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Background. Age-related alterations of neuromuscular activation may contribute to deficits in muscle power and
mobility function. This study assesses whether impaired activation of the agonist quadriceps and antagonist hamstrings,
including amplitude- and velocity-dependent characteristics of activation, may explain differences in leg extension torque
and power between healthy middle-aged, healthy older, and mobility-limited older adults.

Methods. Torque, power, and electromyography were recorded during maximal voluntary leg extension trials across a
range of velocities on an isokinetic dynamometer.

Results. Neuromuscular activation was similar between middle-aged and older healthy groups, with differences in
torque and power explained predominantly by muscle size. However, the older mobility—limited group demonstrated
marked impairment of torque, power, and agonist muscle activation, with the greatest deficits occurring at the fastest
movement velocities. Agonist muscle activation was found to be strongly associated with torque output.

Conclusions. Similar neuromuscular activation between the middle-aged and older healthy groups indicates that im-
paired voluntary activation is not an obligatory consequence of aging. However, the finding that the mobility-limited
group exhibited impaired activation of the agonist quadriceps and concomitant deficits in torque and power output sug-

gests that neuromuscular activation deficits may contribute to compromised mobility function in older adults.
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USCLE power, the product of torque and movement

velocity, declines more rapidly than static muscle
strength with advancing age (1-4). Furthermore, power
is more closely associated with physical functioning
compared with traditional measures of strength that do
not emphasize movement speed (eg, one-repetition maxi-
mum and static maximal voluntary force) (5-8). Power may
therefore be superior to strength as an indicator of physio-
logical impairment underlying functional deficits.

Impaired strength and muscle power may result from a
variety of factors (for review see (9)), one of which is im-
paired neuromuscular activation (10). Neuromuscular acti-
vation is the process by which excitation of motor neurons
leads to force production in a population of muscle fibers.
Each motor neuron and its associated muscle fibers consti-
tute a motor unit, and the number and firing rate of recruited
motor units are the major intrinsic determinant of muscular
force (extrinsic factors such as muscle length and contrac-

tion velocity also influence force output). Weakness may
directly result from impaired capacity of the nervous system
to maximize motor unit recruitment and/or rate coding in
agonist muscles (prime movers) or may be indirectly caused
by poor intermuscular coordination or by excessive acti-
vation of antagonist muscles (which oppose the agonist).
Neuromuscular activation is commonly evaluated using
surface electromyography (EMG), which is a noninvasive
technique where small recording electrodes are placed on
the skin over the muscle(s) of interest to record the bioelec-
trical activity associated with muscle contraction.

Given the emerging literature regarding muscle power in
older adults, it is notable that most investigations of neuro-
muscular activation in this population have assessed only
static muscle contractions (10). Some investigations have
revealed reduced maximal motor unit firing rates (11-14)
and inability to voluntarily elicit peak muscle force (15-17)
with aging. However, other studies have concluded that
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activation is not impaired (18-22). There are also conflict-
ing findings as to whether antagonist coactivation may be
increased (1,23,24) or decreased (4,17,25,26) with aging. A
few studies have assessed agonist activation capability dur-
ing maximal dynamic contractions (ie, during movement)
but have also yielded inconclusive findings (26,27).

The first objective of this study was to determine the ef-
fect of movement velocity on torque and power production
in older healthy adults (OH) and older mobility—limited
(OML) adults relative to middle-aged healthy adults (MH).
We chose to compare older adults with middle-aged rather
than with young adults because we believe that identifying
age-related differences across a narrower age range may
better capture the key differences contributing to mobility
limitations. The second objective was to assess whether po-
tential age- and velocity-dependent deficits in torque and
power were associated with differences in neuromuscular
activation of the agonist and antagonist muscle groups. We
hypothesized that both older groups, but particularly the
older mobility limited, would exhibit deficits in torque and
power that are most severe at fast movement velocity. We
further hypothesized that impaired agonist activation, and
not excessive antagonist coactivation, would be associated
with these deficits.

