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Abstract
Aim  Reduced physical function and increased risk of falls in older adults are accompanied by age-related reductions in torque 
development of leg muscles, although the mechanisms and potential sex differences are not understood.
Purpose  To determine the mechanistic origins (neural vs. muscular) for the age-related reduction in torque development, 
we compared the peak rates of torque development (RTD) during electrically-evoked and fast voluntary contractions of the 
knee extensors between young and older men and women.
Methods  Sets of single- and double-pulse electrical stimulations evoked contractions of the knee extensor muscles in 20 
young (23.0 ± 0.8 years; 10 women) and 20 older adults (78.2 ± 1.5 years; 10 women), followed by voluntary isometric 
knee extension contractions with torque development as fast as possible that matched the torque during electrically-evoked 
contraction (10–40% maximal torque).
Results  Peak RTD during fast-voluntary contractions was 41% less than electrically-evoked contractions (p < 0.001), but 
more so for older adults (44%) than young (38%, p = 0.04), with no sex differences. Peak RTD during fast-voluntary contrac-
tions was more variable between contractions for the older than young adults (77%MVC s−1 vs. 47%MVC s−1, p < 0.001). 
Additionally, older women exhibited greater variability than older men (81%MVC s−1 vs. 72%MVC s−1, p = 0.04) with no 
sex-related differences within the young adults.
Conclusion  Older adults had slower and more variable RTD during voluntary contractions than young adults, particularly 
older women. The limited age-related differences in electrically-evoked RTD suggest the primary mechanism for the slower 
torque development of the knee extensor muscles in older men and women involve reduced neural activation.
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Abbreviations
ANCOVA	� Analysis of covariance
ANOVA	� Analysis of variance

EMG	� Electromyography
ESTIM	� Electrical stimulation
MVC	� Maximum voluntary isometric contraction
RMSE	� Root mean square error
RTD	� Rate of Torque Development
SD	� Standard deviation
SEM	� Standard error of measurement

Introduction

Human aging is associated with reductions in maximal 
muscle strength and power (Doherty 2003; Sundberg et al. 
2018a; Hunter et al. 2016) and a slowed ability to gener-
ate forces rapidly, particularly in lower limb muscle groups 
(Thompson et al. 2013, 2014). The age-related reductions 
in physical performance are primarily attributed to an age-
related loss of skeletal muscle mass [sarcopenia; (Doherty 
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2003)], and atrophy of fast fibers (Sundberg et al. 2018a). 
In addition, older adults exhibit greater variability between 
repeated motor tasks and within a single motor task, includ-
ing increased variability of muscle contraction velocity and 
torque (Hunter et al. 2016). The large variability between 
repeated trials is attributed to greater variability in activa-
tion of the muscles (Hunter et al. 2016; Rozand et al. 2017) 
and impedes consistent and rapid power production by lower 
limb skeletal muscles.

In addition to age-related reductions in maximal muscle 
power, aging is accompanied by a reduced ability to produce 
force quickly, and this can be quantified as the rate of torque 
development (RTD) (Gerstner et al. 2017). The maximal 
RTD of lower limb muscles is a strong predictor of physi-
cal function in older age (Thompson et al. 2013; LaRoche 
et al. 2010). For example, the age-related reduction in RTD 
contributes to an impaired ability to recover from losses of 
balance to avoid a fall (Aagaard 2003; Bento et al. 2010) 
and diminished walking performance in particular in older 
women (Osawa et al. 2018). The mechanisms for the age-
related reduction in RTD, however, are not well understood 
but likely involve contractile slowing with the preferen-
tial loss of skeletal muscle expressing myosin heavy chain 
(MHC II) in both older men and women (Hunter et al. 1999; 
Lexell et al. 1988; Purves-Smith et al. 2014; Sundberg et al. 
2018a) and deficits in muscle activation (Wallace et al. 2016; 
Rozand et al. 2019). The level of voluntary activation (neural 
drive) can be quantified with the interpolated twitch tech-
nique of the involved muscles by either electrically-stimulat-
ing the nerve or the muscle (Taylor 2009), or stimulating the 
motor cortex using transcranial magnetic stimulation (TMS) 
(Todd et al. 2016). A recent meta-analysis reported that for 
maximal isometric voluntary contractions, older adults have 
deficits in voluntary activation of skeletal muscles compared 
with young adults for many muscle groups including the 
knee extensors (Rozand et al. 2020). Nonetheless, there is 
limited knowledge on the ability of older adults to activate 
skeletal muscle during rapid force development of a task. 
This is in part because of the technical limitations of directly 
assessing voluntary activation during dynamic contractions 
(Rozand et al. 2017) and during rapid force development 
during isometric tasks. While reductions in global surface 
electromyography (EMG) activity have been associated with 
lower RTD during dynamic fatiguing contractions in older 
men compared with young men (Wallace et al. 2016), EMG 
has some limitations in representing the net neural activation 
to the muscle (Farina et al. 2004, 2014).

