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Abstract—Age-related increased hip extensor recruitment
during gait is a proposed compensation strategy for reduced
ankle power generation and may indicate a distal-to-proxi-
mal shift in muscle function with age. Extending beyond joint
level analyses, identifying age-related changes at the muscle
level could capture more closely the underlying mechanisms
responsible for movement. The purpose of this study was to
characterize and compare muscle forces and induced accel-
erations during gait in healthy older adults with those of
young adults. Simulations of one gait cycle for ten older
(73.9 ± 5.3 years) and six young (21.0 ± 2.1 years) adults
walking at their self-selected speed were analyzed. Muscle
force and induced acceleration waveforms, along with
kinematic, kinetic, and muscle activation waveforms, were
compared between age-groups using principal component
analysis. Simulations of healthy older adults had greater
gluteus maximus force and vertical support contribution, but
smaller iliacus force, psoas force, and psoas vertical support
contribution. There were no age-group differences in distal
muscle force, contribution, or ankle torque magnitudes.
Later peak dorsiflexion and peak ankle angular velocity in
older adults may have contributed to their greater ankle
power absorption during stance. These findings reveal the
complex interplay between age-related changes in neuromus-
cular control, kinematics, and muscle function during gait.

Keywords—Distal-to-proximal, Joint power, Dynamic simu-

lations.

INTRODUCTION

Walking is a generally accessible form of physical
activity; however, 25% of Americans over age 55 have
difficulty walking one-quarter of one mile.30 It is
important for adults to preserve the ability to walk and
maintain a physically active lifestyle to reduce the risk
of some of the leading causes of death in older adults,5

including heart disease, some cancers, stroke, and type-
2 diabetes.26

Older adults tend to walk at slower gait speeds than
young adults and with altered joint kinematics and
kinetics;16,28 however, these kinematic and kinetic dif-
ferences persist even when walking speed is similar
between age groups.10,32 Older adults tend to spend
more time in the double support phase of gait17,37 and
walk with increased anterior pelvic tilt.14,16,19 Some
studies have also reported shorter step length in older
adults;10,14,22,37 however, this finding is not ubiqui-
tous.19,32 Reduced ankle plantarflexion power in older
adults is commonly reported,10,14,16,22,28,32,37 but may
not be different when correcting for differences in step
length.14 Additionally, increased hip extension
torque,10 decreased hip flexion torque,10,22 and
increased hip power generation10,22,32 in older adults
have been reported; however, differences in ankle and
hip kinetics are not always observed together.16,37 Al-
tered kinematics and kinetics during walking may be
part of a strategy older adults employ to compensate
for age-related muscle weakness or impaired muscle
activation, or to maximize stability or velocity.34

DeVita and Hortobagyi10 suggested that older
adults compensate for decreased use of the ankle
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plantarflexors (decreased ankle torque) and reduced
power generation at the ankle by adopting a gait
strategy that increases the use of the proximal hip
extensors. The authors suggested this compensation
was a neuromuscular adaptation characterized by a
distal-to-proximal shift in motor control strategy.10

This hypothesis has been supported by investigations
that found differences in joint kinetics22,32 and muscle
activity29 between age groups during walking at dif-
ferent speeds. Age-related changes to muscle activation
could affect the amount of force a muscle can produce
and thus affect joint torque. Furthermore, a muscle’s
moment arm, which also determines joint torque, is
governed by joint kinematics. Therefore, the previ-
ously reported age-related differences in joint kine-
matics and kinetics may suggest differences in how
older adults use their muscles during gait compared to
young adults; however, muscle function during gait has
not been thoroughly explored in older adults.

Muscle forces facilitate walking by accomplishing
two primary functions: providing vertical support and
maintaining forward progression of the body’s center-
of-mass (COM).15 Several studies have assessed muscle
function during walking in young adults2,20,23–25 and
found that the vasti, gluteus maximus, and gluteus
medius support the body and slow progression (pro-
vide braking) during early stance, the dorsiflexors
contribute to support and slow the COM during the
weight acceptance phase of gait, and finally, the plan-
tarflexors are the primary contributors to support and
forward progression during late stance. However, only
one study has compared muscle function in healthy
older adults during gait with that of young adults.19

The study reported many similarities in muscle con-
tributions to support and progression between young
and older adults, although there were age-group dif-
ferences in the relative contributions to support from
the vasti, gluteus medius, and gluteus maximus.
However, the findings of this study may not be repre-
sentative of all older adults because the average
walking speed of the older subjects (1.42 m/s) was
faster than the walking speeds typically reported for
older adults (e.g., 1.0 m/s,14 1.19 m/s,16 1.32 m/s32).
Walking speed affects kinematics and kinetics; thus,
muscle function of the many older adults who walk at
slower gait speeds may not be consistent with the
muscle function observed by Lim et al.19 Further
research is necessary to more fully understand how
healthy older adults use their muscles to facilitate gait
and if this method differs from that of young adults.

