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The rapid advancement of electromyography (EMG) technology facilitates measurement of muscle activity outside the laboratory
during daily life. The purpose of this study was to determine whether bursts in EMG recorded over a typical 8-hour day differed
between young and old males and females. Muscle activity was recorded from biceps brachii, triceps brachii, vastus lateralis, and
biceps femoris of 16 young and 15 old adults using portable surface EMG. Old muscles were active 16–27% of the time compared
to 5–9% in young muscles. The number of bursts was greater in old than young adults and in females compared to males. Burst
percentage and mean amplitude were greater in the flexor muscles compared with the extensor muscles. The greater burst activity
in old adults coupled with the unique activity patterns across muscles in males and females provides further understanding of how
changes in neuromuscular activity effects age-related functional decline between the sexes.

1. Introduction

Accelerometers, pedometers, and global position system
(GPS) have become familiar tools for assessing age-related
changes in mobility and physical activity during daily life [1,
2], but these devices provide no indication of muscle activity
governing movement. Laboratory studies using electromyo-
graphy (EMG) have provided considerable understanding of
age-related changes in muscle activity for simple isometric
and anisometric contractions [3–5], gait [6], and discrete
tasks [7] executed under experimental constraints. With
the advancement of technology, portable EMG devices now
offer a means to characterize muscle activity (bursts) and
quiescence (gaps) over long durations outside the laboratory,
enabling discrete measurement of neuromuscular control
within the environmental context of daily life [8, 9].

Quantification of gaps in EMG for a discrete task and
during daily life activities, in young and old adults, suggests
muscle quiescence decreases in old adults and is less in
women compared withmen [10]. For a discrete task when the
EMG is quantified through bursts, muscle activity increases
in old adults relative to young adults and is also greater in

women [8, 11]. Together, measurement of bursts and gaps
for a discrete task, such as carrying a bag of groceries,
suggests that muscles are active more often and “rest” less
in older adults and women. Age-related remodeling [12, 13],
decreased muscle strength [3, 14, 15], and greater declines
in performance for fast velocity relative to slow velocity
movements [16, 17] likely predispose old adults to increased
bursts to execute activities of daily life. Similarly, reduced
muscle mass and quality have been observed in upper and
lower limbs of women and may necessitate a higher level of
muscle activity to execute daily life [18, 19]. Quantification of
burst activity during daily life will provide insight intomuscle
activation required for functionalmovement executed within
the lived environment beyond the confines of a controlled
laboratory setting where factors such as stress and fatigue are
not encompassed within a discrete task.

In addition to the increase in burst activity in the arm and
thigh muscles of old adults for a discrete task [10, 11], prior
studies suggest that the duration of burst activity was longer
in females than males in the biceps brachii of young adults
[20]. Muscle-dependent differences should not be surprising
during daily life as laboratory-based motor unit and surface



2 Journal of Aging Research

EMG measures describe muscle specific age-related decline
in motor unit activity [3, 21] and sex-specific decline in
force control [22].Thus, to better understandwhethermuscle
activity increases with age during daily life and determine
sex-specific changes in functional muscle pairs, assessment
of EMG in young and old males and females needs to be
undertaken during a typical day. The purpose of this study
was to quantify age- and sex-related alterations in burst
activity in young and old males and females in lower limb
and upper limb muscles over the course of a weekday. It
was hypothesized that burst activity would be greater in old
adults relative to young adults due to age-related changes in
neuromuscular properties. In addition, burst activity would
be exacerbated in females and in flexor muscles consistent
with a previous report in young adults [20].

2. Methods

Thirty-one healthy adults from the general populous of
greater Windsor-Essex County of South Western Ontario
participated in this study. All subjects were free of known
neurological or neuromuscular conditions. Individuals were
excluded if they participated in structured regular exercise
training programs greater than three times per week. Vol-
unteers were divided into four groups based upon age and
sex. Age criterion for the young adults was less than 26
years whereas the minimum age for the old adults was 70
years. The local Human Research Ethics Board approved
this experiment, and informed written consent was obtained
prior to participation.

