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ABSTRACT

GERSTNER, G. R., B. J. THOMPSON, J. G. ROSENBERG, E. J. SOBOLEWSKI, M. J. SCHARVILLE, and E. D. RYAN. Neural and

Muscular Contributions to the Age-Related Reductions in Rapid Strength.Med. Sci. Sports Exerc., Vol. 49, No. 7, pp. 1331–1339, 2017.

Introduction: The purposes of this study were to investigate the age-related differences in absolute and normalized plantarflexion rate of

torque development (RTD) at early (0–50 ms) and late (100–200 ms) time intervals and to examine specific neural and muscular

mechanisms contributing to these differences. Methods: Thirty-two young (20.0 T 2.1 yr) and 20 older (69.5 T 3.3 yr) recreationally

active men performed rapid plantarflexion isometric muscle actions to examine absolute and normalized RTD and muscle activation

using EMG at early and late time intervals. Ultrasonography was used to examine medial gastrocnemius muscle size, echo intensity (EI),

and muscle architecture (fascicle length [FL] and pennation angle [PA]). Results: The older men were weaker (23.9%, P G 0.001) and

had lower later absolute and normalized RTD (P = 0.001–0.034) variables when compared with the young men. The older men also had

higher EI (P G 0.001), smaller PA (P = 0.004), and lower later EMG amplitude values (P = 0.009–0.046). However, there were no

differences in early RTD and EMG amplitude values, muscle size, or FL between groups (P = 0.097–0.914). Lower late RTD values

were related to higher EI, smaller PA, and lower EMG amplitude values (r = j0.28–0.59, P = 0.001–0.044); however, late RTD values

were no longer related to PA after normalizing to peak torque. Conclusions: Age-related alterations in muscle quality (EI), architecture,

and muscle activation may influence rapid torque production at late time intervals (Q100 ms) from contraction onset. These findings

highlight specific neuromuscular factors that influence the age-related reductions in RTD, which has been shown to significantly

influence function and performance in older adults. Key Words: RATE OF TORQUE DEVELOPMENT, EXPLOSIVE STRENGTH,

PLANTARFLEXORS, NEUROMUSCULAR FUNCTION

I
t is projected that by 2030, the number of older adults
ages 65 yr and older will represent nearly 20% of the
total population (30). A large percentage of older adults

experience functional limitations with everyday tasks and
a high incidence of injuries resulting in a significant eco-
nomic burden (17). For example, one out of three older

adults experience a fall each year (40), an event that often
times results in accelerated deteriorations in health (4).
Age-related changes in neuromuscular function have been
proposed as the potential cause of these life-threatening con-
ditions (10,12,14–16,20,24,39).

Many previous studies (5,12,16,37–39) have demonstrated
that aging is associated with losses in maximal muscle
strength (i.e., peak torque [PT]). However, rapid strength, or
the rate of force/torque development (RFD/RTD), has been
reported to decrease at a greater magnitude than maximal
strength (12,16,38,39). These findings are clinically impor-
tant given the findings of recent papers (28,31), which have
suggested that RTD measured during the initial 200 ms from
contraction onset is more functionally relevant than PT. For
example, RTD has been shown to be an important discriminator
of fall history (6) in older adults and influences maximal
walking speed (9). Thus, determining mechanisms contributing
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to the age-related reductions in RTD is an important approach
to help identify key areas that could help diminish age-related
reductions in overall function and reduce the risk of fall-
related injuries.

Few studies have examined specific neural and muscular
variables contributing to the age-related reductions in rapid
strength. For example, it has been suggested that the primary
mechanism underlying RTD is voluntary activation (i.e., motor
unit firing rates) (20), yet contrasting findings exist regarding a
lack of change in muscle activation between healthy young
and older adults (38). In addition, other muscle-specific fac-
tors (i.e., muscle size, muscle quality, and architecture) have
been shown to be altered with aging (14,19,24,29,35,36) and
may also contribute to changes in RTD as supported by pre-
vious studies that have demonstrated associations between
muscle thickness and echo intensity (EI) (33,41) with RTD in
older adults. However, a recent paper (25) has suggested that
muscle architecture may also be an important variable
contributing to RTD that requires further examination. Ac-
cordingly, there is a need for a comprehensive simultaneous
examination of the potential mechanisms contributing to the
age-related reductions in RTD.