Therefore, the objectives of this study were to (1)
characterize muscle forces and contributions to COM
accelerations (muscle function) during gait in a healthy
older adult population walking at a self-selected speed
and (2) compare muscle forces and function of healthy

older adults with those of a young adult population
walking at a self-selected speed. Furthermore, to
compare the findings of this study with the current
body of literature, as part of a secondary analysis we
investigated kinematic and kinetic variables, as well as
muscle activation patterns, in older and young adults.

We hypothesized that older adults would use similar
muscles to support, brake, and propel their body
during gait as have been previously observed in young
adults. However, based on the hypothesis of a distal-
to-proximal shift in motor control strategy with age,
we hypothesized that the older adults would display
greater forces and contributions to support and brak-
ing from the hip extensors (gluteus maximus and glu-
teus medius) and smaller forces and contributions from
the ankle plantarflexors (soleus and gastrocnemius)
compared to the young adults.

METHODS AND MATERIALS

Subjects

Twenty healthy older adults provided written in-
formed consent in accordance with a protocol ap-
proved by the University of Wisconsin-Madison
Health Sciences Institutional Review Board as previ-
ously described.32 Briefly, each subject performed five
over-ground walking trials at their preferred walking
speed across a 10 m walkway. Kinematics were tracked
using 23 anatomical markers placed on identifiable
landmarks and 19 additional markers to aid in track-
ing and minimize skin motion artifact.6 Additionally,
unilateral electromyography (EMG) data were col-
lected from the vastus lateralis, rectus femoris, biceps
femoris, soleus, tibialis anterior, medial gastrocnemius,
and medial hamstrings. Exclusion criteria for the initial
study included current or a history of orthopedic
diagnosis, joint pain, or known cardiac, neurologic,
gait or balance impairment. The subjects were also
screened by a geriatrician and excluded from the study
if they obtained a score less than 24 in the Mini Mental
State Exam or were unable to perceive a 5.07 Semmes–
Weinstein (10 g) monofilament in a plantar sensation
test. Prior to gait analysis, each older adult completed
a self-reported physical activity questionnaire.33 A
subset of ten older adults was chosen for inclusion in
this study based on the suitability of each subject’s
data for simulation analyses; particularly, the analysis
necessitated that the stance leg during the trial was also
the leg from which EMG was collected. Furthermore,
subjects included in this study were required to have a
BMI less than 30 to be considered healthy.

Six healthy young adults who had no history of
lower extremity surgery provided written informed
consent in accordance with the Institutional Review
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Board of The Ohio State University. Each subject
performed five over-ground walking trials at their
preferred speed while kinematic and kinetic data were
collected as previously described35 (Table 1). Whole
body motion was tracked using the Point-Cluster
Technique to aid in tracking and minimize skin motion
artifact.3 Additionally, EMG data were collected from
the vastus lateralis, rectus femoris, biceps femoris, so-
leus, tibialis anterior, medial gastrocnemius, gluteus
maximus, and gluteus medius.

Gait Simulations

OpenSim 3.28 was used to generate simulations of
one representative gait cycle for each subject. A generic
musculoskeletal model with 27 degrees-of-freedom and
94 musculotendon actuators4 was used in this study.
The hip was modeled as a ball and socket joint with
three degrees of freedom (flexion/extension, adduction/
abduction, and internal/external rotation). The knee
included one degree of freedom (flexion/extension).
The ankle joint was defined by one degree of freedom
(dorsiflexion/plantarflexion). The metatarsophalangeal
and subtalar joints were locked at 0� on each foot as
suggested in the OpenSim User’s Guide.11 For each
subject, the generic musculoskeletal model was scaled
to match the anthropometry of each individual subject
by minimizing the difference between the experimental
markers’ and the virtual markers’ locations on the
musculoskeletal model by achieving a maximum mar-
ker error for bony landmarks of less than 4 cm and an
RMS marker error of less than 2 cm. Maximum iso-
metric muscle forces are not affected by scaling in
OpenSim and were not adjusted for the young nor
older adults. Joint angle trajectories that reproduced
the experimental marker data with a maximum marker
error less than 4 cm and RMS error less than 2 cm
were estimated using inverse kinematics.8 An inverse
dynamics analysis estimated the net torques at each

joint in the model that reproduced the gait kinematics.
A residual reduction algorithm8 slightly adjusted
model mass properties and joint kinematics to reduce
dynamic inconsistency between the ground reaction
forces and body segment accelerations. A static opti-
mization (SO) with an objective function that mini-
mized the sum of squared muscle activations7 was used
to estimate muscle activations and forces in all lower
extremity muscles.