Subjects participated in one 8-hour recording day and
visited the laboratory twice on the same day. The first session
was in the morning, approximately 90 minutes after the
subjects awoke. The Yale Physical Activity Survey [23] was
administered to assess differences in energy expenditure
and physical activities between age and sex. Subsequently,
electrodes were placed on the biceps brachii (BB), triceps
brachii (TB), vastus lateralis (VL), and biceps femoris (BF),
and maximum voluntary exertions (MVEs) were performed
for the four muscles to record maximal electromyography
(EMG) for normalization of surface recordings. Following the
initial MVE assessment, subjects left the laboratory and were
asked to partake in normal daily activities, defined as events
that were typically and regularly performed. Subjects were
asked not to engage in any water activities (i.e., swimming,
showering). After eight hours, subjects returned to the labo-
ratory and the MVEs were repeated to verify the integrity of
the recording off-line. Subsequently, the EMGequipmentwas
removed and subjects were debriefed.

2.1. Electromyography. Long-term EMG was recorded using
surface electrodes (20mm interelectrode distance) placed on
the long head of the BB and the lateral head of the TB as
well as the VL and BF as previously described [8–11, 24, 25].
BB and TB are the principle elbow flexors and extensors,
respectively, and are the primary contributors to reaching
in order to execute functional upper limb movements. VL
and BF are large muscle groups utilized to transport the

body during upright posture and gait and exert flexion and
extension force about the knee and undergo severe age-
related weakening which is related to functional decline.
Electrodes were attached to the skin using double-sided
medical grade die cut application tape [26]. The DataLOG
unit (Biometrics P3X8, Gwent, UK; 9.5 × 15.8 × 3.3 cm, 380
gram)which recorded signals was attached to a belt andworn
on the hip. The electrodes and device did not impair or limit
movement or activities of daily living.

2.2. Maximum Voluntary Exertions. MVEs were performed
three times for each muscle (VL, BF, BB, and TB) both in
the morning and afternoon, as previously described [11, 24].
Briefly, for the arm muscles the MVEs were performed with
the elbow joint at 90∘. The experimenter instructed and
resisted a maximum pull-up (flex arm) and push-down effort
(extend arm) for approximately 3 seconds to assessmaximum
BB and TB activities, respectively. For the two lower limb
muscles, the subject was seated in a rigid chair against a wall
that was adjusted to the subject’s height so that the knee
and hip joint could be positioned to 90∘ for the maximum
flexion/extension efforts of the leg that were executed against
experimenter resistance. A canvass strap was fixed around,
the waist of the subject and the chair to support consistent
positioning. All subjects were highly encouraged with verbal
instruction prior to the MVE and subsequent to the attempt
to exert the greatest possible effort. When aberrations in
position occurred the subject was informed of the deviations
and attempted the MVE effort again.The EMG value derived
from theMVE was a computed rectified and integrated value
recorded from the middle of the MVE contraction.

2.3. Signal Processing and Data Analysis. All EMG signals
recorded during the MVE and the 8 hours testing were
amplified (1000x), filtered (20–450Hz), and stored on the
512MB MMC flashcard at a sampling rate of 100Hz for
subsequent analysis. Data from the flashcard was transferred
to the computer hard drive via USB cable and imported into
the Biometrics (Gwent, UK) program. From the Biometrics
(Gwent, UK) program, data was exported to Spike 2 version 5
(Cambridge Electronics Design, Cambridge, UK) for further
processing in a custom analysis script. All signals were
rectified, smoothed (0.01 sec), and down-sampled (100x) to
10Hz prior to analysis. In some instances, artifacts due to
electrode or device contact occurred, and these sections were
time-locked and deleted across all channels simultaneously.
These artifacts were limited and their occurrence was similar
between age and sex groups. Data artifact was identified
through visual inspection which was then confirmed by tak-
ing the root mean square (RMS) amplitude of the waveform
in 0.1-second increments and identifying plateaus (square
waves) in the recording. A custom script was utilized within
Spike 2 for the burst analysis. An EMG burst was defined as
any interval in the recording that had an amplitude >2% of
the maximum EMG value and duration >0.1 seconds. The
EMG data was analyzed and quantified using five burst char-
acteristics: number of bursts, mean duration (seconds), burst
percentage (% of total recording time occupied by bursts),
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peak amplitude (the peak amplitude of bursts averaged across
all bursts, %MVE), andmean amplitude (average of themean
amplitude of all bursts, %MVE).