Numerous studies (2,18,26,38,39) have examined RTD at
multiple time intervals (i.e., 30, 50, 100, and 200 ms) from
the onset of contraction because different time intervals may
be governed by unique physiological parameters. For ex-
ample, early RTD intervals are primarily influenced by
muscle activation, whereas the late RTD intervals are more
closely related to maximal strength (3). Furthermore, nor-
malizing RTD variables to PT has been suggested to repre-
sent more qualitative characteristics independent of peak
strength (2). However, contrasting findings exist regarding
the influence of normalization on the age-related differences
in RTD (18,26,37–39). To our knowledge, we are aware of
no previous studies that have simultaneously examined the
neural and muscle-specific factors contributing to the age-
related reductions in RTD while using many of the recom-
mendations for RTD assessments as suggested in a recent
review by Maffiuletti et al. (25). Therefore, the purpose of
this study was to determine specific mechanisms contribut-
ing to the age-related reduction in absolute and normalized
plantarflexion RTD at early (0–50 ms) and late (100–200 ms)
time intervals, which have been suggested to be governed by
unique physiological parameters (2,3). On the basis of a
similar study examining the plantarflexors (38), we hypoth-
esized that there would be a reduction in both absolute and
normalized RTD at early and late time intervals. Furthermore,
we hypothesized that early and late RTD intervals would be
influenced by muscle activation (2,13,20,25) and EI (muscle
quality) (33,41), whereas late RTD variables would also be
influenced by muscle size (25) and architecture (2,25).

METHODS

Participants. Thirty-two young (mean T SD, age = 20.0 T
2.1 yr, body mass = 73.6 T 9.4 kg, stature = 174.8 T 7.2 cm)

and 20 older (69.5 T 3.3 yr, 79.7 T 7.9 kg, 176.9 T 5.7 cm)
men volunteered to participate in this study. All participants
were considered recreationally active because of their self-
reported weekly exercise habits (young = 6.5 T 4.1 hIwkj1,
older = 5.4 T 2.0 hIwkj1). None of the participants reported
any metabolic or neuromuscular diseases or musculoskeletal
injuries sustained within the past 3 months specific to the low
back, hip, knee, or ankle. All participants completed and
signed an approved consent form and a health history and
exercise status questionnaire. This study was approved by the
university institutional review board.

Experimental design. Each participant visited the
laboratory on two separate occasions separated by 2–7 d at
the same time of day (T2 h). The first visit was a familiari-
zation trial where all participants practiced the isometric
strength assessments. The second visit was the experimental
session that included all the ultrasound (US) assessments,
followed by the maximal isometric strength assessments. All
participants refrained from any vigorous physical activity
24 h before testing.

US assessments. Before conducting the US assess-
ments, participants laid prone for a 10-min rest period to
allow for fluid redistribution to minimize measurement error
(8). The US imaging assessments of the medial gastrocne-
mius (MG) were performed on the right limb at approxi-
mately one-third the distance from the articular cleft between
the femur and the tibia condyles to the lateral malleolus (34).
The distance of the lower limb was measured using a Gulick
tape measure (AliMed, Dedham, MA) and marked while the
participants were seated with their leg relaxed. The US images
were obtained with a portable brightness mode (B-mode) US
imaging device (LOGIQ e 5; General Electric Company,
Milwaukee, WI) and a multifrequency linear array probe
(12L-RS; 5–13 MHz; 38.4 mm field of view) (General Elec-
tric Company). All US measurements were taken with the
participants lying prone with their legs fully extended and
relaxed. To prevent rotation andmovement of the leg, the right
foot was attached securely to a vertical post at a 90- joint angle
between the foot and the leg with an adjustable strap as
described previously (34). Water-soluble transmission gel
was applied generously to the skin to enhance acoustic
coupling and reduce possible near-field artifacts. Image
quality was ensured by having the same experienced so-
nographer perform all of the assessments as well as having
a minimum of two investigators present during imaging to
verify image quality.

