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Abstract

Background: Weakness is a risk factor for physical limitations and death in older adults (OAs). We sought to determine whether OAs with 
clinically meaningful leg extensor weakness exhibit differences in voluntary inactivation (VIA) and measures of corticospinal excitability when 
compared to young adults (YAs) and OAs without clinically meaningful weakness. We also sought to estimate the relative contribution of 
indices of neural excitability and thigh lean mass in explaining the between-subject variability in OAs leg extensor strength.
Methods: In 66 OAs (75.1 ± 7.0 years) and 20 YAs (22.0 ± 1.9 years), we quantified leg extensor strength, thigh lean mass, VIA, and motor 
evoked potential (MEP) amplitude and silent period (SP) duration. OAs were classified into weakness groups based on previously established 
strength/body weight (BW) cut points (Weak, Modestly Weak, or Not Weak).
Results: The OAs had 63% less strength/BW when compared to YAs. Weak OAs exhibited higher levels of leg extensor VIA than Not Weak 
OAs (14.2 ± 7.5% vs 6.1 ± 7.5%). Weak OAs exhibited 24% longer SPs compared to Not Weak OAs, although this difference was insignificant 
(p = .06). The Weak OAs MEPs were half the amplitude of the Not Weak OAs. Regression analysis indicated that MEP amplitude, SP duration, 
and thigh lean mass explained ~62% of the variance in strength, with the neural excitability variables explaining ~33% of the variance and 
thigh lean mass explaining ~29%.
Conclusion: These findings suggest that neurotherapeutic interventions targeting excitability could be a viable approach to increase muscle 
strength in order to reduce the risk of physical impairments in late life.
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Over 40% of older adults (OAs) in the United States have at least 
one physical limitation affecting daily tasks essential for independ-
ence (1). Preserving physical function drastically reduces health care 
costs and improves quality of life (2). Muscle weakness is a major 
risk factor for physical limitations, physical disability, and early 
death in OAs (3–5). Thus, understanding the causes of muscle weak-
ness is essential in order to guide the development of targeted inter-
ventions to enhance strength and function.

Age-related weakness has long been attributed, principally, to 
loss of muscle mass (ie, sarcopenia) (6). However, more recent 
findings clearly indicate that the loss of strength is only modestly 
associated with loss of mass in OAs (see (7–10) for review). The 

mechanisms of muscle strength, however, are multifaceted and de-
termined by a combination of both neurological and muscular fac-
tors (see (9) for review). Degradation in nervous system function 
is one potential contributor. Voluntary contraction of a muscle 
comprises the recruitment of motor neurons, and hence muscle 
fibers, by increased descending drive. With an increased force of 
contraction, there is increased activation of neurons in the pri-
mary motor cortex resulting in increased firing of corticospinal 
neurons (11). The larger this descending drive, the greater the 
number of motor units recruited in the spinal cord, and the faster 
they fire. When a motor unit fires sufficiently fast, its muscle fibers 
produce a fused contraction. There are many influences on motor 
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neurons during voluntary contractions that determine the timing 
and strength of voluntary contractions, such as excitatory and in-
hibitory sensory feedback, alterations in motor neuron properties 
that may make them more or less responsive to synaptic input, 
and descending drive from the motor cortex (12). The ability of 
the nervous system to fully activate muscle is commonly assessed 
using the interpolated twitch method or a derivative thereof (eg, 
interpolated doublet, central activation ratio) (13,14). Here, the 
motor nerve (or muscle) is electrically stimulated during a max-
imal voluntary effort and any increment in force evoked by a 
stimulus indicates an impairment, or deficit, in neural activation. 
That is, some motor units are not recruited or are not firing fast 
enough to produce fused contractions (15). The “added force” 
evoked by stimulation during contraction can be quantified by 
comparison to the force produced by the whole muscle when it 
is electrically stimulated (Figure 1A). Thus, it provides an index 
of the proportion of maximal possible force that is produced vol-
untarily. Numerous studies have used this technique, as well as 
others, to examine the effects of aging on neural activation cap-
acity, with discrepant findings reported (see (16) for review). These 
discrepant findings are likely due to the muscle group investigated 
as well as the inherent heterogeneity of aging (17). For instance, 
we have reported data suggesting that impairments (or deficits) 
in neuromuscular activation are most pronounced in weaker 
OAs (18), which is consistent with reports in mobility- limited 
OAs (19). In this study, we sought to extend the prior work to 
examine the role of neuromuscular activation impairments in clin-
ically meaningful, age-related muscle weakness. Additionally, we 
sought to examine the mechanistic role of corticospinal neural 
hypoexcitability in age-related weakness.

We, and others, have previously suggested that muscle weakness 
associated with aging, as well as a myriad of other disorders and 
conditions (eg, disuse, injury, and sepsis), may be due, in part, to 
neural hypoexcitability (20–22). Neural excitability can be defined, 
depending on the level of detail, as the readiness of a nerve cell or 
a neural circuit to respond to a stimulus (23–25). The response is 
typically in the form of an action potential, a transient change of 
electrical charge (polarization) of the neuronal membrane. The ac-
tion potential can be measured either individually, at the level of 
an individual nerve cell, or as sum of action potentials in the form 
of a compound action potential (evoked potential), at the level of 

a group of neurons or neural circuits (23,24). In this study, we as-
sessed corticospinal excitability using single-pulse transcranial 
magnetic stimulation (TMS). The amplitude of a motor evoked po-
tential (MEP) elicited by a single suprathreshold TMS pulse to the 
motor cortex provides a composite index of excitability of the en-
tire voluntary motor pathway because the size of the response de-
pends upon both cortical and spinal excitability (14,26). Similarly, 
when evoked during a voluntary contraction, the MEP is followed 
by a silent period (SP), observed as a transient cessation of ongoing 
electromyographic (EMG) activity consistent with an interruption 
in volitional drive, and hence, withdrawal of descending input to 
the spinal motor neurons (27). While there is a theoretical basis for 
neural hypoexcitability serving as a key contributor to weakness (eg, 
a neuron with low excitability will, conceptually, have a lower max-
imal steady-state firing frequency (25), prior work has not linked 
indices of hypoexcitability to clinically meaningful, age-related 
weakness. This knowledge gap is a major barrier to pursuing the 
development of neurotherapeutic treatment strategies to enhance 
muscle strength and physical function in weak OAs.

