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Abstract
The question of whether skeletal muscle fatigue is preserved or enhanced in older adults is a point
of controversy. Disparate findings may be attributed to differences in subject population and study
protocols, including contraction mode. The purpose of this study was to test the hypotheses that
healthy older (65–80 years, n = 8M, 8F) adults who were matched to young adults (21–35; 8M,
8F) with similar physical activity levels would: 1) fatigue less during isometric knee extensor
(KE) contractions, but 2) would show similar fatigue during dynamic KE contractions performed
at 120 deg·s−1. Fatigue was induced with 4 min of intermittent, isometric or dynamic maximal
voluntary contractions, performed on separate days. Electrically-stimulated contractions were used
to evaluate central activation during both fatigue protocols. Older subjects maintained a higher
percentage of baseline MVC torque than young subjects during isometric contractions (mean±SE
of 71±3% and 57±3%, respectively, p<0.01). In contrast, there was no difference between age
groups in torque maintenance during dynamic contractions (43±3% and 44±3%, respectively,
p=0.86). For both groups, changes in electrically-stimulated and voluntary contractions followed
similar trends, suggesting that central activation did not play a role in the age-related differences in
fatigue. Fatigue during the isometric protocol was associated with fatigue during the dynamic
protocol in the young group only (r=0.62, p=0.01), suggesting that distinct mechanisms influence
fatigue during isometric and dynamic contractions in older adults.
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INTRODUCTION
The decline in many aspects of skeletal muscle function that occur in old age is well
documented. Maximum force-generating capacity is reduced in old compared to young
adults at the whole muscle and single fiber levels 12,13,21. Lower contractile velocity 24,45
and power production 3,29 have also been observed in old muscle. Age-related changes in
skeletal muscle fatigue, defined as the acute decline in force-producing capacity in response
to repeated or sustained contractions, are less well understood.

An emerging body of literature suggests that the ability to resist muscle fatigue may increase
with old age. While the mechanisms of this age-related fatigue resistance are not known,
they could be due in part to morphological changes. In humans, old age generally is
associated with a shift to a greater proportion of type I muscle fibers,32 apparently as a
result of preferential atrophy or denervation of type II muscle fibers. The loss of motor
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neurons that innervate type II fibers is thought to be partially compensated by reinnervation
of some fibers by nearby motor neurons associated with type I motor units.14,30 Thus, the
shift toward a relatively greater type I fiber population could contribute to enhanced fatigue
resistance in older muscle 31,43,44.

While many studies support the notion of age-related fatigue resistance, 8–10,17,23,28 other
investigators report unchanged or diminished fatigue resistance in the elderly. 5,26,33
Disparate results in studies of age-related fatigue resistance may be due to a variety of
causes, including variations in study population 26, muscle group 6 or the tasks used to
induce fatigue 18,19,48. In particular, it has been suggested that the performance of dynamic
contractions by older adults may suffer as a result of their slower contractile speeds. Indeed,
knee extensor contraction velocity declined to a greater extent in older compared to young
adults during a brief series of dynamic contractions 37, a result that may be explained in part
by the leftward shift in the torque-velocity relationship in this population 29. Thus, while it
is reasonable to expect that an age-related slowing of contraction speed could have a greater
impact during dynamic contractions than during isometric contractions, this hypothesis has
not been fully tested, particularly in the knee extensor muscles. In addition to changes in the
torque-velocity relationship in older muscle, central activation failure may play a greater
role in fatigue in older than young individuals, as has been reported during isometric
contractions of the knee extensor muscles 41. Overall, the results to date suggest that both
central and peripheral factors may be mechanisms by which age-related differences in
fatigue resistance vary by contraction mode.

Given the muscle weakness that accompanies old age, any advantage in terms of an ability
to resist fatigue has tremendous implications for an aging population that is facing mobility
impairments. For example, an ability to prevent the fall of force during repetitive, dynamic
contractions could partially offset baseline muscle weakness and allow an older person to
remain above the minimum level of force needed to continue an activity. Thus, fatigue
resistance would have a significant impact on functional mobility 38. In addition, identifying
the extent and mechanisms of fatigue during isometric and dynamic contractions will
provide insight for the design of interventions intended to maintain mobility and
independence in the elderly. The aim of this study was to quantify muscle fatigue during
intermittent maximal dynamic and isometric contractions of the knee extensors in young and
older men and women. Age groups were matched for similar health and habitual physical
activity levels. We hypothesized that: 1) older adults would fatigue less than young adults
during repeated maximum voluntary isometric contractions (MVIC), but that 2) this age-
related fatigue resistance would be abolished during repeated maximum voluntary dynamic
contractions (MVDC), and young and older groups would fatigue to a similar extent. We
anticipated that this contraction-mode dependence of fatigue would be a result of slower
contraction speeds and greater central activation failure in older subjects during the dynamic
fatigue protocol.