Panoramic US images of the MG were taken to determine
anatomical muscle size (cross-sectional area [CSA]), sub-
cutaneous fat corrected EI to represent muscle quality,
pennation angle (PA), and fascicle length (FL). The US was
set to the musculoskeletal mode before testing with equipment
settings optimized for image quality. Panoramic images of
muscle size and quality (i.e., CSA and EI) were obtained with
settings that were held constant across participants and were as
follows: gain (68 dB), depth (4 cm), and frequency (10 MHz).
A custom-made probe support composed of high-density
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foam padding was positioned perpendicular to the longitudi-
nal axis of the plantarflexor muscles and secured with an ad-
justable strap (34). This ensured that the US probe was moved
perpendicular to the skin and along the transverse plane (from
medial to lateral) during the panoramic imaging assessments.
Panoramic images of muscle architecture (i.e., PA and FL)
were obtained in the fascicular plane, and equipment settings
were adjusted if image quality needed to be optimized. For
each assessment, the probe was moved in a slow, continuous
movement while consistent minimal pressure was applied to
the skin to avoid any muscle compression. Real-time pano-
ramic cross-sectional images of the MG were generated using
LogicView (GE Logiq e) software.

Muscle size and quality analysis. ImageJ software
(version 1.46r; National Institutes of Health, Bethesda, MD)
was used for all US imaging analyses. Using the straight-
line function, each image was converted from pixels to
centimeters. To determine CSA of the MG, the polygon
function was used to select the region of interest, including
as much of the muscle as possible without any surrounding
fascia. Using the same preselected region of interest, the
mean EI values were assessed by computer-aided gray scale
analysis with the standard histogram function to determine
muscle quality, ranging between 0 and 255 arbitrary units
(black = 0, white = 255). Values of EI were then corrected
for subcutaneous fat (42), which was measured using
the straight-line function from the skin to the superficial
aponeurosis at half the distance between the medial and
the lateral boarder of the MG. Previously, our labora-
tory has reported test–retest reliability statistics that have
demonstrated intraclass correlation coefficients and SEM
(expressed as a percentage of the mean) values of 0.914
and 0.720 and 5.830% and 3.680% for CSA and EI, re-
spectively (34).

Fascicle length and PA analysis. Fascicle length was
determined as the length of the fascicle between the super-
ficial and the deep aponeuroses just inside the surrounding
fascia of the MG. Two fascicles from the middle of each
image were measured and averaged for subsequent analyses.
Using the same fascicles, PA was determined as the angle
between the fascicle and the deep aponeurosis, and the av-
erage of the two PA measurements was used for subsequent
analyses. We were unable to obtain these data from one
participant in the older group. Previously, our laboratory has
reported test–retest reliability for FL and PA, which yielded
intraclass correlation coefficients and SEM values of 0.945
and 0.809 and 4.25% and 6.52%, respectively.

Torque assessments. The isometric strength assess-
ments were conducted on a calibrated HUMAC Norm dy-
namometer (Computer Sports Medicine Inc., Stoughton,
MA) using a custom-designed steel foot plate (length = 36 cm,
width = 17 cm, thickness = 0.9 cm) to examine plantarflexor
torque production. Participants were seated at a 135- angle
between the torso and the thigh, with restraining straps placed
over the chest, pelvis, and thigh, and they were required to
keep their arms crossed in front of their chest during testing.

The participants" right leg was fully extended (0- below the
horizontal plane) with the ankle joint angle in a neutral posi-
tion (0- of dorsiflexion). The foot was secured in a thick
rubber heel cup with straps placed over the toes and meta-
tarsals, aligning the lateral malleolus of the fibula with the axis
of rotation of the dynamometer.