Accordingly, in the present study, we first sought to deter-
mine whether, and to what extent, OAs with clinically meaningful 
leg extensor muscle weakness exhibit differences in voluntary 
(neural) inactivation (VIA) and measures of motor corticospinal 
hypoexcitability when compared to young adults (YAs) and OAs 
without clinically meaningful weakness. We operationally defined 
clinically meaningful levels of leg extensor muscle weakness based 
on isokinetic strength/body weight (BW) thresholds that have been 
shown to predispose nondisabled OAs to the future development 
of severe mobility limitations (3). We also sought, as a secondary 
goal, to estimate the relative contribution of indices of neural 
(corticospinal) excitability and upper thigh lean mass (assessed 
via dual-energy x-ray absorptiometry [DEXA]) in explaining the 
between-subject variability in isokinetic leg extension strength in 
community-dwelling OAs. A portion of these data have previously 
been published as a brief report (28).

Materials and Methods

General Overview of Study Design
A group of YAs and OAs participated in a lower extremity testing 
session in which the neuromuscular function of the nondominant 
leg was assessed. Maximal voluntary isokinetic and isometric leg 
extensor strength were initially measured. We then employed elec-
trical stimulation techniques to measure VIA of the leg extensors, 
and single-pulse TMS to quantify active motor threshold (AMT), 
MEP amplitude, and SP duration during 5%, 20%, and 40% con-
tractions. We compared YAs and OAs, and we classified the OAs as 
being “Not Weak,” “Modestly Weak,” or “Weak” based on previ-
ously published thresholds of clinically meaningful muscle strength 
that are predictive of the risk of OAs developing severe mobility limi-
tations, outright disability, and mortality (3).

Study Participants
Twenty YAs (22.0 ± 1.9 years; 13 women and 7 men) and sixty-six 
OAs (75.1 ± 7.0 years; 45 women and 21 men) participated in the 
study. To be considered for the study, participants had to be either 
18–25 years old or ≥60 years of age and have a body mass index 
between 18 and 40 kg/m2. Study participants had to be living in-
dependently, free of major musculoskeletal, neurological, cardiac, 

Figure 1. (A) Example trace illustrating the calculation of voluntary 
inactivation (VIA). Here, VIA (%)  =  [Electrically evoked doublet torque 
during MVC/Electrically evoked doublet torque at rest following MVC] × 
100. (B) Example trace of the evoked responses using transcranial magnetic 
stimulation (TMS). Note the motor evoked potential (MEP) followed by 
period of motor cortical quiescence or silent period (SP) after delivery of a 
supramaximal TMS pulse of 130% of active motor threshold to the motor 
cortex while the participant is performing a muscle contraction.
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pulmonary, renal, psychiatric, and cognitive disease or disorders and 
able to perform traditional activities of daily living (eg, toileting, 
showering). All participants had to be willing to undergo DEXA 
scan, could not be taking medications that alter the primary TMS 
outcomes (29), and could not have metal implants or implanted elec-
trical devices which would preclude them from participating in the 
TMS procedure (see Supplementary Table 1 for a complete list of 
inclusion and exclusion criteria). Participants were instructed to ab-
stain from drinking caffeinated beverages for 4 hours prior and al-
cohol for 24 hours prior to the testing session. The Ohio University 
Institutional Review Board approved this study, and all study parti-
cipants provided informed written consent.

To characterize the study participants, we measured: 6-minute 
walk gait speed (on a 30-m walkway with a left hand turn around 
a cone), short physical performance battery score (30), body com-
position (including estimates of appendicular and thigh lean mass) 
using DEXA (31), moderate-to-vigorous intensity physical activity 
via accelerometry (32), neuropsychological status via the Repeatable 
Battery for the Assessment of Neuropsychological Status (RBANS) 
(33), comorbidities via the Charlson Comorbidity Index (34), de-
pression via the Center for Epidemiological Studies-Depression 
(CES-D) scale (35), participant-reported knee pain and function via 
the Knee Injury and Osteoarthritis Outcome Score (KOOS) (36), and 
self-reported symptoms and other health conditions via the Neuro-
QOL surveys (ie, fatigue, cognitive function, sleep disturbance, lower 
extremity function, upper extremity function, and satisfaction with 
social roles and activities).

Assessment of Leg Extensor Muscle Strength
Leg extension maximal voluntary isometric and isokinetic strength 
measures were recorded utilizing a Biodex System 4 Dynamometer 
(Biodex Medical Systems Inc., Shirley, NY). For quantification of iso-
metric MVC strength measures, participants were seated with their 
nondominant knee at 90° flexion and the knee axis of rotation in 
alignment with the rotational axis of the Biodex torque motor. A lap 
belt was applied to prevent movement at the hip, and the partici-
pants’ nondominant lower extremities were affixed to a lower ex-
tremity lever arm, which was attached to the Biodex torque motor. 
We chose to control for leg dominance as there is evidence to sug-
gest that there are slight differences in strength capacity between 
the dominant and nondominant limbs (37). We selected to test the 
nondominant limb because there is radiographic evidence suggestive 
of a higher incidence of knee osteoarthritis in the dominant leg (38). 
The torque signal was scaled to maximize its resolution (208.7 mV/
Nm; Biodex Researchers Tool Kit Software) and sampled at 625 Hz 
(MP150 Biopac Systems). Participants received visual feedback of 
torque on a monitor located 1 m in front of them. Provided with 
strong verbal encouragement, participants performed three isometric 
Maximum voluntary contractions (MVCs) with 1 minute of rest be-
tween each effort, and the peak value of these three trials was util-
ized as the isometric MVC for the analysis.