Insight to age-related deficits in activation of skeletal 
muscle can be gained by comparing the RTD during volun-
tary isometric contractions with the RTD during involuntary 
contractions elicited by stimulation of the agonist muscle 
(Maffiuletti et al. 2016). Involuntary, evoked contractions 
stimulated via the lower motor neuron, represents the RTD 

of the skeletal muscle largely independent of neural contri-
butions. Thus, an age-related reduction (young vs. older) in 
maximal RTD during voluntary contractions compared with 
involuntary contractions would indicate neural deficits in 
rapid activation of the muscle in the older adults compared 
with the younger adults. During voluntary contractions, 
older adults exhibit reductions in peak RTD compared with 
young adults (Klass et al. 2008; Barry et al. 2005; Izqui-
erdo et al. 1999; Thompson et al. 2013). Collectively, how-
ever, the findings as to whether there are age differences 
in RTD during involuntary contractions evoked by electri-
cal stimulation the RTD were inconclusive. Jenkins et al. 
(2014) for example reported similar RTD for young and 
older men in vastus lateralis muscle (Jenkins et al. 2014). In 
contrast, the RTD was reported to be less with age in plan-
tar flexor muscles of women (Paasuke et al. 2000), and the 
dorsiflexor muscles of men and women (Klass et al. 2008). 
Thus, whether the slower RTD observed during voluntary 
contractions is due to contractile mechanisms alone or due 
to deficits in activation is not known. Furthermore, whether 
there are sex differences that are exacerbated with aging is 
also not known.

The purpose of this study was to (1) compare age and 
sex-related differences in RTD between fast voluntary 
contractions and electrically-evoked contractions to pro-
vide insight into the contribution of contractile and neural 
mechanisms to the RTD, and (2) determine the variability 
of peak RTD during fast voluntary and electrically-evoked 
of the knee extensor muscles in young and older men and 
women. We hypothesized that both young and older adults 
would have reduced peak RTD for voluntary compared with 
electrically-evoked contractions and this reduced RTD dur-
ing voluntary compared with electrically-evoked contrac-
tions would be exacerbated in older adults compared with 
young adults. Given the larger variability in maximality of 
activation during isometric and slow dynamic contractions 
with aging (Hunter et al. 2008, 2016; Rozand et al. 2017) 
we also hypothesized that variability of RTD would be larger 
for older compared to young adults, particularly for older 
women (Osawa et al. 2018). We tested both young and older 
men and women to determine whether there were sex-related 
differences in RTD with aging, and the possible contractile 
and neural origins. Global surface EMG was recorded dur-
ing voluntary contractions to provide insight into muscle 
activation (Maffiuletti et al. 2016).

Materials and methods

Participants

Forty individuals participated in this study: 20 young adults 
(19–29 years: 23.0 ± 0.8 years, 10 men and 10 women) and 
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20 older adults (71–93 years: 78.2 ± 1.5 years, 10 men and 
10 women). Prior to participation, each participant provided 
written informed consent and completed a general health 
screening survey, which included questions regarding demo-
graphic background, past medical history, and current pre-
scription drug therapy. All Participants were healthy, moder-
ately active, non-smoking, community-dwelling adults free 
of any known neurological, musculoskeletal or cardiovas-
cular diseases and screened Body Mass Index (BMI) and 
%Bodyfat index using DEXA (General Electric Healthcare, 
Lunar Prodigy, full-body scanner, Madison, WI) recording. 
In addition to meeting these inclusion criteria, on the day 
of the experimental session participants were instructed to: 
(1) refrain from caffeine for 8 h and alcohol for 24-h prior to 
testing, (2) consume a normal diet based on their daily rou-
tine, and (3) stay hydrated prior to the experimental session. 
In addition, water was provided ad libitum during the experi-
mental session. All participants self-reported biological sex 
and self-identified gender, with no participant reporting a 
difference between their biological sex and self-identified 
gender. In addition, all participants reported right limb dom-
inance (Oldfield 1971). All the experiments were performed 
in the afternoon of the day. All The experimental session 
was completed with the dominant (right) leg knee extensor 
muscles. All experimental procedures were approved by the 
Marquette University Institutional Review Board (HR-2945) 
in accordance with the Declaration of Helsinki for human 
experimentation.

Experimental protocol

Each participant visited the laboratory for one experimental 
session that lasted ~ 2 h. The experimental session began 
with informed consent, followed by familiarization of the 
procedures, including a demonstration and verbal expla-
nation of each procedure. As an overview, the following 
procedures were then performed with the knee extensors 
of the dominant leg: (1) electrical stimulation (ESTIM) of 
the femoral nerve to evoke twitch contractions; (2) maxi-
mum voluntary isometric contractions (MVC); (3) ESTIM 
coupled with an MVC (MVC-ESTIM); and (4) fast-volun-
tary isometric contractions at three submaximal torque lev-
els (fast-voluntary contraction). Below is a description of 
the experimental setup and equipment, followed by more 
detailed descriptions of the procedures outlined above to 
obtain the experimental data on the voluntary and involun-
tary (electrically evoked) RTD.