METHODS

Participants

Volunteers were recruited by local newspaper advertise-
ments, direct mailing to volunteers from earlier studies at
our center, and posting of flyers around the Tufts University
Health Sciences Campus. Three specific groups were
recruited: MH (aged 40-55 years), OH (aged 70-85 years),
and OML (aged 70-85 years). A preliminary screening was
conducted by telephone using the following exclusion crite-
ria: presence of unstable chronic disease, acute or terminal
illness, myocardial infarction within 6 months (or other
symptomatic coronary artery disease), uncontrolled hyper-
tension (>150/90 mmHg), fracture in the previous 6 months,
diseases or medications affecting neuromuscular function,
anticoagulation therapy (due to a muscle biopsy procedure;
data not presented here), hormone replacement therapy,
body mass index less than 19 or more than 33, weight loss
or gain within 6 months, and participation in an exercise
program within 6 months. Volunteers being considered for
MH and OH were also required to not be taking any pre-
scription medications. Individuals who passed the telephone
screening were further screened by a licensed physician or
nurse practitioner, including assessment of the presence of
lower extremity joint pain and administration of the Mini-
Mental State Examination (MMSE) and Short Physical
Performance Battery (SPPB). Persons with MMSE score
more than 23 or with joint pain were excluded. The SPPB,
which probes the domains of strength, ambulation, and

balance and is predictive of future disability (28), was used
to classify the older adults into the OH and OML groups.
Older adults with SPPB Iess than or equal to 9 (out of a pos-
sible 12 points) were classified as OML, whereas older
adults with SPPB more than 9 who were not taking pre-
scription medication were classified as OH.

Protocol

Testing was conducted using a Cybex-II dynamometer
(Cybex, Ronkonkoma, NY). Participants were seated up-
right with the hip and knee of the dominant leg flexed to
approximately 85° and 90°, respectively. The lateral epi-
condyle of the knee was aligned with the dynamometer axis
of rotation, and the limb secured to the dynamometer lever
arm by a padded attachment placed 1 inch above the ankle.
Straps were secured over the shoulders, lap, and thigh, and
hands were kept on the lap or folded across the chest.

Prior to testing, limb weight was measured throughout
the full range of motion and was later used to correct for the
resistive effects of gravity. Five consecutive maximal isoki-
netic (constant velocity) knee extensions were performed at
60, 90, 180, and 240 degrees second, with the participants
instructed to kick out as fast and hard as possible. Testing
proceeded sequentially from the slowest to the fastest
velocity to minimize confusion (29). Three static maximal
voluntary contractions were then performed for 3-5 sec-
onds for both knee flexion and extension, with the leg fixed
at 60° of knee flexion. To avoid fatigue, each testing condi-
tion was separated by at least 1 minute of rest. The total
duration of muscle contractions for the entire protocol was
less than 1 minute.

Data Acquisition

Torque, position, and velocity signals were acquired
directly from the dynamometer. Muscle activation was
assessed by surface EMG using a commercially available
system and single-differential surface electrodes with 1-cm
intersensor distance (Delsys, Boston, MA). EMG was
recorded from quadriceps muscles (knee extensors) rectus
femoris (rf), vastus medialis (vm), and vastus lateralis (vl)
and hamstrings muscles (knee flexors) biceps femoris (bf)
and semimembranosus (sm). Data were acquired at a sam-
pling rate of 1 kHz using a Powerlab/16SP system and Chart
software (ADInstruments, Colorado Springs, CO) and saved
to computer disk.

Computed tomography (CT) scans of the nondominant
thigh were obtained at the midpoint of the femur using a
Siemens Somatom Scanner (Erlangen, Germany) operating
at 120 kV and 100 mA, a slice width of 10 mm and a scanning
time of 1 second. All scans were analyzed by a single blinded
assessor using SliceOmatic v4.2 software (Tomovision,
Montreal, Canada). Images were reconstructed on a 512 x 512
matrix with a 25-cm field of view, and anterior compartment
muscle cross-sectional area (CSA) was measured by manual
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tracing using, when applicable, intermuscular adipose
tissue as a guide. Muscle CSA was measured in the range of
0-100 Hounsfield units and calculated as the sum of low-
and normal-density area.