For maximal voluntary isokinetic strength, the nondominant 
knee extension strength was measured concentrically at 60° per 
second in isokinetic mode. Six trials were performed with 30 sec-
onds rest between bouts, and the maximum voluntary isokinetic 
strength was calculated as the mean of the highest three values of 
maximal isokinetic torque (Newton-meters, N-m) produced between 
90° and 30° of knee flexion. This testing protocol is consistent with 
the isokinetic leg extension strength measurement protocol utilized 
by Manini et al. (2007) when deriving the sex-specific knee extension 

strength cut points for maintaining mobility (3). We also quantified 
isometric strength. Here participants were asked to perform five 
trials of a maximal isometric voluntary contraction with the knee 
positioned at 90°. During two of the trials, they received electrical 
stimulation (described below in the “Assessment of Leg Extensor 
Voluntary Inactivation” section). The highest isometric value was 
deemed their isometric strength.

Assessment of Leg Extensor Voluntary Inactivation
Voluntary inactivation (VIA) was assessed utilizing a doublet inter-
polation technique similar to our previous description (39). Here, 
we applied large (eg, 3  × 4 or 4  × 5  inch depending on the size 
of the quadriceps being tested) self-adhesive electrodes over the 
motor points of the rectus femoris and vastus medialis portions of 
the quadriceps muscles. While the participants were resting with 
the knee positioned at 90°, we applied single pulses of electrical 
stimuli (200-μs duration) at incrementally increasing current and 
constant voltage (400 V) until a plateau was reached in the evoked 
force output (DS7AH; Digitimer, Hertfordshire, United Kingdom). 
Next, study participants were asked to perform two 4- to 5-second 
isometric MVCs, and during these MVCs, a 100-Hz supramaximal 
doublet was delivered followed by a second doublet delivered to 
the resting muscle (Figure  1A). The increase in force immediately 
following the stimulation was expressed relative to a potentiated 
response evoked by the same doublet with the muscle at rest 1–2 
seconds after the isometric MVC. Voluntary inactivation values were 
calculated as follows:

VIA (%) =[Evoked Force During MVC

/Evoked Force Following MVC]× 100

Here, a value of zero is indicative of complete muscle activation.

Transcranial Magnetic Stimulation
We obtained TMS data on 53 of the 66 OAs (age range: 63–92; 
mean age 76.1  ± 7.2  years; 32 women and 21 men), and on all 
20 of the YAs. Study participants were given the opportunity to 
“opt in” or “opt out” of the brain stimulation and some of the 
OAs chose to “opt out” due to a variety of reasons (eg, uncomfort-
able with the concept of brain stimulation, discomfort associated 
with lower extremity brain stimulation). Transcranial magnetic 
stimulation is a noninvasive form of brain stimulation in which 
a rapidly changing magnetic field is introduced superficially and 
perpendicularly over the primary motor cortex in order to generate 
a skeletal muscle contraction in a directed region via electromag-
netic induction. In this study, we utilized single-pulse TMS to as-
sess corticospinal excitability by inducing MEPs and corticospinal 
silent SPs in the motor cortex contralateral to the nondominant leg 
extensor group.

During the single-pulse TMS, EMG was recorded from the 
vastus lateralis muscle of the nondominant leg using bipolar sur-
face electrodes (8-mm diameter Ag/AgCl electrodes with a 35-mm 
interelectrode distance; Trace 1, Nikomed USA, Inc.) placed longitu-
dinally along the distal end of the muscle over shaved and abraded 
skin. A  reference electrode was placed over the dominant patella. 
The EMG signals were amplified 1,000×, band-pass filtered (10–500 
Hz), and sampled at 5,000 Hz (MP150, Biopac Systems Inc., Goleta, 
CA). Single-pulse, monophasic waveform magnetic stimuli were 
delivered using a Magstim 2002 (The Magstim Co. Ltd, Whitland, 
United Kingdom) magnetic stimulator with a 110-mm double 
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cone coil. Using a posterior-anterior orientation of the coil, the op-
timal point of stimulation was discovered for each participant by 
identifying the coil position that produced the greatest MEP ampli-
tude consistently while the participants performed isometric leg ex-
tensions at 5% MVC. A small mark was placed on the participants’ 
scalps for reference for subsequent bouts of stimulation.

The AMT stimulation was then determined by finding the 
minimum stimulation intensity required to produce 4 of 8 MEPs 
with peak-to-peak amplitudes two times greater than the interference 
EMG signal observed while the participant performed an isometric 
leg extensor muscle contraction at 5% MVC (40,41). The AMT is 
thought to be indicative of the magnitude of voluntary motor drive 
to the corticomuscular pathway (42). Motor evoked potential amp-
litude and SP duration were quantified using single-pulse TMS with 
the stimulation intensity set to 130% AMT while the participant per-
formed isometric leg extension contractions (~5-second duration) at 
5%, 20%, and 40% MVC (six trials at each contraction intensity) 
(40). An example trace is illustrated in Figure 1B.

Statistical Analysis
We first describe the statistical analyses associated with the primary 
goal of the study, which was to determine whether, and to what 
extent, OAs with clinically meaningful leg extensor muscle weak-
ness exhibit differences in VIA and measures of motor corticospinal 
excitability when compared to YAs and OAs without clinically 
meaningful weakness. Here, analysis of covariance (ANCOVA) 
procedures were used to examine differences between the YAs and 
OAs for the respective dependent variables when covarying for sex. 
In addition to the YA versus OA analysis described above, we also 
used ANCOVA procedures to examine whether there were group 
differences between OAs with varying levels of clinically meaningful 
muscle weakness (Weakness Group Analysis) when covarying for 
sex and age. Here, we classified the OAs as either being “Weak,” 
“Modestly Weak,” or “Not Weak” based on previously published 
work that describes cut points of maximal isokinetic (60°/s) knee ex-
tension relative strength that predispose nondisabled OAs to severe 
mobility limitations (3). Two sex-specific knee extension strength cut 
points were found, with high and low risk of severe mobility limi-
tations corresponding to ≤1.12 Nm/kg (first decile) and ≥1.72 Nm/
kg (sixth decile) in men and ≤1.00 Nm/kg (third decile) and ≥1.35 
Nm/kg (seventh decile) in women, respectively. Moderate risk was 
defined as being between the low- and high-risk cut points. For the 
TMS-based data, contraction intensity (5%, 20%, and 40%) was 
added as a within-subject factor to the models. Sidak post hoc tests 
were used to follow-up on any observed significant main effects of 
interactions.