Experimental set up

Each participant was seated in an upright position (90˚ of 
hip flexion) in the Biodex system 4 dynamometer (Biodex 
Medical, Shirley, NY) and secured with two shoulder straps 

and a strap across the hips to minimize movement and iso-
late knee extension contractions throughout the experiment 
(Fig. 1a). The dominant leg was positioned at 90˚ of knee 
flexion and this axis of rotation of the knee was aligned with 
the axis of rotation of the dynamometer. The shank of the 
leg was secured to the lever arm of the dynamometer with a 
Velcro strap ~ 3.8 cm proximal to the lateral malleolus. Each 
participant received visual feedback of knee extensor torque 
via a 24-inch monitor (S240HL, Acer America Corporation, 
San Jose, CA) placed 1.5 m away at eye level of each partici-
pant. The analog signal corresponding to isometric torque 
of the knee extensor muscles was digitized (500 Hz) via 
auxiliary output of the dynamometer and recorded through 
a Micro 1401 analog-to-digital converter (Cambridge Elec-
tronic Design, Cambridge, UK) with Spike2 software (Ver-
sion 6.18, Cambridge Electronic Design, Cambridge, UK).

Electromyography (EMG)

The EMG signal was recorded during the fast-voluntary 
contractions and during electrically-evoked twitches con-
tractions to determine the compound muscle action potential 
(Mwave) of the VL. The EMG signal of the vastus lateralis 
(VL) was recorded with bipolar Ag/AgCl EMG electrodes 
(Grass Products, Natus Neurology, Warwich, RI). After 
cleaning the skin over the muscle belly with alcohol swabs, 
bipolar electrodes were placed in line with the orientation of 
the VL muscle fibers with a 20 mm center-to-center distance 
between the electrodes according to international standards 
(Hermens et al. 2000) and secured with medical tape to pre-
vent displacement. The EMG signals were amplified (× 100), 
online-filtered (13–1000 Hz; Coulbourn Instruments, Allen-
town, PA) and sampled at 2000 Hz with Spike2 software.

ESTIM task

The femoral nerve was electrically stimulated to evoke 
twitch contractions of the dominant knee extensor mus-
cles and record Mwave from the VL. The femoral artery 
was palpated in the area of the femoral triangle of the 
upper thigh and the cathode electrode (Ambu Neuroline 
electrodes, Denmark; 1.5 cm diameter) was placed lateral 
to the femoral artery over the femoral nerve. The anode 
electrode was placed over the greater trochanter of the 
femur. Single- (200 μs duration, 400 V) and double-pulse 
(100 Hz, 200 μs duration, 400 V) ESTIM evoked twitch 
contractions via constant-current stimulator (DS7AH, 
Digitimer, Ltd., Welwyn Garden City, UK). The intensity 
of the single-pulse ESTIM was determined by increas-
ing the current until both the twitch contraction torque 
and the peak-to-peak amplitude of the Mwave of the VL 
plateaued (Mmax). The current was increased further by 
20% to ensure maximal excitation of the femoral nerve 
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(120–660 mA). This supramaximal current determined 
with single pulse ESTIM was used for single- and double-
pulse ESTIM, as has been performed in the knee extensors 
previously (Cometti et al. 2016).

After the supramaximal intensity was established, three 
single-pulse ESTIMs and three double-pulse ESTIMs were 
performed with ~ 10 s between each evoked contraction. 
For single and double pulse ESTIM, the peak electrically-
evoked twitch contraction torque was measured. The peak 
torque value of the electrically-evoked twitch from each of 
the three single-pulse ESTIM trials was averaged, and the 
average peak torque value was used for the fast-voluntary 
contraction task (see below). Mmax of the VL was elicited 
with the single-pulse ESTIM and recorded with surface 
EMG, see Fig. 1b.

MVC task

Participants performed a minimum of three brief (2–3 s) 
MVC trials. Additional MVC trials (3–6 total trials) were 
performed until the two highest MVC torque values were 
within 5%. Each MVC trial was separated by at least 60 s 
rest. Participants were provided strong verbal encourage-
ment and visual feedback on their performance. The great-
est torque achieved by each participant was recorded as 
the MVC torque and used as the reference to calculate the 
submaximal target torques. Each MVC performed during 
the MVC task was performed without electrical stimula-
tion, see Fig. 1c.

Fig. 1   Experimental protocol. a Schematic of the experimental setup. 
b Representative data analysis. Shown is the record of a fast volun-
tary contraction of knee extensors (top). The peak torque was quanti-
fied when the first derivative of the torque (middle) crossed zero. The 
peak RTD quantified as the peak of the first derivative of the torque 
signal. Interference EMG signal (bottom) of vastus lateralis muscle 

(light grey) was rectified (dark grey) and 6 Hz low-pass cut-off (black 
line). c Schematic of the experimental protocol to measure rate of 
torque development (RTD) during electrically-evoked and fast volun-
tary contractions. S: single pulse electrical nerve stimulation, D: dou-
ble pulse electrical nerve stimulation. Numbers indicate the number 
of trials in each task
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MVC‑ESTIM task

Participants performed MVC trials with superimposed 
ESTIM. Single- and double-pulse ESTIM were per-
formed ~ 3 s before and immediately after (~ 3 s) each MVC 
(four ESTIMs), to obtain a range of involuntary electrically-
evoked twitch torque values. The double-pulse ESTIM was 
expected to elicit a greater twitch torque than single-pulse 
ESTIM because of the summation of torque, and both sin-
gle- and double-pulse evoked contractions were expected 
to be potentiated immediately after the brief MVC (Baudry 
and Duchateau 2007; Baudry et al. 2008). Participants per-
formed three trials of the MVC-ESTIM task with 2 min rest 
between each trial, see Fig. 1c.