2.4. Statistical Analysis. The Statistical Package for the Social
Sciences (SPSS, Chicago, IL, USA) for windows version
17.0 was used for statistical analysis. A 2 × 2 analysis of
variance (ANOVA), with age and sex as between-subject
factors, was conducted on results from the Yale Physical
Activity Survey. A paired t-test was utilized to compare the
morning and evening values for the maximum and average
MVEs from each session. The five dependent variables of
the burst characteristics were compared with a 2 × 2 × 4
multivariate ANOVA for the between-subject factors of age
(young, old) and sex (male, female) and the within-subject
factor of muscle (VL, BF, BB, and TB). The probability level
for all statistical measures was set at 0.05.

3. Results

The eight young males were 24.0 ± 2.5 years (90.6 ± 13.1 kg,
182.0 ± 9.4 cm) and the eight young females were 22.0
± 1.6 years (57.4 ± 8.5 kg, 162.6 ± 4.4 cm). The eight old
males were 76.6 ± 2.8 years (83.9 ± 4.0 kg, 172.3 ± 4.9 cm)
and the seven old females were 77.3 ± 4.5 years (74.3 ±
21.8 kg, 159.2 ± 5.9 cm). Total physical activity did not differ
between age groups (young 8032 ± 2386 kcal/week; old
7532 ± 4975 kcal/week; 𝑃 = 0.72) or sexes (male 7788 ±
4637 kcal/week; female 7792 ± 2819 kcal/week; 𝑃 = 0.99).

The maximal and average MVE values from the morning
and evening sessions did not differ; thus, the highest MVE
recorded from the six attempts was utilized for normalization
of the long-term EMG data and determination of burst
characteristics. The three-way interaction between age, sex,
and muscle was significant (𝑃 = 0.04). In order to identify
the contribution of individual dependent variables to this
significant interaction of themultivariate ANOVA, a 2 × 2 × 4
(age × sex ×muscle) univariate ANOVAwas utilized for each
burst variable.

For the number of bursts, mean amplitude, and burst
percentage, there was no three-way interaction (age × sex ×
muscle; 𝑃 = 0.06). The 2 × 2 (age × sex) interactions were
not significant for these variables (𝑃 > 0.05); however, there
was a 2 × 4 (sex × muscle) interaction for burst percentage
(𝑃 = 0.01) and a 2 × 4 (age × muscle) interaction for the
number of bursts (𝑃 = 0.04). All three of these variables
were greater (𝑃 < 0.05) in old adults compared with young
adults (Table 1), and females had greater (𝑃 = 0.04) number
of bursts compared with males. There was no sex effect on
mean amplitude (𝑃 = 0.77) and burst percentage (𝑃 > 0.05)
across muscles (Table 2).

For burst duration and peak amplitude, significant three-
way interactions were observed (𝑃 < 0.05). These interac-
tions were examined further by performing a 2 × 2 univariate
ANOVA (age × sex) for each muscle group separately and a
2 × 4 univariate ANOVA (sex × muscle) for young and old.
The 2 × 2 (age × sex) interactions were significant for burst
duration in the TB (𝑃 = 0.02) and peak amplitude in the

Table 1: Age-related differences in burst characteristics for each
muscle group.