For the second goal of the study, we sought to estimate the rela-
tive contribution of indices of neural (corticospinal) excitability and 
upper thigh lean mass in explaining the between-subject variability in 
isokinetic leg extension strength in community-dwelling OAs. Here, 
we used blocked multiple regression analysis where absolute values 
for isokinetic leg extensor strength served as the dependent variable, 
and the neural excitability variables (MEP amplitude and SP duration 
during the highest contraction intensity [40% of maximal strength] 
task) were entered into the first block (model 1). The muscle variable of 
nondominant leg thigh lean mass was entered into the second block in 
addition to the neural excitability measures (model 2). From this ana-
lysis, the coefficient of determination (R2) for model 1 was calculated. 
This value represents the percentage of between-subject variance in 
strength that indices of neural excitability explain. The increment of R2 

in model 2 was also determined and represented the variance explained 
due to thigh lean mass. To evaluate the independent contribution of 
each predictor, the semipartial r2 (sp-r2) values from model 2 were cal-
culated. The sp-r2 value is interpreted as the percentage of variance in 
isokinetic strength (the dependent variable) uniquely attributable to the 
given independent variable by factoring out shared variance contribu-
tions with other predictors. We should note that we also entered age as 
well as sex into the model, but they were not significant (p = .62 and 
.24, respectively), and, as such, they were removed and not included in 
the final model. A preset α-level of significance ≤ 0.05 (two-sided) was 
required for significance. The SPSS statistical package (version 19.0 for 
Mac, Chicago, IL) was used for data analysis. Eta2 (η 2) effect sizes are 
presented to aid in interpretation. Data are presented as means ± SD 
in the text, and figures are presented as means ± SE to improve clarity.

Results

Older Adult Versus Young Adult Analysis

Strength and VIA
Descriptive statistics are illustrated in Table  1. For the dependent 
variable of isokinetic torque/BW, we observed a group main effect 
when adjusting for sex (p < .01; η 2 = 0.60). Here, the estimated mar-
ginal means (EMM) of the OAs were 63% weaker than the YAs 
(1.23  ± 0.41 N-m/kg vs 2.38  ± 0.40 N-m/kg). For the dependent 
variable of VIA, we did not observe an age group main effect when 
controlling for sex (p = .07, η 2 = 0.04) (YAs EMM: 6.54 ± 7.24% vs 
OAs EMM: 9.98 ± 7.23; Figure 2A).

TMS-based outcomes
For the dependent variable of AMT, we did not observe a group 
main effect when controlling for sex (p = .34, η 2 < 0.01) (YAs EMM: 
39.0 ± 4.4 vs OAs EMM: 40.9 ± 11.9).

For the dependent variable of MEP amplitude, we did not ob-
serve a group × contraction intensity interaction when controlling 
for sex (p  =  .57, η 2 < 0.01). We did observe a group main effect 
(p = .04, η 2 = 0.06). Here, the OAs exhibited 33% larger MEPs in 
comparison to YAs when the data were averaged across contrac-
tion intensity (YAs EMM: 1.91 ± 1.34 mV vs OAs EMM: 2.66 ± 
1.37 mV).

For the dependent variable of SP duration, we did not observe a 
group × contraction intensity interaction when controlling for sex 
(p = .46, η 2 = 0.01). We did observe a group main effect (p = .02, 
η 2 = 0.09). Here, the OAs exhibited 16% longer SPs when compared 
to the YAs when the data were collapsed across contraction intensity 
(YAs EMM: 123.1 ± 33.5 ms vs OAs EMM: 145.3 ± 33.9 ms).

Weakness Group Analysis
Physical function, strength, and VIA
Descriptive statistics are illustrated in Table  1. With regard to 
isokinetic strength/BW, there was a group main effect when con-
trolling for sex (p < .01, η 2  =  0.81). The Weak OAs were 33% 
and 84% weaker (strength/BW) than the Modestly Weak and 
Not Weak OAs, respectively (Table 1). On average, the Weak OAs 
presented with significantly higher age, greater weight and body 
mass index, decreased mobility, function, and physical activity 
than their Modestly Weak and Not Weak peers (Table  1). The 
Modestly Weak OAs demonstrated significantly lower mobility, 
physical function, and lower extremity relative strength than the 
Not Weak OAs (Table 1).
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With regard to leg extensor VIA, we observed a group main effect 
when controlling for sex (p < .01, η 2 = 0.15). Here, the Weak OAs 
demonstrated significantly higher levels of leg extensor VIA than 
their Not Weak counterparts (p < .01) (Not Weak EMM: 6.14  ± 
7.51% vs Modestly Weak EMM: 9.53  ± 7.49% vs Weak EMM: 
14.24 ± 7.50%; Figure 2B). This group main effect was still present 
when controlling for both sex and age (p = .01, η 2 = 0.14).

TMS-based outcomes
For the dependent variable of AMT, we did not observe a group 
main effect when controlling for sex (p = .90, η 2 < 0.01) (Not Weak 
EMM: 38.7  ± 7.3 vs Modestly Weak EMM: 39.5  ± 7.3 vs Weak 
EMM: 38.6 ± 7.2). This group main effect remained nonsignificant 
when we controlled for both sex and age (p = .45, η 2 < 0.01).