Fast‑voluntary isometric contraction task

Participants performed 10 trials of fast-voluntary contrac-
tions at three submaximal torque levels (30 contractions 
total) increasing the torque as fast as possible. The sub-
maximal torque levels included 25% MVC, 50% MVC and 
a torque level that was matched to the torque evoked by a 
non-potentiated single-pulse ESTIM which on average was 
17.6 ± 1.0%MVC (100% ESTIMsingle). The submaximal tar-
get torque level for each block of 10 voluntary contractions 
was block-randomized.

During each submaximal fast-voluntary contraction, par-
ticipants were instructed to perform the submaximal knee 
extension contractions “as fast as possible”, because the 
speed of force generation was the primary aim of this task. 
A horizontal target torque line was displayed on a monitor 
with visual feedback of knee extension torque during prac-
tice trials only, because presenting the target line during the 
task may reduce the speed of force generation (Fitts 1954). 
Participants performed practice trials until participants 
were able to relatively approximate the target torque (± 5% 
MVC) as fast as possible prior to performing the block of 10 
fast-voluntary contractions. After 5 min rest following the 
practice trials, the target line was removed from the visual 
feedback and participants performed the block of 10 fast-
voluntary contractions. Participants rested for 5 s between 
each submaximal contraction and 3 min between each block 
of 10 submaximal contractions, see Fig. 1c.

Data analysis

Data were analyzed using custom algorithms (Matlab® 
R2017a, Math Works™ Inc., Natick, Massachusetts, USA). 
MVC torque was quantified as the average value over a 0.5 s 
before and after the peak torque achieved during the MVC 
task. For submaximal contractions (both fast-voluntary and 
ESTIM-evoked contractions), the peak torque was calculated 
as the torque value at which the first derivative of the torque 

signal crossed zero (Klass et al. 2008). The peak RTD was 
calculated using a 10-ms window as the peak value of the 
first derivative of the torque signal between the start and end 
of the contraction (Fig. 1b).

The EMG burst during the fast-voluntary contraction 
was quantified as the rectified and smoothed interference 
EMG using a fourth-order Butterworth digital filter with 
6 Hz cutoff frequency (Kwon et al. 2014). The rate of EMG 
rise was calculated using 10-ms window as the peak value 
of the first derivative of the EMG burst signal between the 
start and the end of the contraction. The onset of EMG burst 
signal was determined as the first point exceeded 3 standard 
deviations (SD) above the quiescent EMG value during a 
period of inactivity of the VL. The EMG of the VL during 
fast-voluntary contractions was normalized to the peak-to-
peak amplitude of Mmax elicited by ESTIM, to normalize 
for differences between groups in EMG amplitude due to 
physiological differences in impedance (e.g., subcutaneous 
fat) (Lanza et al. 2018).

Statistical analysis

Two-way mixed model analyses of variances (ANOVAs) 
with two between subject factors [sex (men vs. women) and 
age (young vs. older)] and two within subject factors [con-
traction type (voluntary vs. electrically-evoked) and torque 
level (25%MVC, 50%MVC, 100%ESTIMsingle)] were used 
to compare contractile function (peak twitch force and 
RTD), muscle activation (EMG burst and peak rate of EMG 
rise) and variability of RTD. For each ANOVA the spheric-
ity of data was verified, and technical corrections were per-
formed if necessary. Post hoc analyses [Tukey’s Honest 
Significant Difference (HSD)] was used to test for differ-
ences between torque levels (25%MVC, 50%MVC, 
100%ESTIMsingle) when significant main effects or interac-
tions of torque level were identified and post hoc Students t 
test were used to test for interactions of age and sex. All 
alpha level for all statistical tests was 0.05 and Bonferroni 
corrected P values for multiple comparisons (P < 0.025) 
were used for all post hoc analyses. The effect sizes were 
yield as partial eta squared ( �2

p
).

The electrically-evoked twitch amplitudes from the twelve 
stimulations [4 ESTIMs (2 single- and 2 double pulse) × 3 
trials] elicited during the MVC-ESTIM task were torque-
matched with twelve voluntary twitch amplitudes from the 
fast-voluntary contraction task. Thus, only twelve fast con-
traction trials were selected out of 30 fast contraction trials 
(10 trials × 3 torque levels) and these data were pooled across 
participants to compare the RTD across a range of torque val-
ues. Linear regression models were used to determine associa-
tions between the RTD and EMG burst compared with torque 
for voluntary and electrically-evoked contractions for these 
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torque-matched twitches. The slopes of the linear regression 
models between RTD from the voluntary and electrically-
evoked contractions were compared separately for each group 
(young and older men and women) using an analysis of covari-
ance (ANCOVA).

