was used for pre and post tests. After the
optimal intensity of stimulation was found, the site of stimulation was marked and three single twitches
separated by two seconds were applied at rest. The same stimulus location and intensity was used for pre
and post testing. The threshold for twitch torque onset was 3SD of the mean torque calculated at rest during
the 100 ms period prior to the delivery of the stimulus. The following parameters were obtained from the
mechanical response of the evoked twitch contractions: (1) peak twitch (Pt), i.e. the highest value of twitch
torque production; (2) contraction time (Ct), i.e. the time from the origin of the mechanical response to Pt;
(3) half-relaxation time (HRt), i.e. the time to obtain half of the decline in twitch maximal torque.
During each MVC, a superimposed stimulus was applied manually once the plateau of the torque was
achieved to estimate an average superimposed signal. The stimulation parameters were the same as previously described. Voluntary activation level was estimated by expressing every increment in torque electrically evoked during the maximal isometric contractions (twitch size when superimposed) as a fraction of the
amplitude of the response evoked by the same stimulus in the relaxed muscle (twitch size evoked at rest).
This ratio was used to estimate the extent of inactivation during a voluntary contraction. Because the potentiated evoked stimulation represents full muscle activation, the superimposed torque using the same intensity of stimulation would activate those fibres left inactivated by the voluntary contraction [32]. The activation level (AL) was then estimated according to the formula [33]: AL (%) = [1 - (twitch size when superimposed / twitch size evoked at rest)] x 100
Electromyographic recordings. – The electromyographic activity of the vastus lateralis (VL) muscle of the
right leg was monitored with surface EMG during the single twitch and MVC tasks. The subjects were prepared for placement of EMG electrodes by shaving the skin of each electrode site, cleaning it carefully with
alcohol wipe and lightly abrading it to maintain a low inter-electrode resistance of <1000 Ω. Pairs of Ag/AgCl
pre-gelled surface electrodes (Medicotest, type Blue Sensor, Q-00-S, Denmark) of 40 mm diameter with a
center to center distance of 25 mm were placed on the VL muscle for EMG data acquisition. According to
SENIAM recommendations [34], the location of the electrode was place at the distal 2/3 point on the line
from the anterior spina iliaca superior to the lateral side of the patella. A ground electrode was placed on a
bony site over the right anterior superior spine of the iliac crest. The electrodes were secured with chirurgical tape and cloth and kept on during the fatiguing task. EMG signals were pre-amplified (Mazet Electronique
Model, Electronique du Mazet, Mazet Saint-Voy, France) close to the detection site (Common Mode Rejection Ratio, CMRR = 100 dB; Z input = 10 GΩ; gain = 600, bandwidth frequency = from 6 Hz to 1600 Hz). Prior
to acquisition, a third order, zero lag Butterworth antialiasing filter at 500 Hz was applied. EMG data were
collected from VL muscle, digitized through an acquisition board (DT 9800-series, Data Translation, Marlboro, USA) and stored on a computer to be analyzed using custom-written add-on software (Origin 6.1®,
OriginLab, Northampton, USA). EMG data were sampled at 10 000 Hz and quantified by using the root mean
square (RMS). Maximal RMS EMG of VL muscle was set as the maximal 500 ms RMS value found over the 3 s
MVC (i.e. 500 ms window width, 1ms overlap) with Origin 6.1® software.
Peak-to-peak amplitude (PPA), peak-to-peak duration (PPD) and RMS of the M-wave (RMSM) were determined for the VL muscle during the control twitches performed before the MVC. Amplitude was defined as
the sum of absolute values for maximum and minimum points of the biphasic (one positive and one negative
deflection) M wave. Duration was defined as the time from maximum to minimum points of the biphasic M
wave. The RMSM was calculated over a period from maximum to minimum points of the biphasic M wave.
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The maximal RMS EMG of VL muscle was normalized to the RMSM using the ratio RMS/RMSM [28]. A reduction in the RMS without a reduction in RMSM may be interpreted as a central activation failure [35-36].