For the dependent variable of MEP amplitude, we observed a 
group × contraction intensity interaction when controlling for sex 
(p =  .05, η 2 = 0.09) (Figure 3A). Follow-up testing indicating that 
there were no group differences at the 5% contraction intensity 

(p  =  .10) (Not Weak EMM: 2.25  ± 1.15 mV vs Modestly Weak 
EMM: 1.40 ± 1.18 mV vs Weak EMM: 1.45 ± 1.16). However, at 
the 20% and 40% contraction intensities, the Weak exhibited 42 
and 55% smaller MEPs than the Not Weak OAs (p = .01 and .05, 
respectively) (20% contraction intensity: Not Weak EMM: 4.15 ± 
1.62 mV vs Modestly Weak EMM: 2.75 ± 1.62 mV vs Weak EMM: 
2.34 ± 1.63; 40% contraction intensity: Not Weak EMM: 4.39 ± 
1.66 mV vs Modestly Weak EMM: 3.26 ± 1.67 mV vs Weak EMM: 
2.87  ± 1.63). The Not Weak group exhibited larger MEPs at the 
20% and 40% contraction intensity when compared to 5% (p < 
.01), but the 20% and 40% contraction intensities were not signifi-
cantly different (p = .43) (5% EMM: 2.26 ± 1.77 mV vs 20% EMM: 
4.23  ± 2.34 mV vs 40% EMM: 4.50  ± 2.06 mV). The Modestly 
Weak group exhibited a progressive increase between all contrac-
tion intensities (p < .01) (5% EMM: 1.39 ± 0.78 mV vs 20% EMM: 
2.65 ± 1.27 mV vs 40% EMM: 3.12 ± 1.42 mV). The Weak group 
exhibited larger MEPs at the 20% and 40% contraction intensity 
when compared to 5% (p < .01), and the mean differences between 
the 20% and 40% contraction intensities was notable although it 

Table 1. Descriptive Characteristics of the Study Participants (means ± SD unless otherwise stated)

Older vs. Younger Adult Analysis Weakness Group Analysis 

Characteristic
Older Adults  
N = 66

Young Adults  
N = 20

Not Weak  
N = 18

Modestly Weak  
N = 29 Weak  N = 19

Age (y) 75.1 ± 7.0 22.0 ± 1.9* 72.0 ± 5.0 74.9 ± 7.3 78.4 ± 7.1‡

Women (%) 68.2 65 66.7 72.4 63.2
Isokinetic torque/body weight (N-m/kg)
 Mean values when sex is not covaried for 1.23 ± 0.42 2.39 ± 0.50* 1.71 ± 0.32 1.22 ± 0.14|| 0.78 ± 0.23‡,§

Isokinetic torque/body weight (N-m/kg)
  Estimated marginal means when sex is covaried for 1.23 ± 0.22 2.38 ± 0.73* 1.71 ± 0.17 1.23 ± 0.14|| 0.76 ± 0.17‡,§

Isometric torque/body weight (N-m/kg)
 Mean values when sex is not covaried for 1.13 ± 0.41 2.02 ± 0.56* 1.58 ± 0.38 1.06 ± 0.24|| 0.83 ± 0.28‡,§

Isometric torque/body weight (N-m/kg)
  Estimated marginal means when sex is covaried for 1.14 ± 0.37 2.00 ± 0.38* 1.57 ± 0.21 1.09 ± 0.2|| 0.81 ± 0.21‡,§

Height (cm) 164.1 ± 10.1 170.9 ± 9.0* 165.7 ± 9.8 164.6±8.2 161.7 ± 12.7
Weight (kg) 72.5 ± 14.9 70.7 ± 12.9 65.2 ± 11.7 73.3 ± 15.6 78.3 ± 14.3‡

BMI (kg/m2) 26.9 ± 4.7 24.0 ± 3.0† 23.7 ± 3.4 26.9 ± 4.3|| 29.9 ± 4.6‡

BMI ≥ 35 (%) 4.5 0 0 3.4 10.5
Appendicular lean mass (kg)/height2 6.6 ± 1.2 6.8 ± 2.0 6.6 ± 1.2 6.5 ± 1.1 6.9 ± 1.2
Lean thigh mass (kg) 4.7 ± 1.0 5.7 ± 1.4† 4.7 ± 1.0 4.6 ± 1.1 4.8 ± 0.9
SPPB score 11.1 ± 1.3 Not tested 11.8 ± 0.5 11.2 ± 0.9|| 10.2 ± 1.2‡

Six-minute walk gait speed (m/s) 1.3 ± 0.3 Not tested 1.6 ± 0.2 1.4 ± 0.2|| 1.1 ± 0.3‡,§

Accelerometry min/wk of moderate–vigorous activity 107.1 ± 53.4 130.2 ± 118.4 132.4 ± 41.7 104.7 ± 56.0 88.1 ± 52.2‡

RBANS Score 106.7 ± 11.9 101 ± 10.6† 107 ± 10.5 109.8 ± 12.6 101.9 ± 11.2
Charlson Comorbidity Index (% 10-y survival) 4.0 ± 1.0 Not tested 3.8 ± 0.8 4.0 ± 1.2 4.3 ± 0.7
Center for Epidemiological Studies-Depression score 7.0 ± 5.9 15.1 ± 3.3* 6.4 ± 3.8 6.6 ± 5.9 8.0 ± 7.4
Knee Injury and Osteoarthritis Outcome Score 88.0 ± 14.4 Not tested 89.3 ± 12.0 91.7 ± 10.7 80.5 ± 19.2§

Neuro-QOL: fatigue 30.2 ± 10.4 Not tested 28.4 ± 7.5 28.0 ± 9.0 35.3 ± 13.5
Neuro-QOL: cognitive function 117.6 ± 16.3 Not tested 120.0 ± 12.9 115.2 ± 21.2 118.3 ± 10.5
Neuro-QOL: sleep disturbance 14.3 ± 4.3 13.7 ± 3.4 14.8 ± 3.9 13.1 ± 3.9 15.4 ± 5.0
Neuro-QOL: lower extremity function 87.6 ± 10.2 Not tested 92.1 ± 3.4 89.3 ± 7.5 79.9 ± 14.6‡,§

Neuro-QOL: upper extremity function 97.0 ± 7.8 Not tested 99.2 ± 1.2 98.0 ± 2.2 93.3 ± 13.6‡

Neuro-QOL: satisfaction with social roles and 
activities

36.6 ± 4.8 Not tested 37.1 ± 4.6 37.3 ± 4.2 35.2 ± 5.9

Notes: BMI = body mass index; Neuro-QOL = quality of life in neurological disorders; OAs = older adults; RBANS = Repeatable Battery for the Assessment of 
Neuropsychological Status; SPPB = short physical performance battery; YAs = young adults.