Before the maximal strength testing, participants performed
a warm-up composed of two submaximal isometric voluntary
contractions at 50% and 75% of their perceived maximal ef-
fort for 3–4 s. Each participant then performed 2–3 rapid and
maximal voluntary contractions (MVC) for 3–4 s with 2 min
of recovery between trials. Over the duration of each MVC,
participants received strong verbal encouragement in which
they were instructed to plantarflex ‘‘as hard and fast as pos-
sible’’ without any preceding countermovement as previously
described (38,39). To ensure quality of the MVC, each MVC
was visually inspected for pretension or countermovement.
The slope of the baseline (100 ms) before contraction onset
was calculated to determine whether there was pretension or
a countermovement before the MVC. During analyses, if the
slope values exceeded T5 NImIsj1 during baseline (preced-
ing 100 ms), the MVC was discarded. Consequently, three
participants (two young and one older) were excluded be-
fore analyses as all of their MVC attempts exceeded this
threshold. The average baseline torque slope values of the
remaining participants were 0.07 T 1.06 NImIsj1. In addi-
tion, to determine baseline fluctuations, 3 SD of the base-
line mean was not different between groups (P = 0.838),
and the mean value across groups was (0.11 T 0.09 NIm),
which was 0.09% MVC.

EMG. A preamplified, bipolar surface electrode (TSD150B;
Biopac Systems Inc., Santa Barbara, CA; gain = 350 and
interelectrode distance of 20 mm) was placed parallel to the
muscle fiber orientation on the midbelly of the MG (38). A
pregelled, disposable reference electrode was placed over the
tibial tuberosity on the right leg (Ag-Ag Cl Quinton Quick
Prep; Quinton Instruments Co., Bothell, WA). Preceding the
electrode placement, the skin was shaved, lightly abraded,
and cleaned with isopropyl alcohol to reduce interelectrode
impedance and increase the signal-to-noise ratio.

Signal processing. The EMG (KV) and torque (NIm)
signals were sampled simultaneously at 2.5 kHz with a
Biopac data acquisition system (MP150WSW; Biopac Sys-
tems, Inc.) and stored on a personal computer (Think Pad
T420; Lenovo, Morrisville, NC). A custom-written software
(Labview 8.5; National Instruments, Austin, TX) was used
to process all of the signals offline. All EMG signals were
filtered with a fourth-order, zero phase shift Butterworth
filter with a band pass of 20–400 Hz, whereas the torque
signals were corrected for baseline passive tension and filtered
using a fourth-order, zero phase shift low pass Butterworth
filter with a 50-Hz cutoff frequency. The identification of the
torque and the EMG onsets were separately determined by the
same experienced investigator using a high-resolution x- and
y-axis scale as recommended by Maffiuletti et al. (25). For
EMG and torque onset, a horizontal line was plotted at 3 SD
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above baseline and was used as a guide for manually de-
termining where the signal deflected from baseline. The
investigator zoomed in near the signal onset, including the
horizontal line, and placed a vertical cursor at the point at
which the respective signal deflected (i.e., last trough before
signal deflection; Fig. 1) from baseline (25).

Isometric PT was determined as the highest 500-ms epoch
during the 3- to 4-s MVC plateau. The rapid torque variables
were calculated from the torque–time curve at 50, 100, and
200 ms from onset (Torq50, Torq100, and Torq200, respec-
tively; Fig. 1). The absolute and normalized RTD variables
were quantified from the slope of the absolute and normalized
torque–time curves, respectively, at time intervals of 0–50 ms
(aRTD0–50; nRTD0–50) and 100–200 ms (aRTD100–200;
nRTD100–200), similar to Thompson et al. (38). These specific
time intervals were chosen to represent nonoverlapping early
(RTD0–50) and late (RTD100–200) torque–time characteristics
(Fig. 1), which may represent different physiological param-
eters according to Andersen and Aagaard (3). It is important
to note that Andersen and Aagaard (3) examined RFD in 10-ms
overlapping time intervals ranging from 0 to 250 ms from the
onset of contraction.

A measure of muscle activation was computed for each
time interval of interest as the root-mean-square (RMS)
amplitude of the EMG. Each value was normalized to the
peak RMS amplitude value defined as the highest RMS
value (500-ms epoch) during the MVC. The EMG variables
were quantified at 50-ms time intervals that included 0–50 ms
(EMG0–50), 100–150 ms (EMG100–150), and 150–200 ms
(EMG150–200). These epochs were chosen to correspond with
the time intervals for early (0–50 ms) and late (100–200 ms)
RTD variables.