Variability of the RTD was quantified using the residual of 
each data point from the regression model of each twitch con-
traction as function of torque level. The residual indicated the 
difference between the actual data point to the predicted data 
point from the regression model and the sum and mean of the 
residuals are theoretically zero. Thus, the variability of RTD 
with increasing level of torque was quantified as Root Mean 
Square Error (RMSE) of residual. The following formula was 
used to calculate RMSE:

RMSE =

�

∑n

i=1
(Residual)2

n
,

where n = number of data points. Significance was deter-
mined at P < 0.05, and all the analyses were performed with 
IBM Statistical Package for Social Sciences version 24 sta-
tistical package (IBM, Armonk, NY, USA). Data are pre-
sented as mean ± SD in the text and tables and mean ± stand-
ard error (SEM) in the figures.

Results

Muscle strength and peak twitch torque

The peak knee extension MVC torque was greater for men 
compared with women (F1,36 = 7.33, p = 0.01, �2

p
 = 0.13) 

and greater for the young than older adults (F1,36 = 36.22, 
p < 0.001, �2

p
 = 0.68), see Table 1. The age-related deficit 

Table 1   Anthropometrics and stimulus–response characteristics of the vastus lateralis muscle for all participants

Values represent the Mean ± SD. Body mass index (BMI); Body fat (%); maximal voluntary contraction (MVC); Maximal M-wave in the rested 
state (Mmax) from single pulse electrically-evoked stimulation (ESTIMsingle). Double pulse ESTIM (ESTIMdouble)
* Denotes sex difference, P < 0.05
† Denotes age difference, P < 0.05

Older adults Young adults

Men Women Both sexes Men Women Both sexes

n = 10 n = 10 n = 20 n = 10 n = 10 n = 20

Age (years) 80.6 ± 2.6 76.1 ± 1.5 78.2 ± 1.5 24.1 ± 1.3 21.9 ± 0.9 23.0 ± 0.8†

Height (m) 1.73 ± 0.07 1.61 ± 0.04 1.64 ± 0.0 1.79 ± 0.08 1.67 ± 0.06 1.73 ± 0.0 *
Weight (kg) 76.4 ± 3.2 75.3 ± 5.9 71.9 ± 3.5 83.5 ± 5.6 69.9 ± 7.3 70.4 ± 5.5 *
BMI (kg m2) 26.2 ± 0.5 30.0 ± 2.5 28.2 ± 1.4 25.4 ± 1.2 24.6 ± 2.0 25.0 ± 1.1†

Body Fat (%) 32.2 ± 3.3 41.4 ± 5.5 36.6 ± 2.7 20.0 ± 2.5 31.8 ± 1.8 25.7 ± 1.3†*
MVC (Nm) 132.1 ± 19.7 107.2 ± 1.9 118.5 ± 12.5 283.1 ± 24.5 168.9 ± 17.3 226.7 ± 26.6†*
VL Mmax (mV) 8.5 ± 1.9 6.9 ± 1.0 7.6 ± 1.0 18.9 ± 1.8 17.2 ± 0.3 18.0 ± 0.9†*
Twitch torque
 ESTIMsingle (Nm) 22.1 ± 4.1 14.6 ± 5.5 19.4 ± 3.9 43.6 ± 4.5 28.0 ± 2.7 32.3 ± 3.9†*
 ESTIMsingle (%MVC) 47.8 ± 2.3 38.2 ± 3.9 41.9 ± 2.5 97.9 ± 5.1 58.3 ± 3.6 64.5 ± 4.8 
 ESTIMdouble (Nm) 16.8 ± 1.8 16.3 ± 2.6 16.3 ± 1.6 15.4 ± 1.1 16.6 ± 1.7 15.9 ± 1.0 
 ESTIMdouble (%MVC) 36.3 ± 3.2 35.6 ± 4.5 35.9 ± 2.7 34.6 ± 2.2 34.5 ± 3.4 28.1 ± 1.9 
 Fast 25% MVC (%MVC) 26.3 ± 4.5 25.5 ± 5.2 25.9 ± 4.7 24.9 ± 3.2 23.9 ± 2.5 24.4 ± 2.4 
 Fast 50% MVC (%MVC) 53.9 ± 6.4 57.9 ± 6.7 55.9 ± 6.3 54.3 ± 2.4 56.2 ± 2.3 54.9 ± 2.1 
 Fast 100% ESTIMsingle (%MVC) 15.9 ± 3.4 17.9 ± 5.7 17.0 ± 4.5 16.5 ± 2.3 16.1 ± 2.8 16.3 ± 2.4 

RTD †
 Fast 25% MVC (%MVC s−1) 300.0 ± 14.2 254.3 ± 14.1 275.9 ± 11.1 355.6 ± 14.3 277.1 ± 18.1 316.4 ± 14.0†

 Fast 50% MVC (%MVC s−1) 427.9 ± 20.4 353.5 ± 24.3 390.7 ± 17.6 500.2 ± 38.4 403.3 ± 19.8 451.7 ± 23.8†