Young Old
Number

BB 6200 ± 3112 12935 ± 4142
∗

TB 3763 ± 2382 10700 ± 5167
∗

VL 4698 ± 2280 8048 ± 3395
∗

BF 6030 ± 2504 11676 ± 4391
∗

Duration (sec)
BB 0.4 ± 0.1 0.6 ± 0.3

∗

TB† 0.4 ± 0.1 0.6 ± 0.1
∗

VL 0.4 ± 0.1 0.6 ± 0.2
∗

BF 0.5 ± 0.1 0.6 ± 0.2
∗

Peak amplitude (% MVE)
BB 5.0 ± 0.8 6.0 ± 1.7

TB 4.9 ± 0.7 4.8 ± 0.6

VL 8.8 ± 2.0 9.4 ± 4.0

BF 9.3 ± 1.8 9.6 ± 3.8

Mean amplitude (% MVE)
BB 0.6 ± 0.3 1.9 ± 1.1

∗

TB 0.6 ± 0.4 1.5 ± 0.8
∗

VL 0.8 ± 1.0 1.4 ± 0.9
∗

BF 1.2 ± 0.9 2.2 ± 1.4
∗

Percentage (% time)
BB 8.3 ± 5.0 26.8 ± 11.8

∗

TB 5.4 ± 4.0 19.9 ± 12.5
∗

VL 5.6 ± 2.6 16.2 ± 8.0
∗

BF 9.3 ± 3.8 24.1 ± 7.3
∗

BB: biceps brachii; TB: triceps brachii; VL: vastus lateralis; BF: biceps femoris;
sec: seconds; %: percentage; MVE: maximal voluntary exertion.
∗Significantly different from young adults.
†Only females.

BF (𝑃 = 0.01). The 2 × 4 (sex × muscle) interactions were
observed for burst duration and peak amplitude of the old
adults (𝑃 < 0.05). Burst duration was greater in old adults
compared with young adults in all muscles except the TB
of males (𝑃 = 0.92) (Table 1). Burst duration in the BB of
both young and old adults (𝑃 = 0.01) and in the TB of old
adults (𝑃 = 0.03) were greater in females than males. Peak
amplitude in the BF of old adults was greater (𝑃 = 0.03) in
males (Table 2).

Significant differences were found betweenmuscles for all
burst characteristics except for burst duration in old females
(𝑃 = 0.49). In young adults, the number of bursts and burst
percentage were greater (𝑃 < 0.01) in the flexor muscles
compared with the extensor muscles in both arm (BB > TB)
and thigh muscles (BF > VL). In addition, the number of
bursts and burst percentage were greater (𝑃 = 0.01) in BF
compared with TB (Figures 1(a) and 1(b)). Burst duration in
BF of young adults was longer (𝑃 < 0.01) than the BB and VL
(Figure 1(c)), and peak burst amplitude in the thigh muscles
(VL and BF) was greater compared with the armmuscles (BB
and TB) (𝑃 < 0.001) (Figure 1(d)). In old adults, the number
of bursts was less (𝑃 < 0.01) in the VL than the other three
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Table 2: Sex-related differences in burst characteristics for each
muscle group.

Male Female
Number

BB 8887 ± 5398 10069 ± 4541
∗

TB 5609 ± 4206 8731 ± 5919
∗

VL 5886 ± 2642 6781 ± 3922
∗

BF 7869 ± 4334 9713 ± 4650
∗

Duration (sec)
BB 0.4 ± 0.1 0.6 ± 0.3

∗

TB† 0.4 ± 0.1 0.6 ± 0.1
∗

VL 0.5 ± 0.2 0.4 ± 0.2

BF 0.6 ± 0.2 0.6 ± 0.1

Peak amplitude (% MVE)
BB 5.4 ± 1.5 5.6 ± 1.4

TB 4.8 ± 0.6 4.9 ± 0.8

VL 10.1 ± 3.6 8.1 ± 1.9

BF† 11.5 ± 3.7 7.5 ± 2.8
∗

Mean amplitude (% MVE)
BB 1.1 ± 1.0 1.4 ± 1.1

TB 0.8 ± 0.6 1.2 ± 0.9

VL 1.2 ± 1.0 1.0 ± 1.0

BF 1.9 ± 1.4 1.5 ± 1.0

Percentage (% time)
BB 13.6 ± 11.0 21.1 ± 13.9

TB 9.1 ± 8.7 15.9 ± 13.5

VL 11.2 ± 8.7 10.3 ± 7.2

BF 15.3 ± 9.0 17.7 ± 9.9

BB: biceps brachii; TB: triceps brachii; VL: vastus lateralis; BF: biceps femoris;
sec: seconds; %: percentage; MVE: maximal voluntary exertion.
∗Significantly different from males.
†Only old adults.