Statistical analyses. Independent samples t-tests were
used to examine any differences between the young and the
older men for all demographic data (body mass, stature, and
subcutaneous fat thickness), muscle-specific variables (CSA,
EI, PA, and FL), PT, rapid torque variables, absolute and
normalized RTD variables, and muscle activation. Normality
was assessed using the Shapiro–Wilk test, and nonnormally
distributed variables were log-transformed before analysis. A
Pearson product moment correlation coefficient was used to
examine the relationship between each of the absolute and
normalized RTD variables and PT, muscle architecture, and
the muscle activation variables. All analyses were performed
with SPSS (IBM SPSS Statistics for Windows, Version 21.0.,
Armonk, NY) with an alpha of P e 0.05 to determine statis-
tical significance.

RESULTS

There was a significant difference in age (P G 0.001) and
body mass (P = 0.020), but not in stature (P = 0.287), self-
reported weekly exercise (P = 0.270), or subcutaneous fat
thickness of the MG (young = 0.287 T 0.023 cm, older =
0.322 T 0.368 cm, P = 0.397) between the young and the
older men. The young men exhibited greater PT, Torq100,
and Torq200 (P = 0.001–0.040) values than the older men;
however, no difference was observed for Torq50 (P = 0.429)
between groups (Table 1, Fig. 2).

For the absolute RTD variables, the young men exhibited
greater aRTD100–200 (P G 0.001) values than the older men;
however, no difference was observed for aRTD0–50 (P =
0.395) between groups (Fig. 3A). For aRTD0–50, there was a
significant relationship with EMG0–50 (r = 0.44, P = 0.001);

FIGURE 1—An example of a torque–time curve during an isometric MVC of the plantarflexors. Variables of interest of the torque–time curve include
torque at 50, 100, and 200 ms (Torq50, Torq100, and Torq200) and early and late RTD intervals (RTD0–50 and RTD100–200). A magnification of the
torque–time signal is provided to demonstrate the manual onset detection defined as the last trough before the signal deflects from baseline as
recommended by Maffiuletti et al. (25).
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however, no relationships were observed between aRTD0–50

and any of the other variables (r =j0.11 to 0.21, P = 0.144–
0.788) (Table 2). For aRTD100–200, there were significant
relationships with PT, EI, PA, EMG100–150, and EMG150–200

(r = j0.39 to 0.66, P = 0.001–0.016); however, no relation-
ships were observed between aRTD100–200 and CSA, FL, and
EMG0–50 (r = j0.23 to 0.11, P = 0.101–0.985) (Table 2).

For the normalized RTD variables, the young men
exhibited greater nRTD100–200 (P = 0.034) values than the
older men; however, no difference was observed for nRTD0–50

(P = 0.914) between groups (Fig. 3B). For nRTD0–50,

there was a significant relationship with EMG0–50 (r = 0.52,
P G 0.001); however, no relationships were observed between
nRTD0–50 and any of the other variables (r =j0.11 to 0.21, P =
0.110–0.985) (Table 2). For nRTD100–200, there were signif-
icant relationships with EI, EMG100–150, and EMG150–200 (r =
j0.28 to 0.59, P = 0.001–0.044); however, no relationships
were observed between nRTD100–200 and CSA, PA, FL, and
EMG0–50 (r = j0.21 to 0.16, P = 0.147–0.767) (Table 2).

FIGURE 2—Isometric torque at 50, 100, and 200 ms for the young and
older men during rapid plantarflexion isometric contractions deter-
mined by manual onset. The isometric torque values determined by the
automated onset technique (4 NIm) are displayed in the upper left
graph. *P e 0.05, significant difference between the young and the older
men. Data are presented as mean T SD.

TABLE 2. Bivariate correlation coefficients between maximal strength, muscle architecture,
and muscle activation variables and absolute and normalized RTD variables.

Time (ms):

Absolute Normalized

0–50 100–200 0–50 100–200

Maximal strength
PT 0.21 0.66* — —

Muscle architecture variables
CSA j0.04 0.11 j0.17 j0.11
EI j0.09 j0.39* j0.00 j0.28*
PA j0.11 0.34* j0.23 0.16
FL 0.20 0.00 0.08 j0.21

Muscle activation variables
EMG0–50 0.44* j0.23 0.52* j0.04
EMG100–150 0.08 0.54* 0.13 0.59*
EMG150–200 0.14 0.48* 0.09 0.49*

*P e 0.05, significant difference between the young and the older men.