There is currently no ‘‘gold-standard’’ metric for
measuring the difference between simulated and
experimental muscle activation patterns. Therefore, for
this study, the difference between EMG and SO acti-
vation patterns was quantified by first normalizing the
peak value of the experimental EMG to the peak value
of the simulated muscle activation in the SO trial35,36

and calculating an RMS error between the simulated
and experimental muscle activity waveforms for each
muscle for each subject. Muscle RMS errors were
averaged across subjects. Age-group averages of the
RMS error for the six muscles for which both age-
groups had EMG (biceps femoris, medial gastrocne-
mius, rectus femoris, soleus, tibialis anterior, and vas-
tus lateralis) were compared using individual 2-sample
t tests. There were no statistically significant differ-
ences between age-groups for any of the six muscles
(p ‡ 0.200). Considering all 6 muscles for both age
groups, RMS error ranged from 0.03 to 0.46 with a
mean of 0.18 and standard deviation of 0.11. Without
similar quantifications of EMG and simulated activa-
tion agreement in the literature and given expected
differences in magnitude of EMG and SO activations
due to the normalization procedure, an average RMS
error of 0.18 is believed to represent good consistency
between simulated and experimental muscle activa-
tions (Fig. A1 in Supplementary Material).

The instantaneous potential for acceleration (IPA)
was calculated using a rolling on surface constraint31

to determine the potential of individual muscles to

TABLE 1. Mean (SD) subject demographics and stride characteristics.

Young Older p value

N 6 (2M, 4F) 10 (3M, 7F)

Age (years) 21.0 (2.1) 73.9 (5.3)

Height (m) 1.70 (0.05) 1.67 (0.10) 0.440

Mass (kg) 69.1 (7.6) 64.6 (10.2) 0.326

BMI (kg/m2) 23.8 (2.3) 23.2 (3.0) 0.651

Normalized step lengtha 0.41 (0.05) 0.40 (0.03) 0.581

Stance duration (% gait cycle) 62.7 (1.0) 65.3 (2.0) 0.004b

Swing duration (% gait cycle) 37.3 (1.0) 34.7 (2.0) 0.004b

Double support (% gait cycle) 25.6 (1.2) 28.9 (2.7) 0.005b

Self-selected walking speed (m/s) 1.30 (0.14) 1.25 (0.09) 0.494

aStep length normalized to height.
bStatistically significant difference between age groups.
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contribute to support and progression of the COM
over the gait cycle.35 To determine individual muscle
contributions to support, braking, and propulsion,
muscle forces estimated by SO were multiplied by the
IPA of each muscle for each subject.

Data Analysis

Principal component analysis (PCA)9,12 was applied
using custom code in MATLAB 2014a (The Math-
Works Inc, Natick, MA, USA) to assess for age-group
differences in gait waveforms for individual muscle
forces and individual muscle contributions to support
and progression. Previous studies have used PCA to
identify age-related differences in kinematics and
kinetics for stair climbing in young and older adults;27

however, to our knowledge, PCA has not been used to
investigate individual muscle forces or contributions to
support and progression during gait.

Individual principal component models (PCMs)
were created to analyze individual muscle forces, con-
tributions to support, and contributions to progression
for each of 11 muscles or muscle groups: gluteus
maximus, gluteus medius, vasti (lateralis, medialis, and
intermedius), tibialis anterior, soleus, medial ham-
strings (semimembranosus and semitendinosus), rectus
femoris, biceps femoris (long and short head), gas-
trocnemius, iliacus, and psoas. Each of the 33 PCMs
(3 variables 9 11 muscles/muscle groups) included
waveforms of both the older and young adults. For all
waveforms, the data were time normalized from 0 to
100% of the gait cycle in 201 time points, with each
point representing 0.5% of the gait cycle.

For each PCM, an n 9 p matrix, X, was created
such that the n rows corresponded to the 16 subjects
(n = 16) and the p columns corresponded to each time
point in the gait cycle (p = 201). An eigenvector
decomposition of the covariance matrix of X was used
to determine the eigenvector matrix, U, containing the
loading vectors for the principal components (PCs).
Each PC represents an independent feature of the
waveform. The PCs were ordered in decreasing order
of the amount of variation in the data that they ex-
plained, such that the first PC explained the largest
amount of variation. The number of PCs, k, included
in the final PCM of a variable was determined by the
fewest number of PCs needed to explain 90% of the
variation in the data. PC Z-scores were calculated as

Z ¼ X� �Xð Þ �U, where �X is the mean of X, as a
measure of the degree to which each subject’s wave-
form was correlated with the given PC. A high Z-score
indicated the subject’s original waveform was well
correlated with that PC.18 To determine the feature
described by each PC, the waveforms of the subjects

with the minimum and maximum Z-scores for that PC
were compared and analyzed alongside the PC’s
loading vector.13

For our secondary analyses, PCA was performed to
assess for age-group differences in kinematics and
kinetics from RRA and SO muscle activations. Indi-
vidual PCMs were created to assess five sagittal plane
kinematic measures (hip flexion, knee flexion, ankle
dorsiflexion, lumbar extension, and pelvic tilt). Indi-
vidual PCMs were created for joint power, torque, and
angular velocity for the hip, knee, and ankle and
individual muscle activations of the 11 muscle groups
previously defined. Joint power was calculated by
multiplying joint torque and joint angular velocity.
Joint torque and, consequently, joint power were
normalized by subject body weight and height. Peak
force and moment residuals applied to the pelvis dur-
ing RRA were also determined for each subject to
assess the simulation’s accuracy in tracking the sub-
ject’s kinematics and kinetics.