muscles (Figure 2(a)). Burst percentage in old adults was
greater (𝑃 < 0.05) in flexor muscles compared with extensor
muscles in both arm (BB > TB) and thighmuscles (BF >VL).
In addition, burst percentage was greater (𝑃 = 0.01) in BB
compared with VL (Figure 2(b)). In oldmales, burst duration
and peak amplitude were greater (𝑃 < 0.05) in thigh muscles
(VL and BF) compared with the arm muscles (BB and TB)
(Figures 3(a) and 3(b)). Peak burst amplitude in old females
was greater (𝑃 < 0.05) in the thigh muscles (VL and BF)
compared with the TB (Figure 3(b)). Mean burst amplitude
in both young and old adults was greater (𝑃 < 0.05) in BF
compared with the other three muscles and in BB compared
with TB.

4. Discussion

The purpose of this study was to quantify age- and sex-
related differences in burst activity measured with portable
EMG devices during the course of a day. The key finding
in this investigation was the age-related increase in muscle
activation where the number of bursts was greater in females
thanmales and flexormuscles weremore active than extensor

muscles. Measuring muscle activity that governs movement
during daily life with portable EMG offers an early indication
of the physiological alterations in muscle that manifest prior
to overt declines in activities of daily living that are required
for independent living.

The most striking difference in this study was the age-
related increase in burst percentage (∼190–270%Δ) with
young muscles being active 5–9% of the time whereas older
muscles were active 16–27%. These data clearly indicate that
the manner in which daily tasks are accomplished differs at
the level of the muscle, and this can be captured by long-
term EMG.The observed differences between young and old
adults likely arise from age-related change in neuromuscular
function as physical activitywas similar between these groups
of adults that were separated by >50 years in age. Differences
in burst activity are unlikely to be related to tasks undertaken
during the day. Although daily tasks were not monitored,
because subjects were free to undertake normal activities
without bias of an observer, our previous work has shown
that burst activity is greater in old adults when the task is
matched between age groups [11]. Thus, the difference in
burst activity during daily life supports our prior findings
from discrete tasks [11]. Muscle weakness in old adults is
a contributing factor in the age-related increase in muscle
activity as laboratory-based studies report greater muscle
activity in weaker individuals when the relative load for
isolated contractions is matched [11]. Because old adults are
typically weaker than young adults [3, 27], strength might
contribute to the age-related increase in muscle activity
observed for a typical day; however, strength cannot be the
sole factor. Burst duration was similar between males and
females in the thigh muscles, yet men are stronger than
women [27]. This highlights the need to acknowledge that
strength occupies a role in muscle activity that necessitates
success in daily activities, but it is not the singular contributor
to age- and sex-related increase in muscle activity.

The decrease in motor unit number with increased age
coupled with the remaining pool of motor units becoming
less heterogeneous and larger in individual size (innervation
ratio) may contribute to the age-related augmentation in
burst activity.There is a positive relationship between the size
of a motor unit and the resultant amplitude of EMG signal
[28]; therefore, the older and larger motor units would likely
have higher burst activity. This could be detected as greater
mean burst amplitude in old adults compared with young
adults during daily life. With increased age, movement times
slow in old adults compared with young adults for a variety
of tasks, and fast velocity movements are more affected by
aging than slow velocity movements [16, 17, 29]. Increased
movement time would likely augment that the amount of
time force is maintained during execution of activities of
daily life and in turn merge as greater total and mean burst
duration. This increase in burst duration may allow for an
enhanced level of force production to execute tasks of daily
life. However, the increase in EMG burst activity during
daily life, which likely facilitates the production ofmovement,
could predispose older adults to an earlier onset of fatigue,
and this may, over time, contribute to reduced fine motor
control of everyday tasks similar to the decreased ability of
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Figure 1:Muscle effect on burst characteristics for young adults. (a) Number of bursts; (b) burst percentage; (c) mean burst duration; (d) peak
burst amplitude. BB: biceps brachii; TB: triceps brachii; VL: vastus lateralis; BF: biceps femoris; sec: seconds; %: percentage; MVE: maximal
voluntary exertion. aSignificantly different from BB; bsignificantly different from TB; csignificantly different from VL.

older adults to produce steady contractions in controlled
laboratory-based studies [4].