MATERIALS AND METHODS
Subjects

Sixteen young (21–35 years; 8 female) and 16 older (65–80 years; 8 female) individuals
were recruited for the present study. Participants were healthy by self report. They were not
taking any medications apart from low-dose aspirin and/or oral contraceptives. All
participants were relatively sedentary (structured exercise < 20 minutes, twice per week),
and they were excluded if they had cardiovascular disease, diabetes, stroke or any
neurological impairment. Subjects were excluded if circulatory impairment was evident by
an ankle-brachial index < 1 (systolic ankle pressure / systolic brachial pressure) as an
indication of latent peripheral vascular disease 35. All older subjects supplied their
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physician’s written approval prior to participation. Subjects read and signed an informed
consent document that was approved by the Human Subjects Review Board at the
University of Massachusetts, Amherst. Experimental procedures were designed in
accordance with the ethical principles defined in the Declaration of Helsinki for protection
of human subjects.

Participants reported to the laboratory on 3 separate days, each no less than 5 days apart. On
the first day, they were familiarized with equipment and study procedures, issued an
accelerometer (ActiGraph, Pensacola, FL) for measuring physical activity level and
instructed on its proper use. The second and third days were devoted to dynamic and
isometric fatigue testing, the order of which was randomized.

Physical Activity
All participants wore a uni-axial accelerometer for at least 6 days to quantify habitual
activity level. Accelerometers were worn during all waking hours, and subjects kept a
physical activity diary in which they recorded sleep/wake cycles and activity behaviors. The
sum of minute-by-minute acceleration data was used to quantify activity for each day, and it
was expressed as average acceleration (counts) per day·1000−1. To characterize each
subject’s overall physical activity, an average was taken for 5 days in which monitor use
was consistent with instruction. Compliance was verified via subject interview and cross-
examination with the physical activity diary.

Torque Measures
A Biodex System 3 dynamometer (Biodex Medical, Shirley, NY) was used to measure
concentric and isometric knee extension torque. Analog signals corresponding to torque
were sampled and digitized using custom Labview software (National Instruments, Austin
TX). These signals were sampled at 2500 Hz during baseline measurements and 1000 Hz
during the fatigue protocols. Subjects were seated in the dynamometer with the shank, hips
and shoulders securely strapped. The left leg was tested in all individuals with the exception
of two older women, who reported mild discomfort in that leg. As a result, their right legs
were tested. A resting knee angle of 105° was used in each contraction mode (180° = full
extension), and hips were flexed at 90°. Biodex hardware was slightly modified during
isometric testing. Force was measured via a transducer mounted in line with the point of
force application to the lever arm. A tare load was placed on the lever using a spring aligned
with the transducer. This reduced compliance in the lever arm of the dynamometer and
yielded an improved signal-to-noise ratio when compared to the standard Biodex
arrangement.

Prior to muscle strength measurements, subjects performed 5 minutes of light cycling
exercise on a recumbent stationary cycle ergometer (Schwinn, Nautilus Inc, Vancouver WA)
followed by stretches of the knee flexor muscle group. Stretching of the knee flexors was
used to minimize inhibition of knee extensor torque from tight knee flexor muscles. During
all measures, subjects received visual feedback of force production from a custom-built LED
box. To assess baseline isometric torque, 3–5 MVICs were performed, each separated by at
least one minute of rest, until the subject had performed 3 contractions within 10% of each
other.

Following isometric strength measures, a series of 3 concentric MVDCs was performed.
Angular velocity during extension was restricted to 120 deg·s−1, and contractions were
performed through a 60° range of motion. An extension velocity of 120 deg·s−1 was
selected, because it is relatively rapid but still reliably attainable by both young and older
subjects in the unfatigued knee extensor muscles.29 For this measure, MVDCs were cued
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every 3 s, and the greatest peak torque produced during any one of these 3 contractions was
recorded as peak MVDC. Multiple contractions were performed to account for the increase
in torque that can occur during repeated dynamic contractions 4,15.