*YAs different from OAs (p ≤ .01).
†YAs different from OAs (p ≤ .05).
‡Weak different from Not Weak (p ≤ .05).
§Weak different from Modestly Weak (p ≤ .05).
||Modestly Weak different from Not Weak (p ≤ .05).
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did not reach statistical significance (p = .06) (5% EMM: 1.46 ± 1.01 
mV vs 20% EMM: 2.43 ± 1.21 mV vs 40% EMM: 2.99 ± 1.59 mV). 
When we adjusted for sex and age, neither the group × contraction 
intensity interaction (p =  .35, η 2 = 0.05) or the group main effect 
were significant (p = .09, η 2 = 0.10).

For the dependent variable of SP duration, we did not observe a 
group × contraction intensity interaction when controlling for sex 
(p = .99, η 2 < 0.01). We also did not observe a group main effect 
(p = .06), although we did observe a moderate effect size (η 2 = 0.12) 
as the Weak OAs had 24% longer SPs than the Not Weak (Not 
Weak: 127.6  ± 36.8  ms vs Modestly Weak: 143.5  ± 37.1  ms vs 
Weak: 162.9  ± 36.7  ms; Figure  3B). Controlling for sex and age 
also resulted in a nonsignificant group × contraction intensity inter-
action (p = .99, η 2 < 0.01) as well as a group main effect (p = .22, 
η 2 < 0.07).

Relative Contribution of Neural Excitability and 
Lean Mass in Between-Subject Variance in Muscle 
Strength
Collectively, the three predictor variables (MEP amplitude, SP dur-
ation, and thigh lean mass) in our multiple regression analysis 
explained ~62% of the between-subject variability in OA leg ex-
tensor isokinetic strength (R2  =  0.623, adjusted R2  =  0.598, p < 
.001). Figure 4A illustrates the multiple linear regression scatterplot 
comparing the unstandardized predicted values of the combined 

Figure 3. (A) A  group × contraction intensity interaction was observed for 
motor evoked potential (MEP) amplitude. Subsequent analysis indicated the 
Weak older adults (OAs) had smaller MEPs in comparison to the Not Weak 
OAs at the 20% and 40% contraction intensities (*p < .05). Also, while not 
noted on the figure for the sake of clarity, the Not Weak OAs and the Weak 
OAs exhibited larger MEPs at the 20% and 40% contraction intensity when 
compared to 5% (p < .01), but the 20% and 40% contraction intensities were 
not significantly different. The Modestly Weak group exhibited a progressive 
increase between all contraction intensities (p < .01). (B) The Weak OAs had, 
on average, ~24% longer silent periods (SPs) than the Not Weak OAs when 
the data were averaged across contraction intensity. While this difference 
was not statistically significant (p = .06) a moderate effect size was observed 
and is noted (η 2 = 0.12).

Figure 2. (A) No differences between older adults (OAs) and young adults 
(YAs) were observed for voluntary inactivation (VIA) (p = .07). (B) The Weak 
OAs demonstrated significantly higher levels of leg extensor VIA than the Not 
Weak OAs (*p < .05). Full color version is available within the online issue.

Full color version is available within the online issue.
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independent variables (neural excitability and thigh lean mass) and 
the dependent variable (isokinetic leg extension strength). Within this 
analysis, the neural excitability variables explained ~33% of the vari-
ation in strength (R2 = 0.329, p < .001), whereas thigh lean mass ex-
plained ~29% (R2  =  0.294, p < .001) (Figure  4B). To evaluate the 
contribution of each individual predictor variable, the sp-r2 values (a 
measure of the independent variance contribution that each predictor 
contributes to the model after factoring out shared covariance contri-
butions with other predictors) indicated that MEP amplitude uniquely 
explained ~12% of the variance (sp-r2  =  0.123, p < .001), SP dur-
ation uniquely explained ~6% of the variance (sp-r2 = 0.060, p = .01), 
and thigh lean mass uniquely explained ~29% of the variance (sp-
r2 = 0.293, p < .001). We should note that the association direction for 
MEP amplitude and thigh lean mass were positive (ie, greater values 
were predictive of greater strength), whereas for SP duration the dir-
ection was negative (ie, greater values were predictive of less strength).

Discussion

Weakness in OAs is conceptualized by many as a disorder of skeletal 
muscle. This work presents evidence for two key notable findings 

indicating that nervous system impairments are, in part, responsible 
for clinically meaningful, age-related muscle weakness. First, we ob-
served that weak OAs have significant deficits in their nervous sys-
tems’ ability to fully activate their leg extensor muscles. Second, we 
noted that the relative contribution of indices of neural excitability 
explained ~33% of the between-subject variability in OAs leg ex-
tensor strength, which was roughly equal to the amount explained 
by thigh lean mass. These data suggest that treatments targeting the 
nervous system could enhance muscle strength, thereby mitigating 
future health risks in weak OAs. It should be noted that we did not 
observe overwhelming evidence for systematically compromised 
neural function in OAs per se (ie, in many instances there were no 
differences between YAs and OAs). However, what we did observe 
was solid evidence for compromised neural function in the weak OA 
phenotype, which is arguably the phenotype that, from a clinical 
care and treatment perspective, is of highest interest. We further dis-
cuss our findings below.