The number of bursts in females was 13–56% greater
than males for both young and old adults. Increased bursts
in females compared with males may be due to intrin-
sic properties of muscle. Studies suggest that fiber area,
number, and force per cross-sectional area are reduced in
females compared with males [19], and in animal models
the innervation ratio is estimated to be greater in males
compared to females [30].These anatomical features coupled
with a longer electromechanical delay [31], slower rate of
force development [32], and slow reciprocal activation in

triphasic EMGburst patterns in females comparedwithmales
[33] cause differential burst activity between sexes. These
physiological and anatomical differences that culminate in
greater burst activity in females are not unlike the age-related
adaptations.

The age-related increase in burst duration of the TB was
only evident in females. The sex-related differences in burst
duration of the TB as well as the peak burst amplitude of
the BF were only evident in old adults. In addition, muscle
differences in burst duration and peak amplitudewere similar
between young males and females but not between old males
and females. Thus, muscles of females are predisposed to



6 Journal of Aging Research

N
um

be
r o

f b
ur

sts

0

2000

4000

6000

8000

10000

12000

14000

16000

BB TB VL BF

c

c
c

(a)

Bu
rs

t p
er

ce
nt

ag
e (

%
 ti

m
e)

0

5

10

15

20

25

30

35

BB TB VL BF

bc

c

(b)

Figure 2: Muscle effect on number of bursts and burst percentage for old adults. (a) Number of bursts; (b) burst percentage. BB: biceps
brachii; TB: triceps brachii; VL: vastus lateralis; BF: biceps femoris; %: percentage. aSignificantly different from TB; bsignificantly different
from VL.

M
ea

n 
bu

rs
t d

ur
at

io
n 

(s
)

0.0

0.2

0.4

0.6

0.8

1.0

BB TB VL BF BB TB VL BF

FemalesMales

ab ab

(a)

Pe
ak

 b
ur

st 
am

pl
itu

de
 (%

M
V

E)

0

2

4

6

8

10

12

14
Males

BB TB VL BF BB TB VL BF

Females

b

abab

b

(b)

Figure 3: Muscle effect on mean burst duration and peak burst amplitude for old adults. (a) Mean burst duration; (b) peak burst amplitude.
BB: biceps brachii; TB: triceps brachii; VL: vastus lateralis; BF: biceps femoris; sec: seconds; %: percentage; MVE:maximal voluntary exertion.
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alterations that culminate in earlier age-related functional
decline relative tomales; these changes are detectable through
daily EMG.This tool offers a means for sex-specific detection
of altered muscle activity with age which may enable earlier
identification of impending functional changes that may
have a significant impact upon physical independence [24].
Females are more likely to become frail and experience
functional decline and/or loss of independence [34, 35].

Differences in burst characteristics between flexor and
extensor muscles were found in both the arm and thigh
muscles. Flexor muscles were active for a longer duration
than the extensor muscles (35–66%Δ). The greater burst
characteristics of the flexor muscles compared with the
extensor muscles in old adults might be related to greater

age-related decline in strength andmotor unit discharge rates
of the flexor muscles [3, 14, 15]. Thus, the flexor muscles
of the old adults need to function at a higher relative level
because they have undergone greater age-related decline
relative to the extensors. Therefore, this augmentation in
flexor activity relative to the extensor is in part due to
movements undertaken to execute daily life (self-care and
feeding) which largely involve the flexors as the agonist which
are reported to undergo greater age-related change [3].

5. Conclusions

In summary, there are definitive age differences with respect
to burst activity over an 8-hour recording. The muscles of
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old adults burst more, with higher mean amplitudes and for
longer duration throughout the day and muscle of females
burst more and longer than males. Overall burst activity in
the flexor muscles is greater than the extensor muscles. In
addition, muscle differences are consistent between young
males and females but not between old males and females.
Differences in muscle activity for a typical day quantified
as bursts in EMG highlight alterations in neuromuscular
functionwith age that are sensitive to sex and specific tomus-
cle. Assessment of long-term EMG, recorded with portable
devices, can be an effective way to identify physiological
change prior to functional loss. This offers an effective tool
for diagnosing impending physical decline in older adults
through earlier identification of changes in muscle activity
prior to overt functional loss.