Data Analysis

Torque, power, and EMG data were analyzed using
Matlab 7.0 (The Mathworks, Natick, MA) and JMP statisti-
cal software (v7.0; SAS Institute Inc., Cary, NC). For each
movement repetition, torque and velocity were calculated
as the mean value between 55° and 70° of knee flexion.
Power was then calculated as the product of the mean torque
and mean velocity within this same 15° region. Static torque
was quantified by locating the absolute peak torque of the
trial and calculating the average over a 250-millisecond
window centered at this peak. Raw EMG signals were
corrected for baseline offset, filtered using a zero phase lag
second-order Butterworth band-pass filter (10-200 Hz), and
root-mean-square amplitude was calculated over the same
range of motion used for calculating torque and power. To
allow familiarization with the procedures, the data presented
here are from the second of two identical testing sessions,
performed approximately 1 week apart.

To assess differences between groups, we expressed
torque and power in absolute terms (Newton meter and
Watts, respectively) and normalized to (ie, divided by) the
anterior compartment muscle CSA. The resultant specific
torque (Newton meter per square centimeter) and specific
power (Watts per square centimeter) provide insight regard-
ing neuromuscular determinants of motor output indepen-
dent of muscle size. To investigate influences of velocity on
torque production, we normalized torque from all the move-
ment conditions to static peak torque. Similarly, to assess
velocity-dependent effects, muscle activation was expressed
in absolute units (volts) and also normalized to activation
during the maximal static contractions.

EMG data were corrected as follows to account for the
influence of subcutaneous adipose tissue thickness on acti-
vation amplitude. Activation data from all study participants
were pooled for each agonist muscle at each testing velocity
and plotted against subcutaneous adipose CSA. For each
velocity, this relationship was fit with a third-order poly-
nomial equation and the residuals were calculated. The
original mean activation magnitude calculated across all
participants was then added back to the residuals. These
residuals were then separated by group for comparison.

Statistical Analyses

Data from each trial were averaged within-subject and
criterion velocity, and the Box—Cox power transformation
was applied to non-normally distributed variables (torque,
specific torque, power, specific power, and non-normalized
EMG from each muscle). To determine whether the velocity
dependence of torque and activation differed for men and

Table 1. Participant Characteristics

MH OH OML
Age (yr) 472+4.7 74.0 +3.6" 78.1 +4.57
Weight (kg) 75+ 14.1 71.4£20.3 70.4 +11.17
Height (cm) 170+10.7 170.1+10.8  163.3 £8.3F
Body mass index (kg/m?) 25.8+3.1 253+3.7 26.4+3.1
SPPB score (out of 12) 11.7£0.5 11.0£0.9 7.9 +1.3F
Anterior compartment muscle  64.2 + 15.0 52+ 137" 44.2+11.37
CSA (cm?)
Subcutaneous adipose tissue 63.9 +30.1 55.8+30.0 66.8 +37.6
CSA (cm?)
Sex (male/female) 14/15 16/12 15/17
Presence of knee osteoarthritis 0 7 16

(self-report), %

Notes: All values are mean + SD. CSA = cross-sectional area; MH = middle-
aged healthy adults; OH = older healthy adults; OML = older adults with mobility
limitation.

“OH different from MH (p < .001).

TOML different from MH and OH (p < .001).

women, we examined the Group x Sex interaction for nor-
malized torque and muscle activation. Torque and power
were analyzed using a two-factor repeated measures analy-
sis of variance (ANOVA; Group x Velocity) and Tukey’s
honestly significant difference post hoc analysis with sig-
nificance set at p < .05. The amplitude of absolute (non-
normalized) muscle activation was examined using a
single-factor ANOVA (group). The association between ac-
tivation amplitude and movement velocity in each group
was examined using Pearson’s correlation analysis for both
absolute and normalized muscle activation. Correlation
analysis was also used to examine the association between
normalized torque and normalized activation at each veloc-
ity. Figures show mean * SE.