PCA analyzes both the spatial and temporal as-
pects of waveforms; therefore, to aid in the charac-
terization of when waveform differences occurred
with respect to the gait cycle (GC), GC phases were
defined. Stance phase was divided into two main
phases (early and late stance), each with two sub-
phases. Early stance occurred from ipsilateral heel
strike (0% GC) to straight leg (30% GC); late stance
occurred from straight leg through ipsilateral toe-off
(30% to 62–65% GC). The two sub-phases of early
stance were weight acceptance, occurring from ipsi-
lateral heel strike to contralateral toe-off, (0–15%
GC), and early midstance, occurring from con-
tralateral toe-off to straight leg (15–30% GC). The
two sub-phases of late stance were late midstance,
occurring from straight leg to contralateral heel
strike (30–50% GC), and terminal stance, occurring
from contralateral heel strike through ipsilateral toe-
off (50% to 62–65% GC). Swing phase was divided
into two phases: early and late swing. Early swing
occurred from ipsilateral toe-off to midswing (62–
65% to 80% GC); late swing occurred from mid-
swing to ipsilateral heel strike (80–100% GC).

Statistical Analysis

Independent two-sample t tests assessed differences
in demographics and stride characteristics between the
young and older adults. For each of the k PCs of a
PCM, independent two-sample t tests assessed age-
group differences in Z-scores. A significance level of
a< 0.05 was set a priori for all statistical tests. All
statistics analyses were performed with Minitab Sta-
tistical Software (Minitab, Inc., State College, PA).
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RESULTS

Demographics and Stride Characteristics

There were no statistically significant differences in
height, mass, BMI, step length normalized by height,
or self-selected walking speed between age groups
(Table 1). On average, the older adults were 0.03 m
(1.7%) shorter, 4.5 kg (6.5%) lighter, and had a 0.6
(2.5%) smaller BMI than the young adults. These
differences were within the standard deviations of mass
and height for both age-groups. However, the older
adults spent a longer percent of the gait cycle in stance
(65.3 ± 2.0%) compared to young adults (62.7 ±

1.0%) (p = 0.004). The older adults also spent a
longer percent of the gait cycle in double support
(28.9 ± 2.7%) compared to the young adults
(25.6 ± 1.2%) (p = 0.005).

Characterization of Muscle Force and Function in
Healthy Older Adults

In the older adults, the muscles that produced the
most force during the gait cycle, as estimated by static
optimization, were not necessarily the muscles that
contributed most to support and progression (Figs.
1a–1c); this observation was also true for the young
adults (Figs. 1d–1f). Although biceps femoris and
medial hamstrings produced the largest forces during
weight acceptance, tibialis anterior contributed most to
support and braking during initial weight acceptance.
During the remainder of early stance, the gluteus
medius produced the most force, followed by the vasti
and gluteus maximus; however, the vasti contributed
twice as much to support and over four times as much
to braking during early stance compared to the gluteal
muscles. In late stance, soleus produced the greatest
force and the greatest contributions to support and
propulsion. The iliacus and gluteus medius produced
similar magnitudes of force as the gastrocnemius dur-
ing late stance; however, gastrocnemius produced
much greater contributions to support and propulsion
compared to gluteus medius and iliacus.

Comparison of Muscle Force and Function Between
Older and Young Adults

At least 90% of the variation in each of the 33
PCMs was explained by 2–6 PCs, with an average of 4
PCs. The most common number of PCs needed to
explain 90% of the variation was three. Sixteen PCMs
were explained by three PCs, eight were explained by
four PCs, five were explained by five PCs, three were
explained by two PCs (vasti-support, gluteus maximus-
support, and gluteus maximus-progression), and one
was explained by six PCs (gastrocnemius-progression).

There were significant differences in muscle forces and
contributions between older and young adults, deter-
mined by PCs with Z-scores that were statistically
different between age-groups (Tables 2; A4). Each
statistically different PC explained between 5% and
86% of the variation in its PCM (Table 2).

Muscle Forces

There were several age-group differences in the
magnitude of proximal muscle forces. The gluteus
maximus of the older adults produced greater force
than the young adults’ gluteus maximus (p = 0.001;
Fig. 2b). Furthermore, the gluteus medius of the older
adults produced a greater peak force during early
stance compared to its peak force during late stance
(p = 0.024; Fig. 2g), while the gluteus medius of the
young adults produced forces of similar magnitude in
early and late stance. In contrast, older adults pro-
duced smaller forces in their hip flexors, iliacus
(p = 0.015; Fig. 2e) and psoas (p = 0.006; Fig. 2h),
compared to young adults. There were no statistically
significant differences in PC Z-scores for biceps fe-
moris or rectus femoris (all p ‡ 0.055).