Following baseline torque measures, one of two fatiguing protocols was initiated. The
isometric contraction protocol consisted of 4 minutes of intermittent MVICs lasting 5 s with
a 5 s rest between contractions (50% duty cycle). Torque produced in these contractions was
quantified as a time tension integral (TTI, Nm·s), which was calculated as the average of all
torque values produced for the duration of the contraction multiplied by the duration of the
contraction. Fatigue was defined as the average TTI for the final 2 contractions (MVICend)
divided by an average of the highest TTI from the baseline measures and the highest MVIC
torque achieved during performance of the fatigue protocol (MVICbaseline) expressed as a
percent [(MVICend /MVICbaseline)·100]. Quantifying fatigue in this manner minimized the
contribution of between-contraction variability.

The dynamic contraction protocol was also performed for 4 minutes and consisted of
MVDCs performed every 2 s. Because knee extension velocity was constrained to 120
deg·s−1, and range of motion was limited to 60 deg, the time to full extension was ~0.5 s.
The resulting contraction (0.5 s), and the time between contractions (2 s) resulted in a 25%
duty cycle. Passive flexion for this protocol was limited to 500 deg·s−1. Subjects practiced
dynamic contractions at 120 deg·s−1 at sub-maximal intensities until they could demonstrate
reliable coordination of contraction and relaxation within the 2 s interval. Although it was
difficult to assess whether additional flexion torque was produced by the subject during the
passive return to the starting position following a maximal knee extension, the relatively
high angular velocity used in this phase (500 deg·s−1) ensured that any torque produced was
minimal. All subjects, both young and old, reliably demonstrated the ability to produce the
contractions within the allotted time frame and experienced similar duty cycles. Several
minutes passed between this practice and initiation of the fatigue protocol. Dynamic
contractions were quantified via peak torque. Following similar logic used in assessment of
the isometric protocol, dynamic fatigue was defined as the average of peak torque produced
in the final 5 contractions divided by an average of the highest baseline torque and the
highest torque achieved during performance of the dynamic fatigue protocol.

Electrical Stimulation
Electrical stimulation was used to assess tetanic torque production and rates of torque
development and relaxation. The quadriceps muscle group was stimulated using a pair of 3”
×5”, self adhesive electrodes (FastStart, Vision Quest Industries, Irvine, CA). The cathode
was placed transversely, ~5 cm distal to the inguinal crease, and the anode was placed ~3 cm
proximal to the proximal border of the patella. Electrical stimulation was delivered via a
constant current stimulator (Digitimer DS7A, Hertforshire UK). Isometric, tetanic
contractions (200 µs, 50 Hz, 480 ms) were initiated at low current (2.0 milliamps) in all
subjects ~ 5 min after determination of baseline MVIC. The current was progressively
increased until isometric tetanic torque (TT) was equivalent to 50% of baseline MVIC,
which is a level that minimizes discomfort but still elicits a substantial force production.
Once the appropriate current was established for each subject, it was used to produce either
isometric or dynamic TT before, every 30 s during, and immediately after the isometric and
dynamic protocols, respectively. The contraction mode for TT measurement matched the
contraction mode of the fatigue protocol being performed, i.e., TT was measured
dynamically during the MVDC protocol and isometrically during the MVIC protocol.
Because the rapid pace of the dynamic fatigue protocol did not allow enough time to
measure TT between successive contractions, the dynamic TT measure was substituted for
every 15th MVDC. The time between contractions in the isometric protocol (5 s) was
sufficient to accurately measure isometric TT without interruption of voluntary contractions.
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The maximum rate of torque development (RTD) and the half-time (T1/2) of torque
relaxation were determined from the isometric TT. For each TT, RTD was measured as the
maximum rate achieved during torque development and expressed as % peak torque•ms−1.
The half-time of torque relaxation (ms) was taken as the time from the last stimulus in the
tetanic train to the time at which torque had decreased by half. Time points for stimulation
were determined from electromyographic (EMG) recordings acquired concurrently with
torque.