RESULTS

Farticipants

A total of 786 individuals responded to advertisements,
of which 743 were screened by telephone. Of those, 122
met our inclusion and exclusion criteria and were invited to
come to our facility for additional screening. Ninety-three
individuals passed the second screening, and 89 ultimately
performed the study procedures, including 29 MH, 28 OH,
and 32 OML. Full descriptive characteristics are presented
in Table 1. A small but significant difference in age was
present between OH and OML (p < .001). Consistent with
our recruitment criteria, the score for the SPPB was signifi-
cantly lower in OML compared with MH and OH (p <
.0001). Anterior compartment muscle CSA differed signifi-
cantly between all groups, with MH having the greatest
CSA followed by OH and OML (p < .001). The Group x
Sex interaction was not significant (p > .05) for normal-
ized torque or normalized muscle activation; thus, data
from both sexes were pooled within each group for further
analysis.
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Figure 1. Absolute torque (Newton meter, A), normalized torque (percent maximal voluntary, B), and specific torque (Newton meter per square centimeter, C) plotted
against movement velocity. Significant post hoc results where older adults with mobility limitation was less than middle-aged healthy adults and older healthy adults are

indicated by *.

Torque

The main effects of group and velocity were significant
for absolute torque, specific torque, and normalized torque
(all p <.0001; Figure 1). Post hoc analysis of the group ef-
fect for each torque variable revealed that MH produced
more absolute torque than OH but that the two groups did
not differ for specific torque or normalized torque. MH and
OH produced significantly more absolute, specific, and nor-
malized torque than OML. There was a significant Group x
Velocity interaction effect for normalized torque (p = .03)
and specific torque (p = .0009) but not for absolute torque (p =
.40). Of note, normalized torque in OML was significantly
lower than MH and OH at 90, 180, and 240 degrees per
second. For specific torque, the static condition did not
differ between groups (p > .05), and indeed, specific torque
in OML was 103% of that observed in both MH and OH.
Across the slower velocities, there was a gradual differen-
tiation between groups, which reached statistical signifi-
cance at 240 degrees per second, with OML producing just
63% and 67% of MH and OH, respectively (p < .05).

%%

>
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0 60 90 180 240
Velocity (deg/s)

Power

Significant main effects of group and velocity as well as
a Group x Velocity interaction effect were found for abso-
lute and specific power (all p < .0001; Figure 2). Post hoc
analysis of the group effect for both power variables
revealed that all groups differed significantly, with MH
producing the greatest power followed by OH and OML.
The interaction effect revealed that OML produced sig-
nificantly less absolute power than MH and OH at each
velocity and significantly less specific power at each
velocity except 60 degrees per second. Furthermore, we
found that MH had a significant increase in absolute and
specific power with each velocity increment and that OH
also significantly increased absolute and specific power
with each increment except between 180 and 240 degrees
per second. In marked contrast, OML showed no difference
in specific or absolute power between 60 and 90 degrees
per second or between 90, 180, and 240 degrees per sec-
ond, indicating a plateau in the ability to produce power at
faster speeds.
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Figure 2. Absolute power (Watts, A) and specific power (Watts per square centimeter, B) plotted against movement velocity. The following significant post hoc
results are indicated: *older adults with mobility limitation (OML) was less than middle-aged healthy adults (MH) and older healthy adults (OH); tpower has increased
from the previous (slower) velocity in MH and OH but not in OML; and fpower has increased from the previous (slower) velocity in MH but not in OH or OML.
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Figure 3. Absolute activation (thick black lines) and activation corrected for subcutaneous adipose (thin gray lines provided for agonist muscles only) plotted
against movement velocity. Agonist activation amplitude for each muscle was higher in middle-aged healthy adults (MH) and older healthy adults (OH) compared
with older adults with mobility limitation (OML). Furthermore, both MH and OH demonstrated significant positive associations between activation amplitude and

velocity, whereas OML did not.

Amplitude of Muscle Activation

When pooled across all groups, agonist quadriceps mus-
cle activation was significantly associated with subcutane-
ous adipose CSA for each muscle at each velocity (all p <
.0001, R? = .31-.52 based on a third-order polynomial fit).
Muscle activation corrected for subcutaneous adipose (see
the Methods section) did not differ from the original activa-
tion values (p = .41-.92; Figure 3); thus, the original values
were used for further analysis.