Acknowledgment

This work was supported by the Natural Science Engineering
Research Council. OlgaTheou receives postdoctoral funding
from the University Internal Medicine Research Foundation
of Dalhousie University.

References

[1] J. S. Frank and A. E. Patla, “Balance and mobility challenges in
older adults: implications for preserving community mobility,”
The American Journal of Preventive Medicine, vol. 25, no. 3, pp.
157–163, 2003.

[2] O. Theou, J. M. Jakobi, A. A. Vandervoort, and G. R. Jones,
“A comparison of physical activity (PA) assessment tools across
levels of frailty,” Archives of Gerontology and Geriatrics, vol. 54,
no. 3, pp. e307–e314, 2012.

[3] B. H. Dalton, J. M. Jakobi, B. L. Allman, and C. L. Rice, “Dif-
ferential age-related changes in motor unit properties between
elbow flexors and extensors,” Acta Physiologica, vol. 200, no. 1,
pp. 45–55, 2010.

[4] R. M. Enoka, E. A. Christou, S. K. Hunter et al., “Mechanisms
that contribute to differences in motor performance between
young and old adults,” Journal of Electromyography and Kine-
siology, vol. 13, no. 1, pp. 1–12, 2003.

[5] B. Harwood, D. L. Edwards, and J. M. Jakobi, “Age independent
and position-dependent alterations inmotor unit activity of the
biceps brachii,” European Journal of Applied Physiology, vol. 110,
no. 1, pp. 27–38, 2010.

[6] A. Schmitz, A. Silder, B. Heiderscheit, J. Mahoney, and D. G.
Thelen, “Differences in lower-extremity muscular activation
during walking between healthy older and young adults,”
Journal of Electromyography and Kinesiology, vol. 19, no. 6, pp.
1085–1091, 2009.

[7] S. Morrison and J. Sosnoff, “Age-related changes in the adapt-
ability of neuromuscular output,” Journal ofMotor Behavior, vol.
41, no. 3, pp. 274–283, 2009.

[8] J. M. Jakobi, D. L. Edwards, and D. M. Connelly, “Utility of
portable electromyography for quantifying muscle activity dur-
ing daily use,” Gerontology, vol. 54, no. 5, pp. 324–331, 2008.

[9] O. Theou, S. H. Bruce, K. Roland, G. R. Jones, and J. M. Jakobi,
“Portable electromyography: application for understanding
muscle function of daily life in older adults,” Gerontechnology,
vol. 10, no. 3, pp. 146–156, 2011.

[10] B. Harwood, D. L. Edwards, and J. M. Jakobi, “Age- and
sex-related differences for electromyography gaps during daily
activity and a discrete task,” Gait and Posture, vol. 34, no. 1, pp.
6–12, 2011.

[11] B. Harwood, D. L. Edwards, and J. M. Jakobi, “Age- and sex-
related differences in muscle activation for a discrete functional
task,” European Journal of Applied Physiology, vol. 103, no. 6, pp.
677–686, 2008.

[12] J. G. Ryall, J. D. Schertzer, and G. S. Lynch, “Cellular and
molecular mechanisms underlying age-related skeletal muscle
wasting andweakness,”Biogerontology, vol. 9, no. 4, pp. 213–228,
2008.

[13] A. A. Vandervoort, “Aging of the human neuromuscular sys-
tem,”Muscle and Nerve, vol. 25, no. 1, pp. 17–25, 2002.

[14] W. R. Frontera, V. A. Hughes, R. A. Fielding, M. A. Fiatarone,
W. J. Evans, and R. Roubenoff, “Aging of skeletal muscle: a 12-yr
longitudinal study,” Journal of Applied Physiology, vol. 88, no. 4,
pp. 1321–1326, 2000.

[15] V. A. Hughes, W. R. Frontera, M. Wood et al., “Longitudinal
muscle strength changes in older adults: influence of muscle
mass, physical activity, and health,” Journals of Gerontology, vol.
56, no. 5, pp. B209–B217, 2001.

[16] D. G. Candow and P.D. Chilibeck, “Differences in size, strength,
and power of upper and lower bodymuscle groups in young and
older men,” Journals of Gerontology, vol. 60, no. 2, pp. 148–156,
2005.