There were no significant differences in the magni-
tude of distal muscle forces between the older and
young adults; however, there were several differences
in the time profiles of those muscles’ forces. Compared
to the young adults, the tibialis anterior of the older
adults produced a later peak force during weight
acceptance and sustained that force throughout early
stance (p = 0.042; Fig. 2d). The older adults’ soleus
produced its peak force and sustained its force longer
into the gait cycle compared to the young adults’ so-
leus (p = 0.040; Fig. 2f). In contrast to the convex
shape of the young adults’ gastrocnemius force profile
during late stance, the older adults’ gastrocnemius
force profile was concave in shape, with the concavity
corresponding to a sharp reduction in force around
50% of the gait cycle when the peak dorsiflexion angle
occurs (p = 0.005; Fig. 2c).

Additionally, both the vasti (p = 0.002; Fig. 2a) and
the medial hamstrings (p = 0.002; Fig. 2i) of the older
adults produced a later peak force during early stance
and sustained the forces longer during stance com-
pared to the vasti and medial hamstrings of the young
adults.

Muscle Contributions to Progression and Support

To brake and propel their COM forward during
gait, healthy older and young adults used similar
muscles, but the magnitude and timing of the muscle
contributions differed between age-groups (Fig. 3a).
Age-group differences in contributions to braking were
distributed across distal, intermediate, and proximal

Age-Related Differences in Muscle Function 699



muscles (Fig. 3a). The tibialis anterior and vasti pri-
marily contributed to braking in both groups; how-
ever, the tibialis anterior of the older adults displayed a
greater contribution to braking at heel strike than the
young adults’ tibialis anterior (p = 0.043; Fig. 4d).
Compared to young adults, the vasti of older adults
contributed longer to braking during early stance
(p = 0.003; Fig. 4a). Gluteus maximus contributed
earlier to braking in older adults than in young adults
(p = 0.013; Fig. 4b). Age-group differences in contri-
butions to propulsion were found in distal and proxi-
mal muscles. The gastrocnemius and the soleus were
the primary muscles that contributed to forward
propulsion of the COM in both the older and young
adults (Fig. 3a); however, the peak weight acceptance
contribution of gastrocnemius to propulsion in older

adults occurred at ipsilateral heel strike, while in young
adults, the gastrocnemius’ peak weight acceptance
contribution occurred slightly after heel strike
(p = 0.005; Fig. 4c). There was no difference in peak
late stance contributions to propulsion from gastroc-
nemius between older and young adults. Older adults
used some of their proximal muscles more than young
adults to propel their COM forward during late stance.
Older adults had a greater contribution to propulsion
during late stance from iliacus (p = 0.038; Fig. 4e).
Additionally, compared to the young adults, the older
adults’ biceps femoris had a later onset of contribution
to propulsion during late stance that was sustained
later in the gait cycle (p = 0.002; Fig. 4f). There were
no statistically significant differences between age-
groups in contributions to progression from the

FIGURE 1. Mean muscle force and function curves for older (a–c) and young (d–f) adults. Individual muscle forces (a/d) from
static optimization and contributions to progression (b/e) and support (c/f). The y-axes of b/e and c/f represent the magnitude and
direction of the muscle’s contribution to the acceleration of the center-of-mass (COM). A positive contribution to progression
indicates the muscle’s force propelled the COM forward, and a negative contribution to progression indicates the muscle’s force
slowed the COM. A positive contribution to support indicates the muscle’s force supported the COM against gravity, and a
negative contribution to support indicates the muscle’s force assisted gravity.
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gluteus medius, medial hamstrings, rectus femoris,
soleus, or psoas (all p ‡ 0.053).

To vertically support their COM during gait, older
and young adults used similar muscles, but the mag-
nitude and timing of the muscle contributions differed
between age-groups (Fig. 3b). During early stance,
both older adults and young adults primarily used
their vasti and tibialis anterior to support their body;
however the vasti of the older adults increased its

contribution to support at a slower rate compared to
the vasti of the young adults (p = 0.001; Fig. 5a).
Older adults used their gluteus medius earlier
(p = 0.024; Fig. 5f) and more of their gluteus maximus
(p = 0.011; Fig. 5c) for support compared to young
adults. Older adults received support later in early
stance from rectus femoris (p = 0.015; Fig. 5d) com-
pared to young adults. In the older adults, the medial
hamstrings contributed more to support at heel strike,

FIGURE 2. Principal component (PC) analysis results for muscle force PCs that were significantly different between older (- - -)
and young (__) adults. Loading vectors for the significant PCs (and % variance explained by the PC) are shown in the top plot for
each muscle. Below each loading vector, the waveforms with the lowest (Low ---) and highest (High ---) PC Z-scores are shown.
These waveforms depict which feature of the curve the PC loading vector captures.
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while the contribution to support from the medial
hamstrings in young adults peaked slightly later during
weight acceptance (p = 0.023; Fig. 5e). The onset of
the contribution to support from the gastrocnemius
occurred later in stance in the older adults than in the
young adults (p = 0.014; Fig. 5b). Older adults had a
smaller contribution to support during terminal stance
from the psoas compared to young adults (p = 0.029;
Fig. 5g). Thus, age-group differences in the magnitude
of muscle contributions were found only in proximal
muscles. However the age-group with the greater
contribution from a muscle depended on the function
of the muscle. Compared to young adults, older adults
had a greater contribution to support from their pri-
mary hip extensor (gluteus maximus) and a smaller
contribution from one of their hip flexors (psoas).
There were no statistically significant differences
between age-groups in contributions to support from
the biceps femoris, soleus, tibialis anterior, or iliacus
(all p ‡ 0.063).