STATISTICAL ANALYSIS – All data were expressed as mean ± standard deviation (SD). A two-way analysis of variance (group x time) for repeated measures was performed to analyze the effect of groups and exercise using
mechanical and EMG values as dependent variables. Tukey post-hoc test was used to determine any differences among the Pre and Post fatiguing exercise and groups. A p value of ≤0.05 was accepted as the level of
statistical significance for all analyses.
Intrasubject variation between the three MVC trials in Pre and Post fatiguing exercise were calculated from
the coefficient of variation (CV, i.e. standard deviation/mean, in %).
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RESULTS

MVC TORQUE –Isometric MVC torque demonstrated a high reliability in Pre and Post fatigue exercise (CV, Pre:
2.08 %; Post: 3.07 %). A significant effect of aging was observed on MVC before exercise, with lower MVC
values for old men compared with the young men (-29.4 %, p<0.05, Figure 1a). A significant decrease in MVC
was observed after exercise (p<0.05) without any difference between groups: -9.7 % for older (from 257 ± 30
N to 232 N ± 31) and -14.3 % for young (from 364 ± 68 N to 312 ± 62 N) men.

CENTRAL ACTIVATION – RMS/RMSM ratio and activation level of the VL muscle did not differ between groups
before exercise (Figure 1b and 1c). Furthermore, significantly lower values of central activation were recorded after the fatiguing exercise without any difference between age groups (RMS/RMSM: Old: 0.58 ± 0.23
to 0.27 ± 0.05; Young: 0.64 ± 0.40 to 0.33 ± 0.18 - AL (%): Old: 93.1 ± 4.4 to 83.0 ± 3.8; Young: 91.5 ± 3.1 to
83.1 ± 11.7).

MUSCULAR TWITCH PROPERTIES – No significant effect of aging was observed on peak twitch torque before exercise but a slower Ct was observed for the old men compared to the young men (p<0.05). The fatiguing exercise reduced Pt by 25.8 % (p<0.05) in old men without any change in Ct or HRt when compared with preexercise values. In contrast, no significant alteration of Pt, Ct or HRt was observed in the young men after
the fatiguing exercise (Table 1).

M-WAVE PROPERTIES – No significant effect of age was observed on peak-to-peak amplitude (PPA) or duration
(PPD) of the M-wave for the VL muscle (Table 1). The fatiguing exercise did not change the M-wave properties (PPA and PPD) for endurance trained old or young men.
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DISCUSSION