[17] J. K. Petrella, J.-S. Kim, S. C. Tuggle, S. R. Hall, and M. M.
Bamman, “Age differences in knee extension power, contractile
velocity, and fatigability,” Journal of Applied Physiology, vol. 98,
no. 1, pp. 211–220, 2005.

[18] N. A. Lynch, E. J. Metter, R. S. Lindle et al., “Muscle quality. I.
Age-associated differences between armand legmuscle groups,”
Journal of Applied Physiology, vol. 86, no. 1, pp. 188–194, 1999.

[19] S. Trappe, P. Gallagher, M. Harber, J. Carrithers, J. Fluckey, and
T. Trappe, “Single muscle fibre contractile properties in young
and old men and women,” Journal of Physiology, vol. 552, no. 1,
pp. 47–58, 2003.

[20] D. S. Kern, J. G. Semmler, and R. M. Enoka, “Long-term
activity in upper- and lower-limb muscles of humans,” Journal
of Applied Physiology, vol. 91, no. 5, pp. 2224–2232, 2001.

[21] J. G. Semmler, D. V. Kutzscher, and R. M. Enoka, “Limb immo-
bilization alters muscle activation patterns during a fatiguing
isometric contraction,”Muscle andNerve, vol. 23, no. 9, pp. 1381–
1392, 2000.

[22] R. E. Brown, D. L. Edwards, and J. M. Jakobi, “Sex differences
in force steadiness in three positions of the forearm,” European
Journal of Applied Physiology, vol. 110, no. 6, pp. 1251–1257, 2010.

[23] L. Dipietro, C. J. Caspersen, A. M. Ostfeld, and E. R. Nadel,
“A survey for assessing physical activity among older adults,”
Medicine and Science in Sports and Exercise, vol. 25, no. 5, pp.
628–642, 1993.

[24] O. Theou, G. R. Jones, A. A. Vandervoort, and J. M. Jakobi,
“Dailymuscle activity and quiescence in non-frail, pre-frail, and
frail olderwomen,”Experimental Gerontology, vol. 45, no. 12, pp.
909–917, 2010.

[25] O. Theou, Z. Soon, S. Filek et al., “Changing the sheets: a new
system to reduce strain during patient repositioning,” Nursing
Research, vol. 60, no. 5, pp. 302–308, 2011.

[26] H. J. Hermens, G. Rau, C. Disselhorst-Klug, and B. Freriks,
Surface ElectroMyoGraphy: Application Areas and Parameters,
proceedings of the third general SENIAMworkshop, Roessingh
Research and Development, Aachen, Germany, 1998.



8 Journal of Aging Research

[27] W. R. Frontera, V. A. Hughes, K. J. Lutz, and W. J. Evans, “A
cross-sectional study of muscle strength and mass in 45- to 78-
yr-old men and women,” Journal of Applied Physiology, vol. 71,
no. 2, pp. 644–650, 1991.

[28] T. J. Doherty, D. W. Stashuk, and W. F. Brown, “Determinants
of mean motor unit size: impact on estimates of motor unit
number,”Muscle and Nerve, vol. 16, no. 12, pp. 1326–1331, 1993.

[29] H. Kinoshita, P. R. Francis, T. Murase, S. Kawai, and T. Ogawa,
“The mechanical properties of the heel pad in elderly adults,”
European Journal of Applied Physiology and Occupational Phys-
iology, vol. 73, no. 5, pp. 404–409, 1996.

[30] B. Mierzejewska-Krzyzowska, H. Drzymala-Celichowska, and
J. Celichowski, “Gender differences in the morphometric prop-
erties of muscle fibres and the innervation ratio of motor
units in rat medial gastrocnemiusmuscle,” Journal of Veterinary
Medicine, vol. 40, no. 4, pp. 249–255, 2011.

[31] D.G. Bell and I. Jacobs, “Electro-mechanical response times and
rate of force development in males and females,” Medicine and
Science in Sports and Exercise, vol. 18, no. 1, pp. 31–36, 1986.

[32] H. Valkeinen, J. Ylinen, E. Mälkiä, M. Alen, and K. Häkkinen,
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