Voluntary activation of the quadriceps was assessed using the central activation ratio (CAR)
measure, in which a 50 Hz, 480 ms stimulation was superimposed when torque had
plateaued during a 3–5 s MVIC. The point of torque plateau was determined by visual
inspection of the real-time torque tracing. Additional torque produced during the
superimposed stimulation was considered to indicate incomplete central activation and was
quantified by dividing the greatest voluntary torque obtained prior to stimulation by the
greatest torque obtained during the period of superimposed stimulation 22. Comparing the
relative decline in MVC (dynamic and isometric) and TT during each protocol provided an
additional means of quantifying central fatigue. Greater declines in MVC torque than TT
indicate central activation failure 7 and were quantified by subtracting end-exercise TT (%
initial) from MVICend (% initial). This measure is noted as TT-MVC.

Statistics
Subject characteristics (mass, height, physical activity, baseline MVIC, MVDC, T½), and
measures of fatigue were compared between young and old using 2-factor (age, sex)
ANOVA. Due to the skewed distribution (assessed by Kolmogorov Smirnov test) for
baseline CAR, differences between groups were assessed using Mann-Whitney U tests.
Two-factor (age, sex) ANOVA was used to detect changes in CAR (CARbaseline-CARend)
and TTend-MVCend during each protocol. With the exception of baseline MVIC and MVDC,
which are presented separately by sex, there were no age-by-sex interactions for any
measures so all other data are reported by age group. Linear regression analyses were used
to examine the associations between: 1) baseline isometric and dynamic torque, 2) fatigue
during the isometric and dynamic protocols, and 3) baseline torque and fatigue. Data are
presented as means ± SE; precise p values and 95% confidence intervals for the difference in
means are reported, as appropriate. A value of p ≤ 0.05 was considered to indicate statistical
significance.

RESULTS
Subject Characteristics

The average age of each group was 26.1 ± 0.9 and 70.9 ± 1.1 years for young and old,
respectively. Young and older groups had similar mass (79.4 ± 4.8 and 70.4 ± 2.4 kg,
respectively; p = 0.09) and height (1.70 ± 0.02 and 1.71 ± 0.02 m, respectively; p = 0.68),
although body mass index (BMI) was higher in young than in old (27.4 ± 1.4 and 24.1 ± 0.6
kg·m−2, respectively; p = 0.04). Habitual physical activity levels were similar across groups
(212.0 ± 18.6 and 200.1 ± 17.3 counts per day·1000−1, Y and O respectively; p = 0.60).

Torque and Fatigue
Baseline muscle characteristics are summarized in Table 1. As expected, older subjects
produced significantly less torque during MVDC and MVIC than young. Of note, the
difference in torque between age groups was more apparent for the dynamic contraction than
for the isometric contraction (Figure 1), with the result that the ratio of MVDC:MVIC was
greater in young than old (0.82 ± 0.03 and 0.68 ± 0.01, respectively, p < 0.01). Baseline
isometric and dynamic torques were well-correlated in both young (r = 0.86, p < 0.001;) and
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older (r = 0.90, p < 0.001) groups. As intended, TT was ~50% of MVIC and MVDC for
evoked isometric and dynamic contractions, respectively, for both groups. Isometric TT was
51.2% and 50.5% of MVIC for young and old, respectively. Dynamic TT was 47.7% and
49.4% of MVDC for young and old, respectively. Older subjects had similar rates of torque
development (% peak·ms−1) compared to young during isometric TT. In contrast, there was
a tendency for slowed force relaxation in the older group when compared with the young
group at baseline (p = 0.08).

The torque traces from the isometric and dynamic contraction protocols for one 73-year old
male are shown in Figure 2. Group means for the voluntary contraction protocols are
provided in Table 2. The older group (n = 15) fatigued less than the young group (n = 16)
during the isometric fatigue protocol (p < 0.01, Figure 3A), and isometric TT declined less
in old than young (p = 0.05, Figure 3B). Isometric fatigue from one older man is absent as
he did not complete the study.