We found that weak OAs displayed significantly greater VIA 
in comparison to their stronger counterparts. While a number of 
investigations have compared muscle activation between YAs and 
OAs, with discrepant findings (see (16) for review), few studies have 
examined whether or not differences in muscle activation map to the 
phenotype of physically impaired OAs (eg, weak, frail, sarcopenic) 
(18,43,44). Our findings are in agreement with our prior work 
where we stratified OAs into tertiles based on their relative wrist 
flexor strength and compared VIA between stronger OAs and 
weaker OAs (18). Here, the weaker OAs exhibited greater VIA than 
their stronger counterparts. In our prior work, however, we were 
unable to determine whether the weaker OAs actually had clinic-
ally meaningful weakness as wrist flexion strength is not a common 
measure. Moreover, our prior work was not in a muscle group that 
has functional relevance to mobility, which limited the impact of 
these findings. We should note that the cut points used to classify 
the study participants into the weakness groups in the present study 
were based on isokinetic strength cut points developed to identify 
OAs at high and low risk of developing severe mobility limitations 
(defined as two consecutive reports of difficulty or inability to walk 
one-quarter of a mile or climb 10 steps). As such, this likely explains 
why, on average, the participants that were classified as “weak” 
were still relatively robust and exhibited reasonably preserved phys-
ical function and mobility. This nuance does raise the question of 
whether even greater degrees of neural impairments would be ob-
served in frail OAs. Our findings are also consistent with Harridge 
and colleagues who reported that 11 very old adults requiring some 
form of assistance of with everyday activities, showed evidence of 
incomplete activation of the leg extensors during maximal volun-
tary efforts (43). Conversely, McPhee and colleagues (44) measured 
leg extensor voluntary activation in 40 OAs who they deemed as 
“sarcopenic” and observed average VIA levels of ~9% for women 
and 11% for men, which is similar to the mean values we observed 
when we averaged across all of our OA participants. There was no 
significant difference between YAs and OAs in their study, nor did 
VIA explain the between-subject variance in muscle strength. Close 
examination of this report, however, indicates that many of their 
OAs were not weak, as the men and women both, on average, ex-
hibited ~10 kg (or ~50%) higher grip strength values than what is 
commonly deemed to be indicative of weakness (45). In a 5-year 
longitudinal follow-up of their OA participants, they observed that 
VIA increased and that this impairment was significantly associated 
with the between-subject variability in strength loss over time (44). 
Thus, our findings are in general, if not exact, agreement with their 

Figure 4. (A) Multiple linear regression scatterplot comparing the 
unstandardized predicted values of the combined independent variables 
(neural excitability and thigh lean mass) and the dependent variable 
(isokinetic leg extension strength). The R2 value (0.62) is significant (p < .001). 
(B) Relative contribution of the constructs of neural excitability (R2 = 0.329, 
p  <  .001) and thigh lean mass (R2  =  0.294, p < .001) from the multiple 
regression analysis. Full color version is available within the online issue.
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conclusions. We should also note that our “not weak” OAs and YAs 
both exhibited VIA measures, on average, of ~6%. This finding sug-
gests that aging is not inherently associated with impairments in 
voluntary (neural) activation, which highlights the heterogeneity of 
aging and raises the possibility that reduced physical activity (as op-
posed to age per se) leads to impaired activation.

The association of our outcomes of reduced motor cortical ex-
citability (eg, smaller MEP amplitudes and longer SP durations) and 
decreased relative strength is notable as it theoretically raises the 
possibility that increasing neuronal excitability in weak OAs could 
enhance interventions to increase muscle strength in this population. 
When TMS is applied to the motor cortex at an intensity above motor 
threshold, high-frequency indirect waves (I waves) are elicited in the 
corticospinal tract (46), which are modifiable by many mechanisms. 
These include neurotransmitters (ie, glutamate, GABA), modulators 
of neurotransmission (ie, acetylcholine, norepinephrine, and dopa-
mine) (29), and interneurons contacted by corticospinal tract cells 
(47) with the actual efficacy of the corticomotoneuronal synapse it-
self demonstrating some activity-dependent changes (48). Ultimately, 
all of these factors function to influence the amplitude of the MEP. 
Thus, the amplitude of an MEP evoked by a single suprathreshold 
TMS pulse to the motor cortex provides a composite index of excit-
ability of the entire voluntary motor pathway because the size of the 
response depends upon both cortical and spinal excitability (14,26). 
With increasing contraction intensities in the low-to-moderate force 
range (as performed herein), the MEP amplitude has been shown 
to increase (49,50). This increased response has been attributed to 
(i) enhanced excitability of cortical and spinal neurons through in-
creased voluntary drive (both to and from the motor cortex), and (ii) 
consequent increased descending drive to recruit motor neurons in 
order to increase muscle activation (51,52). Similarly, when evoked 
during a voluntary contraction, the MEP is followed by a SP, ob-
served as a transient cessation of ongoing EMG activity consistent 
with an interruption in volitional drive, and hence, withdrawal of 
descending input to the spinal motor neurons (27). There are several 
mechanisms thought to contribute to the SP, with spinal inhibitory 
mechanisms thought to be active in the early part and the latter part 
being specifically cortical in its origin and most likely mediated by 
GABAergic and dopaminergic cortical inhibitory mechanisms (53). 
Thus, MEP amplitude and SP duration both provide insight into 
corticospinal excitability and contain both shared and independent 
neurophysiologic cell and molecular mechanistic influences.

There are several notable findings in our data set with respect 
to these parameters. With respect to the MEP data, the weak OAs 
exhibited smaller MEPs than the nonweak seniors at the higher in-
tensity contractions. With respect to the SP data, the OAs exhibited 
longer SPs in comparison to YAs. Also, there was a moderate effect 
size observed for the weak OAs to exhibit longer SPs in comparison 
to the nonweak OAs. We interpret these findings to suggest that 
muscle weakness in OAs is mechanistically due, in part, to motor 
neuronal hypoexcitability. Unfortunately, because single-pulse TMS 
responses are mediated at both the cortical and spinal levels, it is 
difficult to determine the site (eg, cortical vs spinal) at which dif-
ferences in these parameters are effectuated. Our finding of larger 
MEP’s in OAs in comparison to YAs should not be viewed as evi-
dence against this notion. Prior studies have also reported that OAs 
exhibited larger MEPs than YAs when performing muscle contrac-
tions (54,55). Moreover, work from Bernard and Seidler observed 
larger MEP amplitudes in OAs along with more spatially extensive 
motor cortical representations when compared to YAs, which was 
associated with longer reaction times (55). They interpreted these 

findings to suggest greater dedifferentiation (ie, decreased distinct-
iveness in motor cortical representations) in OAs. Thus, it is likely 
that our findings of greater MEP amplitudes in OAs is due to greater 
dedifferentiation, or perhaps, age-related changes in motor unit re-
organization, as opposed to actual increases in motor cortical excit-
ability per se.