There was a significant effect of group (p < .0001) in all
three agonist muscles when all velocities were included in
the model, with post hoc analysis revealing that vm, vl, and
rf were significantly higher in MH and OH compared with
OML (Figure 3). However, when only the static condition
was analyzed, we found that agonist activation amplitude
did not differ across groups for vm or vl (p = .72 and .24,
respectively), but there was a significant difference in 1f (p =
.04) with MH producing greater activation than with OML.

For antagonist hamstrings muscle activation amplitude,
there was a significant effect of group for both sm (p < .01)
and bf (p = .01). Post hoc analysis revealed that sm activa-
tion in MH was significantly less than that in OH and OML,
and bf activation in MH was significantly less than that in
OH but the same as that in OML. Although these significant
differences were identified, the mean hamstrings activation
was generally quite low in all groups at all velocities, ranging
from 12% to 18% of mean quadriceps activation (Figure 3).

Modulation of Agonist Activation With Faster Contraction
Velocity

In MH, agonist activation amplitude (Figure 3) was posi-
tively associated with velocity for vm (r = .92, p = .03), vl

(r=.96,p=.01),and rf (r =91, p=.03). Similar significant
correlations were observed in OH for vm (r = .93, p = .02),
vl (r = .83, p = .04), and 1f (r = .93, p = .02). In contrast,
OML demonstrated no significant associations for vm (r =
.64, p=.34), vl (r =.55, p = .48), or tf (r = .42, p = .24),
indicating that the change (ie, the slope) across velocities
did not significantly differ from zero. To more closely exam-
ine how agonist activation changes across velocities, activa-
tion at each velocity was normalized to activation from the
maximal voluntary isometric knee extension condition
(Figure 4A). This helps to account for intersubject differences
in activation amplitude and allows meaningful comparisons
of the slope of the activation—velocity relationship for each
muscle (which are expressed in units of percent of maximal
voluntary activation per degree per second increment of ve-
locity). A significant positive relationship between normal-
ized activation and velocity was revealed in vm, vl, and rf
for OH (all p < .0001) with slopes ranging from .16 to .18
and MH (p = .0003, .02 and .001, respectively) with slopes
ranging from .11 to .12. OML demonstrated a significant
positive relationship in vm and rf (p = .01 and .04, respec-
tively) with slopes of .08 and .06 but not in vl (p = .11),
which had a slope of .05. Within each group, the slopes of
each muscle did not significantly differ so the data from all
three muscles were pooled to form a composite measure of
normalized quadriceps activation. The slope of this normal-
ized quadriceps activation was significantly higher in OH
compared with OML (p = .03) and higher with borderline
significance in MH compared with OML (p = .05). MH and
OH did not differ (p = .82). For normalized antagonist acti-
vation (expressed relative to maximal isometric knee flex-
ion), there was no associated with velocity for any group
(Figure 4B) so no further comparisons were made.
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Figure 4. Normalized activation in the agonist quadriceps and the antagonist hamstrings muscles (% of activation during maximal effort knee extension and
flexion, in A and B, respectively) plotted against movement velocity. The agonist activation—velocity slopes were higher in middle-aged healthy adults and older

healthy adults compared with older adults with mobility limitation.

The implications of velocity-dependent agonist activa-
tion modulation on torque production were examined by the
association between normalized agonist activation (average
of vm, vl, and rf) and normalized torque at each criterion
velocity. For this analysis, data from all three groups were
pooled and revealed strong correlations (r = .56-.62, p <
.001; see, eg, Figure 5). This result indicates that velocity-
dependent loss of torque (ie, the torque—velocity relation-
ship) is attenuated by a concurrent velocity-dependent
increase in agonist activation.