Young (n = 16) and old (n = 13) groups fatigued to nearly identical levels during 4 min of
MVDCs (p = 0.86, Figure 4A). Dynamic fatigue data from 2 older women are missing
because they withdrew from the study prior to its completion, and 1 older man’s dynamic
fatigue data were excluded from statistical analysis due to his inability to reliably perform
the contractions. As with the voluntary contractions, dynamic TT fatigue was not different
between age groups (p = 0.40, Figure 4B). As shown in Figure 5, linear regression analyses
indicated a significant correlation between isometric and dynamic fatigue in the young (r =
0.62, p = 0.01), but not in the older subjects (r = 0.01, p = 0.99). In a pooled analysis
including both groups, baseline MVIC and isometric fatigue were significantly correlated (r
= 0.49, p < 0.01). However, when the groups were separated by age, there was no significant
correlation in either group between these variables (young: p = 0.18; older: p = 0.19). There
were no significant correlations between MVDC and fatigue during the dynamic protocol (r
= 0.14, p = 0.44).

Central Activation
Prior to the isometric protocol, CAR was lower in young compared to old (p = 0.03, Table
2), but there was no difference between groups prior to the dynamic protocol (p = 0.38). The
small difference (~2%) between groups in CAR during the baseline MVIC is not considered
to be physiologically significant. Due to technical issues, CAR values were not obtained for
one older man and two older women. There were no differences between age groups in the
change in CAR (measured isometrically), nor in the difference between stimulated and
voluntary fatigue (TTend-MVCend) for either protocol (Table 2), suggesting no effect of age
on central activation failure during these fatigue protocols.

DISCUSSION
In support of our first hypothesis, the knee extensors of healthy men and women aged ~71
years fatigued less during intermittent MVICs than did those of young men and women aged
~26 years who had similar levels of habitual physical activity. The TT data suggest this was
also the case for isometric contractions induced by electrical stimulation. In contrast, there
were no differences between age groups in the fatigue of either voluntary (MVDC) or
stimulated (TT) dynamic contractions, which supports our second hypothesis. Our measures
indicated no age-related difference in the loss of central activation during these protocols.
Thus, it appears that the abolition of fatigue resistance in the older group during dynamic
KE contractions was a result of changes in the periphery.
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Contraction Mode
We report the first study of isometric and dynamic fatigue characteristics of young and old
men and women who were matched on an important behavioral variable (physical activity
level), with the important finding of a loss of fatigue resistance only during dynamic knee
extension exercise in healthy elders. The age-related fatigue resistance observed during
isometric contractions in this study is consistent with previous results from our laboratory
and others 8,17,23,27,34. The loss of this fatigue resistance in the same subjects during
dynamic contractions agrees with and extends several previous reports 26,31,33. In
particular, our results are consistent with those of McNeil and Rice 36, in which young and
older (64.3 years) men had similar fatigue during very rapid dynamic dorsiflexor
contractions. Notably, in the same study, a group of “very old” men (83.7 years) fatigued
more than the young group, suggesting that the age of the subjects may be important in
studies of fatigue. Our data conflict with those of Baudry et al, who reported greater fatigue
in older than young subjects during concentric dorsiflexion contractions that were pre-
loaded by isometric contractions 5. In addition to some methodological differences, habitual
physical activity level was not quantified or matched between groups in the Baudry, et al.
study 5, an important distinction that may explain a portion of the differences in fatigue
resistance across age groups 26. Also noteworthy is the somewhat greater age of subjects in
their cohort (77.2 years) compared to the older subjects in the present study (70.9 years).

The recent study from McNeil and Rice illustrates the importance of relatively small
differences in age in adults beyond ~65 years 36, as differences in fatigue in response to
rapid, isotonic dorsiflexion contractions were observed only in the “very old” group of men.
The results from our investigation represent a middle ground between those of McNeil and
Rice 36 and Baudry, et al.5 with respect to subject age, and they may explain a portion of
the divergent results with respect to fatigue in the elderly. As with the present study, Baudry,
et al.5 assessed central activation failure using maximal isometric contractions, while
McNeil and Rice36 compared pre and post EMG values to infer changes in central
activation. Although it is difficult to accurately quantify central activation failure during
dynamic contractions (see below), it is important to note that none of these studies identified
central activation as a mediator of the age-related differences in fatigue resistance.