 Fast 100% ESTIMsingle (%MVC s−1) 192.2 ± 8.5 187.8 ± 6.2 190.0 ± 5.1 229.1 ± 4.6 226.4 ± 7.6 227.7 ± 4.3†

 ESTIM (%MVC s−1) 543.1 ± 19.8 496.1 ± 20.2 519.6 ± 14.8 581.1 ± 35.1 512.1 ± 14.1 546.6 ± 20.1 
EMG rise
 Fast 25% MVC (%Mmax s−1) 19.8 ± 4.9 18.5 ± 4.2 19.2 ± 3.1 47.5 ± 7.1 41.1 ± 7.3 44.3 ± 4.9†

 Fast 50% MVC (%Mmax  s−1) 33.0 ± 9.8 14.8 ± 3.9 24.3 ± 5.8 73.5 ± 5.6 61.0 ± 8.7 67.2 ± 5.3†*
 Fast 100% ESTIMsingle (% Mmax  s−1) 14.2 ± 3.7 16.4 ± 3.5 16.6 ± 2.3 37.6 ± 6.3 21.4 ± 2.9 29.5 ± 4.2†
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in MVC torque was greater for men than women (age × sex: 
− 51% vs. − 35%, F1,36 = 25.3, p < 0.001, �2

p
 = 0.5).

The torque during electrically-evoked twitch contractions 
was greater for men compared with women for single-pulse 
(F1,36 = 17.04, p = 0.001, �2

p
 = 0.21) and double-pulse 

(F1,36 = 26.89, p < 0.001, �2
p
 = 0.32) stimulations and for 

young compared with older adults for single- (F1,36 = 18.6, 
p < 0.001, �2

p
 = 0.26) and double-pulse stimulations 

(F1,36 = 28.9, p < 0.001, �2
p
 = 0.34), see Table 1. However, the 

relative peak torque of electrically-evoked twitch contrac-
tions (%MVC) was not different between men and women 
for single- (F1,36 = 0.5, p = 0.83, �2

p
 < 0.01) or double-pulse 

(F1,36 = 0.001, p = 0.97, �2
p
 < 0.01) stimulations nor for young 

compared with older adults for single- (F1,36 = 1.84, p = 0.19, 
�
2
p
 < 0.01) or double-pulse (F1,36 = 1.59, p = 0.28, �2

p
 < 0.01), 

see Table 1.
As expected, independent of age and sex, the torque pro-

duced during the fast-voluntary contractions was greater 
with increased level of target torque (F2,34 = 153.6, p < 0.001, 
�
2
p
 = 0.7). Post hoc analysis indicated that 50% MVC twitch 

was greater than 25% MVC twitch (t = − 8.88, p < 0.001), 
and both were lesser than the 100% ESTIMsingle (vs. 25% 
MVC, t = -5.58, p < 0.001; vs. 50% MVC, t = −  8.91 
p < 0.001).

Similar to the fast-voluntary contractions, a range of sub-
maximal torques was elicited with the ESTIM. The double-
pulse ESTIM evoked a larger twitch torque response than the 
single-pulse ESTIM (36.9 ± 2.2%MVC vs. 20.5 ± 1.7%MVC, 
p < 0.001). Additionally, the amplitude of torque of the 
potentiated electrically-evoked twitches was greater than 
non-potentiated twitch torque for single- (24.4 ± 1.4% MVC 
vs. 16.7 ± 1.0%MVC, p < 0.001 and double-pulse ESTIM 
(39.3 ± 2.0% MVC vs. 34.6 ± 2.0%MVC, p = 0.05).

Peak rate of torque development

The peak RTD during the fast-voluntary contractions was 
greater for the young compared with older adults 
(F1,36 = 12.62, p = 0.001, �2

p
 = 0.13), but was not different 

between men and women (F1,36 = 0.39, p = 0.54, �2
p
 < 0.01), 

see Table 1. During the electrically-evoked contractions, 
however, the peak RTD was not different for young com-
pared with older adults (F1,36 = 1.31, p = 0.26, �2

p
 < 0.01) nor 

between  men and  women (562 .1  ± 20 .1  vs . 
540.1 ± 12.1%MVC·s−1; F1,36 = 0.22, p = 0.65, �2

p
 < 0.01).

The peak RTD was greater for electrically-evoked com-
pared with fast-voluntary contractions (F1,36 = 384, 
p < 0.001, �2

p
 = 0.8) for each contraction intensity (25% 

MVC, 50% MVC, 100% ESTIMsingle, torque × intensity inter-
action, F2,72 = 242, p < 0.001, �2

p
 < 0.78) when trials were 

pooled across the groups (young and older men and women). 

The greater RTD for electrically-evoked compared with fast-
voluntary contractions was not different for men (37 ± 4%) 
and women (sex effect, 36 ± 2%, F1,36 = 0.19, p = 0.89, 
�
2
p
 < 0.01). However, the difference between RTD for elec-

trically-evoked and fast-voluntary contractions was greater 
for the older adults (43.7 ± 2.3%) compared with the young 
adults (38.4 ± 2.7%; age effect, F1,36 = 4.58, p = 0.04 
�
2
p
 = 0.06), see Table 1.