The objective of the present study was to examine the age-related changes in neuromuscular performance
of the knee extensors muscles in endurance trained men before and after a high-intensity intermittent fatigue task. The main results of our study are; i) a significant difference in strength level between groups but
no significant differences in the decrease in the MVC torque between the groups with fatigue; ii) no difference in the level of activation between the two groups before or after fatigue and a significant decrease in
the level of activation after exercise for the two groups; iii) a significant difference in contraction time between older and young adults before exercise with a significant alteration in peak twitch torque observed
only in older subjects with fatigue.
MVC TORQUE – MVC for the old men was ~ 29 % lower compared to the young men before exercise. Despite
the fact that our subjects were endurance trained, this result is in accordance with the literature when muscle performance of young and older trained subjects is compared. Classically, a reduction in isometric muscle
strength (~15 % to ~35 %) is generally observed after the age of 60 years for the quadriceps muscles. For non
endurance trained adults, this reduction is generally attributed to a loss of muscle fibres, change in the proportions of muscle fibre types [37, 38], and a reduction in muscle volume and cross-sectional area [39].
However, based on results of Coggan et al. [40] confirmed by Tarpenning et al. [14], decreases of strength
capacities for masters athletes similar to our population could be explained by other factors. Indeed, these
authors have shown that fibre area and fibre distribution are maintained with aging for master runners. They
suggested that the decline in muscle performance may also the result of neural factors, such as muscle recruitment and/or specific tension. Therefore, in our population, the neural factors were not affected with
aging suggesting that only the specific tension [41] may explain our results. However, we haven’t tested the
fibre area and fibre distribution of our population, so we cannot conclude on it.
Whereas old endurance trained men have lower isometric strength capacities than trained young men, we
have observed a similar reduction of the relative muscle torque for old and young men after the fatiguing
exercise with a decrease in strength of -9.7 % for young men and -14.3 % for old men. This could indicate
that muscular function is similarly altered with aging in our trained subjects. In the literature, the comparison of the effect of fatigue on lower limb muscles between different age untrained groups provides contradictory results. Some studies suggest that old adults fatigue less than young adults [20, 21, 23] whereas
other investigators have observed that older men and women fatigue more than young [19, 26] and some
other studies have demonstrated similar fatigability in young and older adults [16-18, 22, 24, 25, 27]. For one
part methodological differences especially the characteristic of the fatiguing task (e.g. high vs. low intensity,
dynamic vs. static exercise, exercise duration, etc.) but also the training status of the subjects could explain
this apparent inconsistency in experimental results. For example, in Lanza et al.’s study [23], young and older
men were sedentary and practiced exercise less than 20 min/day twice a week whereas in our study all subjects were regularly trained. Therefore, our results could be explained from results on endurance trained
men described in the previous section [14, 40] associated with a potentially neural adaptation on our population. Based on these observation and results on central activation discussed below, we can hypothesized
that endurance exercise could reduce the fatiguing effect on the neuromuscular performance with aging
with a lower decrease of neural factors.
CENTRAL ACTIVATION – Before the fatiguing exercise, the young and older trained men presented no difference
in RMS/RMSM ratio and activation level values. This original result could be compared with the study of Si-
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moneau et al. [42] showing that regardless of the ankle joint position, the RMS/RMSM ratio of the triceps
surae muscle was not different between old and young adults after a 1-year strength-training program.
However, to the best of our knowledge, these parameters have never been investigated on endurance
trained old men while neural factors were regularly suggested to explain the greater loss of strength capacities on endurance master athlete when compared to young trained men [14, 40]. Also, in our study, no difference in central activation was observed while old men produce lower maximal strength torque than
young men. This suggesting that neural factors could not be the reason of the decrease of muscular performance with aging in our specific population. Secondly, we hypothesized that chronic endurance training
contributed to maintain neural factors to high level although age increases.
Similarly, we observed no difference between age groups in this ratio after the fatiguing exercise. However,
both groups showed an alteration of the level of activation with fatigue. This decrease associated with decrease of muscular performance after an heavy exercise is classically described in the literature [28]. In this
experiment, the two methods used for estimating central activation both attest that a central component of
muscle fatigue contributes substantially to the reduction of maximal voluntary force. The reduced neural
drive the motoneurons may be due to spinal and supraspinal mechanisms (for review, see Ref. 31). Fatigue
can occur at levels upstream of corticospinal neurons, presumably due to neurotransmitter depletion, which
could result in an impaired efficiency in generating the central command. In addition, fatigue at the spinal
level might result from peripheral reflex inhibition of the α-motoneurons by muscle-spindle afferents [31].
MUSCULAR TWITCH AND M-WAVE – Our results on the twitch properties are in agreement with previous studies
since we have observed that contraction time (Ct) and half-relaxation time (HRt) of the older compared with
young subjects were greater in the unfatigued (Ct: +34 %; HRt: +43 %) condition. One of the main explanations of this increase has been proposed by Jakobsson et al [43] and Lexell [37] indicating an age-related shift
toward a higher percentage of type I fibres. However, this explanation was in conflict with results of Tarpenning et al. showing that Type I and Type II fibre area and distribution do not differ between age groups on
endurance trained men [14]. It this case, the hypothesis of modification of the specific tension of type I and
type II fibre with aging [41] could mainly explain our results; however, this hypothesis remains highly speculative and we have no data to support this. One other factor could also affect twitch contractile characteristics and could explain one part of our results. Indeed, a recent study has observed that musculotendinous
stiffness decreases following strength training in elderly individuals and could be due to peripheral but also
neural adaptations [44]. If we associated this original result to the fact that more compliant series elastic
components in the muscles tend to decrease twitch force [45] and can also partly cause a slowing of the
twitch contraction time [46], we can hypothesized that one part of our results in older men could be attributed to a reduction of the musculotendinous stiffness properties. However, we haven’t tested this hypothesis, so we cannot conclude on it.
Our results showed different modifications of the twitch properties after the fatiguing exercise between
groups. Indeed, older men showed a decrease in Pt after exercise suggesting an alteration of the contractile
properties. This reduction is generally attributed to an alteration of the excitation-contraction coupling process that could be due to several mechanisms such as reduced Ca2+ release from the sarcoplasmic reticulum
[47], change in metabolites (H+, inorganic phosphate), and reduced capacity of cross bridges to strongly bind
[48]. In contrast, Pt in the young men remained unchanged after the exercise. As recently shown at similar
knee flexion angle [49], this lack of decrease could suggest that fatigue was counterbalanced by potentiation
for young adults, whereas twitch potentiation of older adults was too low to counterbalance the fatigue [50,
51].
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Before the fatiguing exercise no difference was observed between young and older men on the M-wave
characteristics (i.e. PPA and PPD). This result is different from those obtained on sedentary subjects, showing
an age-related reduction of 20-40% in PPA [16, 18, 20]. This results could be related to finding from the recent study by Deley et al. [11] indicating that one year of combined exercise training (endurance and resistance training) improves aerobic capacity, performance on field tests, and neuromuscular factors in healthy
subjects over 70 years old. Within this framework, our results indicate that for regularly endurance trained
subjects, there is no age-related alteration in neuromuscular propagation or the permeability of the sarcolemma to chloride, potassium, or sodium. Moreover, a second interesting result is that there is no potentiation of the amplitude and duration of the M-wave after the fatiguing exercise. Thus, we could suggest the
benefits of regular endurance training are to preserve the excitability properties of the muscle.