DiscussIoN

Our findings indicate that impaired voluntary neuromus-
cular activation is not an obligatory consequence of aging
but may instead reveal emerging pathology in the nervous
system that contributes to the onset of mobility disability in
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o
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Figure 5. An example of the significant association between normalized
torque and normalized agonist muscle activation. This figure contains data for
all study participants at 180 degrees per second and indicates that persons with
greater modulation of activation (relative to isometric) also have higher torque
production (relative to isometric).

some older adults. Lower torque and muscle power in OH
compared with MH were explained by reduced muscle size
as specific torque and power did not differ between the two
groups. In contrast, specific torque and power were lower in
OML compared with both healthy groups, indicating that
muscle size alone does not fully account for weakness.
Rather, weakness in OML is likely also due to impaired
agonist activation, as evidenced by reduced EMG amplitude
(see Figure 3) and a reduction in the positive amplitude
modulation that typically occurs with increased movement
velocity (see Figures 3 and 4). A number of age-related
changes to the nervous system may contribute to impaired
neuromuscular activation in our OML group. For instance,
loss of cortical projections to spinal motoneurons (30), de-
creased inhibition between cerebral hemispheres (31), and
reduced excitability of the corticospinal pathway (32) may
lead to compromised ability to fully drive the motor pool.
The differences observed between OML and OH suggest
that discrepant findings in the literature with regard to
age-related activation impairment may be due in part to het-
erogeneity of the participants included. All participants in
the present study were medically stable, functionally inde-
pendent, and did not present with overt motor dysfunction.
Although many of our OML participants would likely meet
the inclusion criteria for many studies of normal aging, we
instead took the unique approach of distinguishing between
elders who do or do not exhibit subtle mobility deficits that
indicate risk for future mobility disability. Using this clas-
sification, we revealed markedly different neuromotor per-
formance between these older groups. Another factor that
may contribute to discrepancies among previous research
is the muscle group being tested, as the functional roles
and habitual usage (eg, weight bearing vs nonweight bear-
ing) may affect the susceptibility of a muscle to impaired
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activation. The methodological approach might also be a
contributing factor to earlier conflicting reports. For in-
stance, studies using the twitch interpolation technique have
concluded that both younger and older adults can produce
full or near full activation, whereas EMG studies (including
surface and motor unit recordings) have often detected
differences.

The phenomenon of increased activation amplitude with
faster concentric contraction velocity has been established
previously (26,33,34), although the contribution of this phe-
nomenon to torque production had not been systematically
assessed. Although decreased torque with increased velocity
is a fundamental mechanical property of muscle (35), evi-
dence indicates that in vivo torque loss can be attenuated by
positive modulation of activation (33,36). Consistent with
this evidence, our data revealed strong correlations between
normalized torque and normalized agonist activation at each
criterion velocity (eg, see Figure 5). Notably, we did not
observe an association between normalized antagonist acti-
vation and velocity, indicating that changes in coactivation
cannot be responsible for deficits in dynamic force produc-
tion. Cumulatively, these findings indicate that the lower
modulation of agonist activation amplitude observed in OML
likely contributes to deficits in dynamic torque and power.

Some methodological considerations should be consid-
ered when interpreting the results of this investigation.
OML was an average of 4 years older than OH, although the
differences we found between groups exceed the expected
age-related differences according to a recent longitudinal
study from our laboratory (37). Differences in habitual ac-
tivity may affect neuromuscular performance, although po-
tential differences were minimized by excluding volunteers
who had exercised regularly during the previous 6 months.
CT scans and neuromuscular testing were performed on dif-
ferent legs, but bilateral thigh measurements have been
shown to be quite consistent in persons of varying age and
body composition (38). Many sources of variability affect
the EMG signal (39). Of greatest concern are factors with
systematic influence, and signal attenuation caused by sub-
cutaneous adipose tissue is well recognized. We compared
the absolute activation amplitude with a corrected activation
value that accounted for between-subject differences in adi-
pose CSA and found that the two measures did not signifi-
cantly differ for our study sample (see Figure 3). Random
sources of variability in the EMG signal challenge the
capacity to detect statistically significant differences between
groups and/or testing conditions. Were it not for this ran-
dom variability, it is probable that additional differences in
neuromuscular activation could be identified among the
groups and that the differences that we did observe would
be even more prominent.

In conclusion, our data reveal impaired power and
neuromuscular activation, specifically in OML, and suggest
emerging pathology of the neuromuscular system that may
contribute to declines in mobility function. Future research

should investigate the potential neural mechanisms contrib-
uting to activation impairment and mobility dysfunction in
older adults.
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