Association between torque and peak RTD

Peak RTD was positively associated with relative submaxi-
mal torque for fast-voluntary (R2 = 0.73, p < 0.001) and 
electrically-evoked twitch contractions (R2 = 0.88, p < 0.001) 
for all groups. The linear slope of the regression models 
between peak RTD and submaximal torque was greater for 
electrically-evoked twitches than the fast voluntary twitch 
contraction (y = 18.46x + 10.31 vs. y1 = 11.33x1 + 27.19; 
F1,36 = 8.61, p = 0.004) for both men and women (sex effect, 
F1,36 = 0.45, p = 0.84). However, the magnitude of the cor-
relation coefficient for electrically-evoked compared with 
fast voluntary twitch contractions was larger for older adults 
(F1,36 = 60.58, p < 0.001) compared with younger adults 
(F1,36 = 8.39, p = 0.03), see Fig. 2.

EMG rise

During the fast-voluntary contractions, the rate of EMG rise 
was greater with increasing level of torque (F2,72 = 26.14, 
p < 0.001, �2

p
 = 0.41). The young adults exhibited a greater 

rate of EMG rise compared with the older adults 
(41.0 ± 3.9%Mmax s−1 vs. 19.3 ± 2.3%Mmax s−1 age effect, 
F1,36 = 12.43, p < 0.001, �2

p
 = 0.27). Similarly, men exhibited 

a greater rate of EMG rise compared with women 
(38.4 ± 4.3%Mmax  s−1 vs. 28.0 ± 3.7%Mmax  s−1: sex effect, 
F1,36 = 4.23, p = 0.04, �2

p
 = 0.04).

Associations between RTD and EMG rise

The rate of EMG rise was positively associated with the 
RTD during the fast-voluntary contractions (R2 = 0.15, 
p < 0.001). However, when the young and older groups were 
examined separately, the rate of EMG rise was associated 
with the RTD for the young (R2 = 0.32, p < 0.001) but not 
the older adults (R2 = 0.01, p = 0.3), see Fig. 3.

Variability of RTD

During the fast-voluntary contractions, the RMSE of the RTD 
was greater for the older adults compared with the young 
(F1,3 = 14.23, p = 0.03, �2

p
 = 0.03). The variability of the RTD 

was greater for women compared with men (F1,3 = 10.51, 
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p = 0.04, �2
p
 = 0.03). The post hoc analysis indicated that the 

variability of RTD was greater for older women compared 
with the older men (t = 4.35, p < 0.001) with no differences 
between the young men and women (t = − 1.88, p = 0.06).

During the electrically-evoked contractions, the variability 
of the RTD was similar between the young and older adults 
(F1,3 = 0.59, p = 0.5, �2

p
 = 0.02). The variability of the RTD was 

similar for women and men (F1,3 = 1.56, p = 0.3, �2
p
 = 0.03) in 

both age groups, see Fig. 4.

Discussion

The novel findings of this study are that there were no 
age-related or sex-related differences in peak RTD for the 
electrically-evoked twitch contractions of the knee extensor 
muscles, but during the fast-voluntary contractions, the peak 
RTD was less for older compared with young adults. Fur-
thermore, the peak RTD during the fast-voluntary contrac-
tions, was more variable between trials among the older than 
the young adults, particularly the older women, with no age 
differences in variability for the electrically-evoked contrac-
tions. These data suggest that neural mechanisms primarily 
contributed to the age-related reductions in RTD of the knee 
extensor muscles. Because the twitch torque and RTD were 
normalized to maximal strength, the observed lower peak 
RTD of older adults during the fast-voluntary contractions 
was not due to strength-related differences between young 
and older adults. Furthermore, the greater RTD during the 
voluntary isometric contractions was positively associated 
with a larger rate of rise of EMG burst for the young adults, 
but not the older adults. Together, these observations, pro-
vide new evidence that the slower torque development in 
older men and women is due to limitations in the ability to 
provide rapid neural drive to the knee extensor muscles, and 
this is independent of age-related strength reductions.

The peak RTD during the electrically-evoked contrac-
tions was similar for young and older adults, demonstrat-
ing that the maximal RTD was maintained in older age. 
Despite the maintained RTD, older adults have a weaker, 
less powerful and slower muscle compared to young adults 
(Hunter et al. 2016) primarily due to an age-related reduc-
tion in the proportional area of ‘fast fibers’ (myosin-heavy 
chain II skeletal muscle fibers) (Larsson et al. 1979, 1997; 
Sundberg et al. 2018b; Hunter et al. 1999). Additionally, the 

Fig. 2   Association of RTD and Torque. For fast voluntary (unfilled 
circles) and electrically-evoked (filled circles) contractions, the rate of 
torque development (RTD) was associated peak, relative torque pro-
duced (% maximal voluntary contraction, MVC) by the contraction. 
For both older (a) and young (b) men (blue circles) and women (red 
circles), the correlation coefficient was greater (steeper slope) and the 
variance was less (larger R2) for electrically-evoked than fast volun-
tary contractions