In conclusion, the main result of our study showed a similar reduction of the maximal strength capacities of
knee extensors muscles for endurance older and young men after a high intensity intermittent endurance
exercise. Furthermore, central fatigue appeared similar in both groups but the alteration of contractile properties was greater in older adults. These results seem to indicate that in endurance trained men muscle functional capacities in men aged 59-76 years are maintained despite age-related reduction in strength and
changes in contractile function.
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Figure 1 Mean values of the MVC of the knee extensors muscles (a), the RMS/RMSM ratio (b) and the activation level (c) of the Vastus Lateralis muscle before and after the fatiguing exercise for older and young adults
groups.

α

β

, indicate significant difference between pre and post tests (p<0.05).

, indicate significant difference between groups (p<0.05)
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Table 1 Muscular twitch and vastus lateralis muscle M-wave parameters (peak twitch, i.e. Pt; contraction
time, i.e. Ct; half-relaxation time, i.e. HRt; peak to peak amplitude, i.e. PPA; peak to peak duration, i.e. PPD)
before and after the fatiguing exercise.

Twitch

M-wave

Pt

Ct

HRt

PPA

PPD

(N)

(ms)

(ms)

(mV)

(ms)

Young

53.8 ± 17.3

57 ± 18

68 ± 14

12.9 ± 5.7

5.8 ± 1.8

Older

54.6 ± 11.3

76 ± 18 β

85 ± 28 β

18.8 ± 8.8

6.4 ± 1.5

Young

54.2 ± 20.4

47 ± 21

52 ± 18

12.8 ± 6.1

4.7 ± 2.6

Older

34.4 ± 16.3 α,β

68 ± 8 β

79 ± 36 β

17.8 ± 8.1

6.2 ± 1.7

Before

After

α

β

, indicate significant difference with before trial (p<0.05).

, indicate significant difference between groups (p<0.05).