While our results reinforce those studies that have shown age-related fatigue resistance
during isometric contractions in healthy older adults, they conflict with a previous
investigation conducted in our laboratory that also found greater fatigue resistance in older
compared to young subjects during intermittent maximum voluntary dynamic dorsiflexion
contractions 28. In addition to highlighting the muscle-specific nature of the fatigue
response in older adults, this discrepancy also suggests the potential importance of angular
velocity in studies of fatigue. In unfatigued muscle, we found greater impairment of torque
production in older compared to younger adults during dorsiflexion performed at 90°·s−1 29.
However, the difference between the same groups in torque produced during knee
extensions at 120°·s−1 was proportionally greater. In fact, the age-related deficit in power
production increased with increasing velocities in the knee extensors, but not in the
dorsiflexors 29.

The observation in the present study that the older group was 26% weaker than the young
group during the baseline MVIC, but 37% weaker during the baseline MVDC demonstrates
a velocity-dependent weakness in the older group prior to fatigue (Figure 2). The difference
across age groups in the MVDC:MVIC illustrates the concept that weakness in the older
group varied by contraction mode. Given the age-related shift in the torque velocity curve in
the knee extensor muscles, 29 any further shift that accompanies fatigue 40 would have a
proportionally greater effect in older compared to young muscle. It is possible that the
greater age-related disparity in torque-velocity curves in the knee extensors compared to the
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dorsiflexor muscles 29 could explain the abolition of age-related fatigue resistance in
dynamic contractions by the knee extensors, but not the dorsiflexors. Future studies that
examine fatigue resistance across a range of velocities could be designed to explore this
possibility.

The maximal rate of torque development during the isometric TT was similar between our
study groups. While this result differs from a previous report in young and older quadriceps
muscles 39, it is important to note that we express RTD relative to the maximum torque for
the contraction to account for the large differences in peak torque between individuals and
age groups. Although the similar RTD across groups indicates that our older volunteers were
not disadvantaged in the rate of isometric torque development compared to the young group,
it is likely that this RTD measure does not capture the subjects’ ability to produce torque
during a voluntary contraction at 120°· −1. Future studies would benefit from the inclusion
of measures of velocity during dynamic contractions.

The significant correlation between isometric and dynamic fatigue in the young but not the
older subjects (Figure 5) supports the concept that the mechanisms controlling fatigue in the
elderly during isometric contractions are not the same as those that influence fatigue during
dynamic contractions. As discussed above, a likely source of this difference may be age-
related changes in the torque-velocity relationship. The precise mechanisms of this effect are
not known at this time, but it is possible that a decreased ability to rapidly and repeatedly
modulate motor unit recruitment and discharge rates, coupled with a slowing of contractile
properties, limits velocity-dependent contractions in the knee extensors of healthy older
adults.

Consistent with previous studies 9,17, there was a moderate correlation between baseline
MVIC and isometric fatigue, suggesting that a portion of the fatigue during the isometric
protocol was influenced by muscle strength. However, the lack of association between these
variables when the groups were assessed separately suggests that this effect was modest. In
contrast, there was no association between MVDC and fatigue during dynamic contractions,
again suggesting that differing factors regulate fatigue in the elderly during isometric vs.
dynamic contractions. It is notable that, in the dynamic fatigue protocol, the age-related
fatigue resistance was abolished regardless of the contraction mode used to measure fatigue.
A single isometric contraction performed immediately following the final contraction of the
dynamic protocol also indicated that fatigue following dynamic contractions was not
different between groups (Figure 4A).

Central Activation
We used two approaches to evaluate central fatigue in this study- the change in isometric
CAR and the difference in the fall of TT and voluntary torque at the end of each protocol.
There was no change in CAR in either age group for either contraction protocol (Table 2),
suggesting no obvious failure of voluntary muscle activation as a result of fatiguing
isometric or dynamic contractions. It is noted that, while there were no significant changes
in the isometric CAR measure upon completion of the dynamic fatigue protocol, it is
possible that changes in central activation failure may be specific to contraction mode 2.
Likewise, the ability to detect central activation failure can vary by muscle group 20.
Overall, the assessment of the completeness of central activation during dynamic
contractions using the CAR, which is an isometric measure, has its limitations.