Fig. 3   Association of RTD and rate of EMG rise. For fast voluntary 
contractions, the rate of torque development (RTD) was associated 
with the rate of EMG rise for young adults (filled circles) but not 
older adults (unfilled circles) for both men (blue circles) and women 
(red circles)
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age-related reduction in the number and function of lower 
motor neurons (Hepple and Rice 2016) can contribute to 
lower maximal contractile capacity of older than young 
adults. Accordingly, we found that because of the age-related 
attenuation in muscle strength and power, the absolute RTD 
during the electrically-evoked contractions was ~ 60% lower 
for older (584.1 ± 18.4 Nm s−1) adults compared with the 
young (953.8 ± 35.0 Nm s−1) although there was no differ-
ence in the relative RTD between young and older adults. 
The attenuated RTD during the fast-voluntary contractions 
compared with electrically-evoked contractions was greater 
in older compared to young adults and this age-related dif-
ference in RTD was exacerbated during higher force con-
tractions. These observations of an age difference in the 
RTD between the evoked and fast-voluntary contraction 
are consistent with previous studies in elbow flexor (Barry 
et al. 2005), dorsiflexor (Klass et al. 2008) and leg extensor 
muscles (Izquierdo et al. 1999) and suggest that older adults 
have a slowing in the activation of the muscle.

Older adults also exhibited a greater variability of RTD 
only during the fast-voluntary contractions, particularly the 
older women. This greater variability for older adults was 

exacerbated at higher force levels. Thus, older adults have a 
reduced and more variable RTD (particularly older women) 
of the knee extensor muscles during the fast-voluntary con-
tractions which are exacerbated at higher force levels and 
may pose a significant impairment in the ability to recover 
from tripping and increased risk of falling. Because our data 
suggest this age-related variability is of neural original, vol-
untary RTD may be improved with exercise training target-
ing the central nervous system (Barry et al. 2005).

The age-related reductions in maximal RTD are likely 
due to the aggregate effects of multiple mechanisms along 
the motor pathway from the motor cortex through the cor-
ticospinal tract down to the skeletal muscle fibers (Hunter 
et al. 2016). Recent meta-analysis found that older adults 
have reduced voluntary activation during maximal contrac-
tions with the knee extensors among other muscles (Rozand 
et al. 2020); however, the data on fast contractions was 
limited due to technical difficulties (Rozand et al. 2017). 
Although we recently found reduced corticospinal excit-
ability in older compared with young adults (Rozand et al. 
2019), the age-related differences were observed for the 
first dorsal interosseous and not the knee extensor muscles 

Fig. 4   Variability of RTD. During the electrically-evoked contrac-
tions, there were no differences in the variability of the rate of torque 
development (RTD) for young (filled circles) and older (unfilled cir-
cles) men (blue circles) (a), and young and older women (red circles) 
(c). However, during the fast-voluntary contractions, overall older 

exhibited greater RTD variability than young but specifically in older 
adults, older women (d: red unfilled circles) was greater RTD vari-
ability than older men (b). Dashed line represents 95% confidential 
line for young (dark) and older (grey) and # represents between group 
significance at the level of 0.05
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(Hassanlouei et al. 2017). However, Klass et al. reported a 
blunted motor unit discharge frequency and number of dou-
blet discharges that likely contributed to reduced maximal 
RTD in the ankle dorsiflexor muscles of older adults (Klass 
et al. 2008). More recently, Del Vecchio et al. described the 
strategies used by the central nervous system attain maxi-
mal RTD using high-density surface EMG in young men 
(Del Vecchio et al. 2019b). Del Vecchio et al. found that 
maximal RTD is limited by synaptic input received by the 
lower, alpha motor neurons before force generations is initi-
ated (Del Vecchio et al. 2019b). Additionally, Del Vecchio 
et al. also found that it is possible to increase motor neuron 
output from the spinal cord to the muscle with strength train-
ing in young men (Del Vecchio et al. 2019a). Thus, although 
our data and others show that neural drive is reduced dur-
ing voluntary contractions, it may be possible to ‘train’ the 
motor cortical pathway to augment motor unit recruitment/
discharge rates to increase RTD in older adults.

In conclusion, we found the peak RTD was similar for 
young and older men and women during the electrically-
evoked twitch contractions; however, the RTD for the fast- 
voluntary contractions was slower for older adults than 
young adults indicating neural deficits with aging in the 
ability of older adults to activate the knee extensors mus-
cles. Additionally, older women were more variable in the 
ability to rapidly develop voluntarily torque with the knee 
extensors muscles compared with young women and young 
and older men. Taken together with the associations between 
muscle activation (EMG) and peak RTD in the young but 
not older adults, our findings provide robust evidence that 
the age-related reduction in peak RTD during voluntary 
contractions of the lower limb muscle was due to deficits 
in neural activation in older men and women. Thus, healthy 
and community dwelling older men, and, particularly older 
women, have a reduced and more variable ability to activate 
their muscle rapidly, possibly predisposing them to a greater 
risk of falling.
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