TABLE 1. Mean T SD values for torque, muscle architecture, and muscle activation variables
in the young and older men.

Variable Age-Group Mean T SD

PT (NIm) Young 142.4 T 29.1*
Older 108.4 T 19.2

Torq50 (NIm) Young 8.9 T 4.4
Older 8.8 T 6.1

Torq100 (NIm) Young 35.3 T 14.4*
Older 26.6 T 14.5

Torq200 (NIm) Young 80.4 T 22.1*
Older 55.9 T 17.6

CSA (cm2) Young 12.6 T 2.8
Older 13.1 T 3.4

EI (arbitrary unit) Young 86.8 T 7.5*
Older 102.0 T 9.5

PA (-) Young 21.1 T 3.2*
Older 18.2 T 3.4

FL (cm) Young 5.5 T 0.8
Older 5.4 T 1.1

EMG0–50 (%PEMG) Young 46.4 T 30.6
Older 62.3 T 36.5

EMG100–150 (%PEMG) Young 112.2 T 31.3*
Older 96.0 T 20.8

EMG150–200 (%PEMG) Young 96.6 T 23.7*
Older 78.8 T 21.6

PEMG, peak electromyographic amplitude.
*P e 0.05, significant difference between the young and the older men.

FIGURE 3—Absolute (A) andnormalized (B)RTD for 0–50 and100–200ms
for the young and older men during rapid plantarflexion isometric
contractions. *P e 0.05, significant difference between the young and
the older men. Data are presented as mean T SD.
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For the muscle factors, the older men exhibited higher EI
(poorer muscle quality) values compared with the young men
(P G 0.001). The young men exhibited greater PA compared
with the older men (P = 0.004), and no differences were
observed for CSA and FL (P = 0.644–0.803) between
groups (Table 1). For the muscle activation variables, the
young men exhibited greater EMG100–150 and EMG150–200

(P = 0.009–0.046) values than the older men. No difference
was observed for EMG0–50 (P = 0.097) between groups
(Table 1). In addition, there was no difference in the passive
baseline torque values between groups (young = 13.25 T
2.90 NIm, older = 11.63 T 3.82 NIm, P = 0.091). To determine
whether the baseline passive torque values influence RTD, an
analysis of covariance was performed on all RTD variables
(with passive torque as the covariate), and the analyses
resulted in similar findings for all RTD variables.

DISCUSSION

The primary findings of the present study indicated that
later (100–200 ms), but not early (0–50 ms), rates of torque
development were significantly lower in the older men
when compared with young men, both before and after
normalizing to PT (Figs. 2 and 3). The older men also had
higher EI values, lower PA, and lower later EMG amplitude
values when compared with the young men, whereas muscle
CSA, FL, and early EMG amplitude values were not signifi-
cantly different between groups. Interestingly, lower aRTD100–

200 values were related to higher EI, smaller PA, and lower
later EMG amplitude values; however, later RTD values were
no longer related to PA after normalizing to PT. These findings
add to previous studies (1,5,12,16,18,20,26,37–39) that have
investigated specific mechanisms contributing to the age-
related reductions in rapid strength.

Several previous studies have demonstrated that rapid force/
torque capabilities are significantly reduced in older adults
when compared with younger adults (5,12,16,18,20,26,37,39).
Our findings, specifically for the later rapid torque character-
istics, are consistent with these previous studies. However,
few studies have examined the difference in specific time
intervals of rapid torque development (i.e., 30, 50, 100, and
200 ms) between young and older individuals (18,26,38,39).
The majority of these studies were specific to the knee ex-
tensors and flexors (18,26,39), with only one study examin-
ing the plantarflexors (38). Although the aforementioned
studies (18,26,38,39) used varied time specific intervals be-
tween 100 and 200 ms, each was significantly reduced
(30.6%–47.1%) in the older group. Our findings show a
similar reduction (34.6%) in aRTD100–200 between young and
older men. In addition, all of these studies demonstrated that
aRTD0–50 was significantly reduced in the older group for the
knee extensors (22.0%–67.6%) (18,26,39). Thompson et al.
(38) who also examined the plantarflexors found a 43.0%
decline in aRFD0–50 in older men. Our findings, which indi-
cate that there is no difference in aRTD0–50 values between
groups, may differ from these previous studies because of the