Our multiple regression model estimating the relative contri-
bution of the abovementioned indices of neural excitability (MEP 
amplitude and SP duration) and thigh lean mass in explaining the 
between-subject variability in OAs leg extensor strength is par-
ticularly insightful. Here, we observed that neural excitability ex-
plained ~33% of the between-subject variability in OAs leg extensor 
strength, which was roughly equal to the amount explained by thigh 
lean mass. While this analysis has limitations particularly as it relates 
to the estimated contribution of lean mass (see limitations paragraph 
below for further discussion), the salient point indicating that in-
dices of neural excitability explain a large portion of the variance 
in strength observed in OAs should not be overlooked. The magni-
tude of this finding (~1/3rd of the variance explained) is sizeable as 
it suggests that neurotherapeutic interventions targeting excitability 
could be a viable approach to substantially increase muscle strength 
in weak OAs. Our model that included two measures of neural excit-
ability and thigh lean mass explained ~62% of the between-subject 
variance in strength. This finding further highlights that the mech-
anisms of weakness are multifactorial, and it is likely that other 
measures of the same constructs (ie, excitability and mass), as well 
as measures reflective of other constructs (eg, muscle quality and 
the excitation-contraction coupling process; corticospinal form and 
function), would increase the percent of explained variance.

Our electrophysiological findings are consistent with prior re-
ports from a myriad of other disorders and conditions associated 
with muscle weakness (18,20–22,41,56–60). For instance, using 
a cast-immobilization model to experimentally induce muscle 
weakness in young healthy adults, we observed that immobiliza-
tion decreased strength, and increased VIA and SP duration, with 
significant associations between percent changes in the respective 
outcomes observed (20). Moreover, elegant studies by Rich and 
colleagues have demonstrated that reduced motor neuron excit-
ability is an important contributor to weakness in a rat model 
of sepsis (21), and that administration of a serotonin agonist 
(lorcaserin) to septic rats greatly improved repetitive firing and 
motor unit force generation (57). Findings of this nature raise the 
following question: Could interventional strategies that increase 
corticospinal excitability enhance muscle strength and physical 
function in weak OAs? While no work has addressed this ques-
tion, there is indeed evidence that interventions primarily de-
signed to improve neurological function result in enhancements 
in muscle strength in OAs (61). Future work is needed to address 
this question.

There are several limitations of our work that should be noted. 
First, it is a cross-sectional design, and thus must be interpreted ac-
cordingly. Stated explicitly, cross-sectional study designs are appro-
priate for preliminary evaluations of association, but provide no 
information with regards to the influence of time (ie, within-subject 
aging) on the variables measured, and are thus generally less valid 
for examining cause-and-effect relationships (62). The reader is en-
couraged to interpret our findings within this context of the general 
limitation of cross-sectional study designs. Second, we should fully 
note that our weakness group classifications were based on isokin-
etic strength cut points developed to identify OAs at future risk of 
developing physical impairment, outright disability, and mortality 

Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 4 699



(defined as two consecutive reports of notable difficulty or inability 
to walk one-quarter of a mile or climb 10 steps) (3). This criterion 
was ideal for our community-dwelling group who had higher 6-mi-
nute walk gait speeds than more compromised populations, but 
may not be appropriate for more geographically and racially di-
verse populations (63). Thus, it is plausible that lower-functioning 
and/or weaker OAs could show even higher levels of VIA. Third, 
we urge caution when interpreting our multiple regression results 
relating to the relative contribution of thigh lean mass to leg ex-
tensor strength. The spatial resolution of the DEXA-derived meas-
ures of thigh lean mass cannot be distilled down to the muscle 
group involved in the strength task (ie, quadriceps femoris). That 
is, our measure of thigh lean mass reflects not only the quadri-
ceps muscle group, but also those of other muscles in the thigh 
region (eg, biceps femoris, sartorius, adductors). Additionally, 
DEXA-derived measures of thigh lean mass not only consist of 
skeletal muscle mass, but also includes other tissue components 
(eg, connective tissue). Thus, our findings related to the relative 
contribution of thigh lean mass to leg extensor strength should be 
interpreted cautiously.

Conclusion

While weakness in OAs is conceptualized by many as a disorder 
of skeletal muscle, in recent years it has become increasingly ac-
cepted that weakness in OAs is attributable, in part, to degrad-
ation in nervous system function. In this study we sought to (i) 
compare differences in VIA and measures of motor corticospinal 
excitability in OAs with clinically meaningful muscle weakness 
compared to YAs and stronger OAs; and (ii) estimate the relative 
contribution of indices of neural excitability and thigh lean mass 
in explaining the between-subject variability in OAs leg extensor 
strength. Herein, we present evidence for two key notable findings 
indicating that nervous system impairments are, in part, respon-
sible for clinically meaningful, age-related muscle weakness. First, 
we observed that weak OAs have significant deficits in their ner-
vous systems’ ability to fully activate their leg extensor muscles. 
Second, we noted that the relative contribution of indices of neural 
excitability explained ~33% of the between-subject variability in 
OAs leg extensor strength, which was roughly equal to the amount 
explained by thigh lean mass. Thus, while we did not observe 
overwhelming evidence for compromised neural function system-
atically in OAs per se, we did observe solid evidence for comprom-
ised neural function in the weak OA phenotype, which is arguably 
the phenotype that from a clinical care and treatment perspective 
is of highest interest. These data suggest that medical and/or be-
havioral interventions targeting the nervous system, in particular 
those increasing corticospinal excitability, could have potential for 
substantially enhancing muscle strength to prevent future health 
risks in weak OAs.
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Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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