Secondary Analyses

Joint Kinematics and Kinetics

There were no statistically significant differences
between age-groups in average peak force residu-
als (Older: 18.2 ± 9.0 N; Young: 11.6 ± 5.6 N; p =

0.096) or average peak moment residuals (Older:
31.7 ± 8.2 Nm; Young: 35.1 ± 9.1 Nm; p = 0.464)
after RRA.

Kinematic and kinetic waveforms differed between
older and young adults (Table A1; Fig. A2 in Sup-
plementary Material). At least 90% of the variation in
all kinematic and kinetic PCMs was explained by 1–6
principal components. Pelvic tilt and lumbar extension
angle were each explained by one PC. Hip angle, ankle
angle, and ankle power were each explained by three
PCs. Knee angle and ankle torque were explained by
four PCs. Knee and ankle angular velocity, hip and
knee joint torque, and hip joint power were explained
by five PCs. Hip angular velocity was explained by six
PCs.

Sagittal plane joint angles were not different
between age-groups at the hip or knee; however, at the
ankle, older adults produced later peak dorsiflexion
and plantarflexion angles than the young adults
(p = 0.001; Fig. A3-G in Supplementary Material).
Pelvic tilt and lumbar extension were not different
between older and young adults (Table A2).

Although joint angles were not different, joint
angular velocities differed between older and young
adults. The older adults’ hip angular velocity ampli-
tude during late stance was smaller than that of the
young adults (p = 0.037; Fig. A3-A in Supplementary
Material) compared to the young adults. Compared to
the young adults, the older adults had a later peak knee
angular velocity during terminal stance and late swing
(p = 0.044; Fig. A3-D in Supplementary Material).
The older adults had later peak ankle angular velocities
during late stance and early swing (p = 0.001; Fig.
A3-H in Supplementary Material).

FIGURE 2. continued
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Differences in joint torques between older and
young adults were found at the hip and knee. Consis-
tent with the hypothesis of a distal-to-proximal shift in
neuromuscular control with age, the magnitude of the
hip extension torque during early stance was greater in

the older adults than in the young adults (p< 0.001;
Fig. A3-B in Supplementary Material). Although older
adults tended to have a smaller plantarflexion torque
than the young adults, there were no statistically sig-
nificant differences between age groups in the PCs for

FIGURE 3. Individual muscle contributions to overall center-of-mass (COM) acceleration in the fore-aft (progression, a) and
vertical (support, b) directions during stance in older and young adults. Muscle contributions are stacked on top of one another to
show their relative contributions to the overall COM acceleration. Healthy older and young adults used similar muscles to support,
brake, and propel their COM during gait; however the magnitude and timing of individual muscle contributions differed between
age groups.
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ankle torque (p ‡ 0.064). At the knee, PC3 captured
the older adults’ smaller knee extension torque mag-
nitude during early stance (p< 0.001; Fig. A3-E in
Supplementary Material).

Although statistically significant differences in joint
torques were not observed at the ankle, joint power
differed between age groups at each joint (Table A1).
Compared to young adults, older adults had greater
positive power at the hip (p< 0.001; Fig. A3-C in

Supplementary Material); however, there was no dif-
ference between age groups in positive power at the
ankle (p = 0.082). Older adults also had later peak
power absorption at the knee during late stance and
late swing (p = 0.004; Fig A3-F in Supplementary
Material). Finally, older adults had greater negative
power at the ankle during late stance than the young
adults (p = 0.002; Fig. A3-I in Supplementary Mate-
rial).

FIGURE 4. Principal component (PC) analysis results for individual muscle contribution to progression PCs that were signifi-
cantly different between older (- - -) and young (__) adults. Loading vectors for the significant PCs (and % variance explained by
the PC) are shown in the top plot for each muscle. Below each loading vector, the waveforms with the lowest (Low ---) & highest
(High ---) PC Z-scores are shown. These waveforms depict which feature of the curve the PC loading vector captures.
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Muscle Activations

There were several differences in the magnitude of
proximal muscle activations generated from SO
between age-groups (Table A3). The gluteus maximus
of the older adults had a greater activation than the
young adults’ gluteus maximus (p = 0.007; Fig. A4-B
in Supplementary Material). Furthermore, the gluteus
medius of the older adults had a greater activation

during early stance than in late stance (p = 0.001;
Fig. A4-H in Supplementary Material), while the glu-
teus medius of the young adults displayed similar
activation magnitudes in early and late stance. The
biceps femoris of the older adults displayed greater
activation during early stance and terminal stance
compared to the biceps femoris of the young adults
(p = 0.042; Fig. A4-F in Supplementary Material).