similar exercise habits between groups and/or the onset de-
tection method used. In contrast to these studies, which all
used an automatic absolute detection method for the deter-
mination of the onset of contraction (3–7.5 NIm for the knee
extensors; 4 N for the plantarflexors) (18,26,38,39), the pres-
ent study used a systematic manual onset detection method as
suggested in a recent review by Maffiuletti et al. (25). When
comparing our plantarflexor values to Thompson et al. (38),
our aRTD100–200 values are more similar to the earlier time
point values by these authors, suggesting that the manual
onset may occur earlier than automated methods. When our
data were analyzed using the automated method (4 NIm onset),
Torq50 was significantly different between groups (young =
25.81 T 8.35 NIm, older = 20.13 T 7.07 NIm, P = 0.015;
Fig. 2), reflecting the results of the above-mentioned stud-
ies (18,26,38,39). As shown in Fig. 2, the Torq50 manual
onset values are lower than our Torq50 automated onset
values, suggesting that they occurred earlier.

Our normalized RTD variables demonstrated similar re-
sults, showing that RTD (independent of PT) was lower in
the older men compared with the younger men in the late
interval (100–200 ms), but not the early interval (0–50 ms)
(Fig. 3). Previous studies have also shown a decrease in
normalized rapid force/torque production (20,21,38), albeit
these studies also found a decrease in the early time interval
(0–50 ms) (21,38). Alternatively, there is evidence that
normalized RTD/RFD is preserved in older adults, specifi-
cally in the plantarflexors (37), dorsiflexors (37), and knee
extensors (18,39) and flexors (39). Previous authors (1,2)
have suggested that normalized RTD values are useful to
examine physiological characteristics such as motor unit
recruitment and frequency, fiber type, muscle architecture,
or tendon stiffness. The discrepancies between our findings
and these previous studies may be due to 1) the onset iden-
tification technique as discussed earlier, 2) the time intervals
examined (early, late, or peak RTD), and/or 3) a muscle spe-
cific difference, where the distal muscles (i.e., plantarflexors)
may undergo relatively greater motor unit remodeling when
compared with more proximal muscles (i.e., quadriceps) (23).

Muscle activation has been suggested to be an important
factor influencing RTD (11,20). This supports our results,
which indicated that there was lower muscle activation at the
later time intervals (EMG100–150 and EMG150–200) in the
older men as compared with the younger men, whereas there
was no difference during the early time interval (EMG0–50).
Furthermore, our absolute and normalized RTD variables
were significantly correlated (r = 0.44–0.59) to their respec-
tive EMG time intervals (Table 2). These findings are similar
to those reported by Klass et al. (20) who reported surface
EMG activity was similar between young and older adults at
early time intervals (25 and 50 ms) but differed at a later time
interval (~75 ms). The authors (20) also reported that the
average instantaneous discharge frequency of single motor
units were reduced and progressively decreased to a greater
extent in the older adults. These findings and the results of the
current study may suggest that age-related reductions in RTD
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may be influenced by reductions in the maximal discharge
frequency of motor units and their ability to sustain these high
rates after the onset of activation.