At the end of the isometric contraction protocol, isometric TT was 4–6% lower than MVIC
for both age groups. To be a valid measure of peripheral fatigue, sub-maximal, electrically-
stimulated contractions should activate a consistent population of muscle fibers that
represent the whole muscle with respect to fiber type and associated contractile
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characteristics 16. If these conditions are met, the decline in TT should not exceed that of
maximal voluntary contractions during fatigue. It is possible that electrical stimulation
preferentially recruits more fatigable type II muscle fibers due to differences in the
stimulation thresholds between motor neuron types 47. However, during motor point
stimulation of the quadriceps, recruitment preference is more likely based on proximity to
the point of stimulation than variations in stimulation thresholds 1,46. Other investigators
have found minimal, non-systematic reversal of motor unit recruitment during electrically-
stimulated contractions when compared with voluntary activation 11,21, further diminishing
the likelihood that biased recruitment patterns resulted in a greater fall of TT than MVIC in
this protocol. Finally, an increase in recruitment threshold could occur in some motor units
during fatigue25, with the result that fewer motor units would contribute to torque
production during the sub-maximal stimuli. For these reasons, use of sub-maximal motor
point stimulation to rule out central activation failure in the knee extensor muscles should be
viewed with some caution.

Given the possibility that motor point stimulation of the knee extensors may have
underestimated central activation failure, the better preservation of dynamic TT compared
with MVDC during the dynamic fatigue protocol becomes more striking. The fall of MVDC
was 8–9% greater than the fall of dynamic TT, suggesting some central activation failure in
both groups for this contraction mode. It is important to note, however, that neither the
change in CAR nor the TT-MVC measure differed by age group, indicating that differences
in central activation do not explain the contraction-mode specificity of fatigue that we
observed in the present study.

Methodological Considerations
A potential criticism of our study design is the use of isovelocity contractions to investigate
the fatigue characteristics of dynamic contractions. Although isotonic contractions, such as
those provided by an isokinetic dynamometer, have been suggested to be more comparable
to contractions performed in activities of daily living, this viewpoint is debatable. While few
movements in a free-living environment can be described as isokinetic, neither can they be
described as strictly isotonic in the way they are modulated by an electronically-braked
dynamometer. During movement of a constant mass, applied torque will change in
accordance with the inertial properties of the mass in motion, as opposed to the near-
constant resistance provided by an electrically-braked dynamometer. In the present study,
using the isovelocity mode of the dynamometer facilitated appropriate timing of stimulus
trains for TTs and ensured a consistent duty cycle between subjects and within protocols.
This consistency is an important consideration given the fact that greater duty cycles will
promote greater fatigue 19,42, which could bias age-group comparisons if older individuals
have slower baseline contractile properties and demonstrate greater contractile slowing
during fatigue 37.

Conclusions
Although consensus in the literature has not been reached regarding age-related differences
in fatigue resistance, the results of this study clearly demonstrate the important role of
contraction mode in the development of fatigue in the knee extensor muscles. Despite better
maintenance of torque production in older adults compared to young during maximal
isometric contractions, this advantage was abolished during maximal dynamic contractions
in a manner consistent with a leftward shift in the torque-velocity curve. Measures of central
activation, although not without limitations, suggest that central fatigue did not explain the
loss of greater fatigue resistance in the older subjects during dynamic contractions. Studies
designed to examine the extent and bases of the velocity dependence in the muscle fatigue
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response of older adults are needed. The functional consequences of contraction-mode
effects on knee extensor fatigue may be critical in the elderly.
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Figure 1. Isometric and dynamic torque in young and old
Baseline torque (Nm) produced by young and older groups for isometric (filled) and
isovelocity (hatched) contractions at 120 deg•s−1. Young produced more torque than old for
both contraction modes. Both groups produced less torque during the dynamic contraction
than during the isometric contraction. The ratio of torque produced during isometric
contractions to that produced during dynamic contractions was greater for young than old
(see text).
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Figure 2. Representative torque traces for isometric and dynamic fatigue protocols
Sample torque traces from one older male subject during the isometric (A) and dynamic (B)
fatigue protocols. Arrows at the bottom of the x-axis represent time points at which
electrically-stimulated contractions (TT) were applied. Each protocol concluded with the
assessment of the isometric central activation ratio (CAR). Resolution in the figure is 100
Hz, but data were acquired and analyzed at 1000 Hz.
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Figure 3. Isometric fatigue protocol
A) Voluntary torque during the isometric protocol, normalized to peak baseline torque.
Younger subjects (closed symbols) fatigued more than older subjects (open symbols), p
<0.01. B) Isometric TT during isometric protocol, normalized to baseline TT. During
fatigue, TT fell less in older compared to young subjects (p = 0.05). Error bars are SE.
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Figure 4. Dynamic fatigue protocol
A) Voluntary torque during the dynamic protocol, normalized to peak baseline torque.
Fatigue was similar in younger (closed symbols) and older (open symbols) groups (p =
0.86). Square symbols at time = 245 s represent torque produced during a maximum
voluntary isometric contraction (MVIC) performed at the end of the fatigue protocol and
expressed relative to baseline MVIC. This was not different between groups (p=0.39). B)
Dynamic TT during the protocol, normalized to baseline TT. The fall of TT did not differ
between groups during this protocol (p = 0.40). Error bars are SE.
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Figure 5. Associations between isometric and dynamic fatigue
Linear regressions between dynamic and isometric fatigue for young (closed symbols) and
old (open symbols) individuals. A positive correlation was observed between fatigue in the
two protocols for young (dark solid line, r = 0.62; p = 0.01), but not for old (dashed line, r =
0.02; p = 0.99).
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Table 1
Baseline muscle characteristics