FIGURE 5. Principal component (PC) analysis results for individual muscle contribution to support PCs that were significantly
different between older (- - -) and young (__) adults. Loading vectors for the significant PCs (and % variance explained by the PC)
are shown in the top plot for each muscle. Below each loading vector, the waveforms with the lowest (Low ---) & highest (High ---)
PC Z-scores are shown. These waveforms depict which feature of the curve the PC loading vector captures.
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During late stance, the hip flexors, iliacus (p = 0.019;
Fig. A4-E in Supplementary Material) and psoas
(p = 0.005; Fig. A4-I in Supplementary Material), of
the older adults were activated less than those of the
young adults.

Activation magnitude and timing of three of the
distal muscles differed between older and young adults.
The tibialis anterior of the older adults displayed a
higher activation during early stance (p = 0.024;
Fig. A4-D in Supplementary Material). The older
adults’ gastrocnemius was activated later and its acti-
vation peaked later, compared to the activation of the
young adults’ gastrocnemius (p = 0.045; Fig. A4-C in
Supplementary Material). The soleus of the older
adults also displayed later peak activation (p = 0.025;
Fig. A4-G in Supplementary Material). Additionally,
the vasti of the older adults displayed later peak acti-
vation during early stance and more sustained activa-
tion during stance compared to the vasti of the young
adults (p< 0.001; Fig. A4-A in Supplementary Mate-
rial). Finally, compared to the medial hamstrings of
the young adults, the older adults’ medial hamstrings
displayed smaller activation immediately after heel
strike (p = 0.034; Fig. A4-J in Supplementary Mate-
rial) but greater activation throughout the rest of early
stance (p = 0.046; Fig. A4-K in Supplementary
Material). There were no statistically significant dif-
ferences between age-groups in rectus femoris activa-
tion waveform features (all p ‡ 0.096).

DISCUSSION

This study aimed to characterize muscle forces and
function in healthy older adults and compare healthy
older adult muscle function to that of young adults.
The study’s approach leveraged dynamic simulations
to investigate the hypothesis of an age-related distal-
to-proximal shift in neuromuscular control at the
muscle level. This hypothesis was previously proposed
based on an observed redistribution of joint torque
and power,10 which was only partially confirmed in
this cohort of healthy older and young adults. We
chose PCA because of its capacity to identify differ-
ences in spatial as well as temporal characteristics of a
data set. Although we found that healthy older and
young adults used similar muscles to accelerate their
COM during gait, there were many differences between
age-groups in the magnitude and timing of muscle
forces and contributions to support and progression.

In partial support of our hypothesis and similar to
the findings of others,19 the healthy older adults’ glu-
teus maximus produced a greater force and contribu-
tion to support than the young adults’ gluteus
maximus in the simulations. However, while the soleus

and vasti contributions to support during early stance
were, on average, greater in young adults compared to
healthy older adults, the differences were not statisti-
cally significant. Therefore, the greater role of the
gluteus maximus in supporting the COM of the heal-
thy older adults does not appear to be due to a sig-
nificant decrease in muscle contributions to support of
any one muscle or muscles at a single joint.

Contrary to our hypothesis, there were no differ-
ences between age-groups in the magnitude of ankle
plantarflexor forces and contributions to support and
progression. Furthermore, no differences in ankle tor-
que were observed between age groups. It should be
noted, however, that the healthy older adults tended to
have smaller plantarflexion torques than the young
adults. Although the healthy older adults in this study
had greater negative ankle power, there was no sig-
nificant difference in peak positive plantarflexion
power between age-groups. These findings are in con-
trast to previous studies that reported decreased ankle
torque and positive power in older adults.10,22,32 There
are a few potential reasons for this discrepancy. In the
current study, torque and power were normalized to
subject weight and height; however, these values were
not normalized in DeVita and Hortobagyi.10 Although
the subjects in the DeVita and Hortobagyi study were
not significantly different in mass or height, the large
standard deviations in subject mass and height indicate
that individual subject calculations of joint torque and
power could have been affected by these parameters.
Additionally, in previous studies that reported differ-
ences in ankle kinetics, the older adults walked with
a significantly smaller stride length than young
adults;10,22 however, in the present study, the healthy
older and young adults walked with similar step
lengths. Shorter stride lengths are associated with
decreased ankle torques,1 which may indicate adjust-
ments in stride length are responsible for the previously
observed redistribution of lower-limb joint torques
rather than an age-related change in neuromuscular
control.19 Differences in gait speed may have also
contributed to the discrepancy in findings at the ankle.
Silder et al.32 found age-group differences in ankle
power at a fast speed (1.58 m/s), but not at a self-
selected speed (1.32 m/s), both of which were faster
than the average self-selected speed of the healthy older
adults included in the current study (1.25 m/s).