In the present study, MG CSA was not different between
groups (Table 1) or related to the absolute and normalized
RTD variables (Table 2). Previous authors have reported
differences in muscle size between young and older adults
(24,36), whereas other authors (19,38) have shown that there
are no differences between groups. Potential differences
between our data and these studies may be due to the dif-
ferences in physical activity status (19) and/or muscle-
specific differences (22), where the MG may not experience
similar age-related changes in size when compared with the
vastus lateralis because of the plantarflexors greater usage
during locomotor activities (22). Previously, CSA has been
shown to be positively correlated with maximal strength
(27) and has been suggested to be related to later RTD time
intervals that are closer to peak strength (2). However, our
data demonstrated that CSA was not related to early or late
RTD but was significantly correlated to PT (r = 0.332, P =
0.016). Despite no differences in MG CSA, MG EI was
significantly different between groups, which may suggest
that older adults had poorer muscle quality. This has been
reported by previous authors (19) who found that young
and older adults had similar total CSA of the tibialis ante-
rior, but the younger adults had a greater amount of con-
tractile tissue and a lower amount of noncontractile tissue
within the given CSA when compared with the older
adults. Furthermore, MG EI was related to the later abso-
lute and normalized RTD variables (Table 2). These find-
ings may suggest that the age-related changes in rapid
torque characteristics are influenced by alterations in
muscle quality, whereby older adults experience increases
in intramuscular fat and/or connective tissue (10,15,23,24).
Similar to the findings in this study, muscle quality in older
adults has also been correlated with RTD in previous
studies (33,41). Wilhelm et al. (41) found that the EI values
from all four quadriceps muscles were related to later RTD
time intervals (200 ms), but only the EI of the vastus
intermedius was associated with early RTD (50 ms) in older
adults. Rech et al. (33) also found significant correlations
between the EI of all four quadriceps and the later RTD time
intervals (100–300 ms) in older women. The reduction in
muscle quality (increase in EI) in the older men may be in-
dicative of the age-related changes in motor unit remodeling
resulting in lower relative type II muscle fiber area and in-
creases in fat and fibrous tissue (23,24). Rahemi et al. (32) have
suggested that the age-related increase in intramuscular fat
may resist muscle fiber shortening and transverse bulging of
the muscle resulting in reductions in force production. How-
ever, it is important to note that the present study did not
measure muscle size and architecture during the contractions.
Future studies should consider examining these variables
using high frame rate US.

A unique aspect of the current study was the additional
examination of PA and FL on age-related reductions in

RTD. The older men had smaller PA compared with the
young men (13.7%), whereas there were no significant dif-
ferences in FL between the groups. Our findings are similar
to previous studies (29,35) who reported smaller (13.2%–
14%) MG PA values in older men. However, Stenroth et al.
(36) did not find differences in PA between young and older
adults. Studies (29,36) regarding FL measurements have
normalized values (FL divided by limb length) to account
for differences in stature between the young and the older
groups; however, the older and younger men in the present
study were similar in stature. Kubo et al. (22) found no
significant differences in FL, whereas Stenroth et al. (36)
and Narici et al. (29) reported significant differences be-
tween the young and the older groups. Inconsistencies in
FL findings may be due to the measurement method used,
as previous authors have estimated FL (22,29), whereas the
present study obtained FL measurements using panoramic
imaging. In addition, there was a significant relationship
between aRTD100–200 and PA; however, there was no re-
lationship between FL and RTD variables (Table 2). In-
terestingly, nRTD100–200 was not related to PA. This
suggests that reductions in PA may result in a smaller
physiological CSA (for a given volume of muscle), which
may consequently lead to a smaller absolute RTD, espe-
cially during later time intervals (25). It has also been hypoth-
esized that reductions in PA may reduce fiber rotation and
origin-to-insertion speed resulting in a reduction in RTD (25).
Lastly, the present study did not investigate tendon stiffness.
The age-related decrease in tensile stiffness of the in-series
tendon may also play a role in RTD as Bojsen-MLller et al. (7)
noted that tendon stiffness may account for up to 30% of the
variance in RTD. However, it is possible that the baseline
passive torque values may differ between groups which may
have influenced the early RTD variables. We found no dif-
ference in the baseline passive torque values between groups
and these did not influence the early or late RTD variables.

In summary, absolute and normalized plantarflexion RTD
was reduced in healthy older men during the late interval of
contraction (100–200 ms) when compared with the younger
men. Our findings indicated that the lack of differences in the
early interval (0–50 ms) of contraction may suggest that older
men initially have similar muscle activation to younger men
but are unable to sustain the same rates of muscle activation
during the late intervals of contraction (20). Furthermore, ad-
ditional factors such as poor muscle quality and smaller PA
appear to also play a role in the age-associated changes of
RTD. It has been speculated that these changes may alter
muscle fiber shortening and/or fiber rotation (25,32), which
may influence the later interval of RTD. These findings add to
our understanding of the importance of various neuromuscu-
lar factors that influence the age-related reductions in RTD,
which has been shown to significantly influence function and
performance in older adults (6,16,28,31).
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