Baseline maximum voluntary isometric (MVIC) and dynamic (MVDC) torques, stimulated isometric and
dynamic tetanic torques (TT), rate of torque development (RTD) during isometric TT, and the half-time for
isometric torque relaxation (T1/2) are provided. Older subjects produced less torque than young, had similar
RTD (%·ms−1), but tended to have slower torque relaxation. Stimulated TT was close to the target of 50%
MVC for both protocols. Y, young; O, old; CI, confidence interval for difference in means. Values are mean ±
SE.

Y O 95% CI P

MVIC (Nm) 184.5 ± 14.4 136.6 ± 10.3 −84.6, −11.2 0.01

♂ ♀ ♂ ♀

224.5 ± 18.7 144.4 ± 9.2 162.0 ± 16.3 114.4 ± 7.1 <0.01

MVDC (Nm) 147.5 ± 9.8 93.2 ± 7.6 −79.7, −28.9 < 0.01

♂ ♀ ♂ ♀

175.2 ± 10.5 119.7 ± 9.1 114.2 ± 10.3 72.1 ± 4.1 < 0.01

Isometric TT (Nm) 93.6 ± 6.9 69.1 ± 5.8 −43.1, −5.8 0.01

Isovelocity TT (Nm) 69.3 ± 4.8 46.2 ± 4.6 −36.9, −9.4 < 0.01

RTD (%peak·ms−1) 0.77 ± 0.04 0.82 ± 0.03 −0.05, 0.17 0.28

T1/2 (ms) 115 ± 5 127 ± 4 −2, 27 0.08
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Table 2
Fatigue and central activation

Changes in voluntary and stimulated torque, expressed relative to baseline, in response to isometric and
dynamic fatigue protocols. Older subjects fatigued less than young during the isometric protocol (p < 0.01),
but both groups fatigued to a similar level during the dynamic protocol (p = 0.86). There were no differences
between groups in the change in CAR or the difference in stimulated and voluntary fatigue (TTend-MVCend)
for either protocol. CI, confidence interval for difference in means. Values are mean ± SE for young (Y) and
older (O) groups.

Isometric Protocol Y O 95% CI P

MVICend/MVICbaseline 0.57 ± 0.03 0.71 ± 0.03 0.03, 0.21 < 0.01

TTend/TTbaseline 0.53 ± 0.03 0.62 ± 0.03 −0.004, 0.18 0.05

Baseline CAR 0.98 ± 0.01 1.00 ± 0.00 na 0.03

TTend - MVCend −0.04 ± 0.03 −0.06 ± 0.03 −11.7, 6.3 0.54

ΔCAR(baseline-end) 0.03 ± 0.02 0.01 ± 0.01 −0.06, 0.03 0.41

Dynamic Protocol

MVICend/MVICbaseline 0.43 ± 0.03 0.44 ± 0.03 −0.08, 0.10 0.86

TTend/TTbaseline 0.51 ± 0.02 0.54 ± 0.03 −0.04, 0.11 0.40

Baseline CAR 0.98 ± 0.01 0.99 ± 0.002 na 0.38

TTend - MVCend 0.08 ± 0.03 0.09 ± 0.05 −0.11, 0.13 0.82

ΔCAR(baseline-end) 0.00 ± 0.01 0.02 ± 0.01 −0.01, 0.04 0.27
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