Age-related differences in muscle activation pat-
terns, as estimated by simulation, may have con-
tributed to some of the differences in muscle function
observed at the hip. The healthy older adults’ gluteus
maximus activation was greater than that of the young
adults, which likely influenced the greater gluteus
maximus force observed in the older adults in this
study. Furthermore, the healthy older adults’ iliacus
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and psoas activations were less than that of the young
adults. The decreased activations of the iliacus and
psoas during late stance were reflected in the smaller
forces observed for these two muscles in the older
adults. The increased activation of the primary hip
extensor (gluteus maximus) and decreased activation of
the hip flexors (iliacus and psoas) in the healthy older
adults compared to the young adults may reflect a
change in neuromuscular control at the hip. This change
in hip muscle activity is consistent with the increased hip
extension torque found in the current study and previ-
ously reported by DeVita and Hortobagyi.10

Differences in muscle activation magnitude or tim-
ing between age-groups did not necessarily correspond
to similar differences in muscle force or function. For
example, although the healthy older adults’ iliacus had
a smaller activation and produced a smaller force
during late stance compared to the young adults’ ilia-
cus, the older adults had a larger contribution to
propulsion from iliacus during late stance. Kinematic
differences could also influence differences in muscle
force or function. Kinematics affect muscle moment
arms ([R]), a muscle’s location on its force–length-ve-
locity curve (and thus its force (f)), and the orientation
and inertial properties of the body segments (the mass
matrix: [M]21), which together determine muscle con-
tributions to acceleration (€q)23:

€q ¼ M½ ��1� R½ �f ð2Þ

Compared to young adults, older adults may have
differences in muscle strength, joint laxity, proprio-
ception, and muscle contraction velocity, any of which
could cause a complex chain of reactions resulting in
changes to neuromuscular control and altered muscle
forces or joint kinematics, which affect muscle induced
accelerations (Eq. (2)). A decrease in muscle contri-
bution from a muscle or muscle group at one point in
the gait cycle could be made up for by another muscle
or muscle group at a different point in the gait cycle.
Future work is needed to determine the exact cause or
causes of age-related changes in neuromuscular con-
trol. For example, forward dynamic simulations could
be used to predict emergent behavior or selective
weakening could identify compensation strategies for
muscle weakness in a particular muscle group.

Although kinematic differences between older and
young adults have been observed in previous stud-
ies,19,32 the healthy older and young adults in this
study walked at similar speeds with joint angles that
were not statistically different in magnitude. However,
age-group differences in joint angular velocities were
observed. The healthy older adults in our study spent a
longer percent of the gait cycle in stance compared to
young adults, which is consistent with the findings of

previous studies.10,19 The later peak plantarflexion
angle observed in the older adults is likely due to this
longer stance phase. Despite no difference in ankle
torque, the healthy older adults had greater power
absorption at the ankle compared to young adults,
which appeared to be due to differences in joint
angular velocity rather than muscle function. How-
ever, due to a lack of statistical significance in hip
flexion angle magnitude (p = 0.177), we were not able
to confirm DeVita and Hortobagyi’s hypothesis that
older adults adopt a gait strategy that increases hip
flexion to compensate for reduced power generation at
the ankle. It is possible that the proposed distal-to-
proximal shift that has been suggested based on dif-
ferences in joint torque and power may not be
observed as differences in muscle contributions to
support and progression. Differences between older
and young adults observed using metrics of joint tor-
ques and powers have been hypothesized to be
indicative of a change in the locus of muscle function
with age; therefore, we suggested this change in muscle
function should be evident at the muscle level. We used
dynamic simulations to explore these muscle forces,
which give rise to joint torques, and their primary
function of contributing to the support and progres-
sion of the center of mass. However, whether the
muscle level or the joint level is better to characterize
motor control remains an open question in the field.

The findings of this study may be limited by the
small sample size of the two subject groups. The dis-
crepancies in age-related differences in ankle kinemat-
ics and kinetics, particularly ankle power generation,
between this study and some previous studies of older
adult gait may be attributable to the small sample sizes
leading to potential type II error in the statistical
analyses. However, there are discrepancies in the lit-
erature regarding age-related differences in ankle
power. Our findings agree with other previous studies
that have found no differences in ankle power gener-
ation between healthy older and healthy young
adults14 and between healthy older and healthy young
women,21 particularly when accounting for differences
in step length between subjects.14 Additionally, iso-
metric muscle strength was not measured for the sub-
jects; therefore, differences in the muscle strength of
the healthy older and young adults are unknown and
could not be modeled. However, the healthy older
adults in this study were very active, as evidenced by
their high scores on a self-reported physical activity
questionnaire.32 The same cost function, the sum of
muscle activations squared, was used in SO for both
older and young adults. However, it is unknown if this
cost function commonly used for estimations of muscle
activations and forces in young adults is also appro-
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priate for estimating muscle activations and force in
older adults. Future work should determine if there is a
more appropriate cost function for older adults than
the sum of muscle activations squared. Finally, age-
related changes in muscle–tendon parameters, which
could affect muscle forces and moment arms, were not
modeled in this study. The effects of peak isometric muscle
force values and strength distribution of the older adult
models on the findings of this study were assessed by
applying simulated (1) 10% global weakness, (2) 35% glo-
bal weakness, and (3) 30% plantarflexor weakness in the
models of the older adults (Appendix B). A comparison of
RMS errors between EMG and activations estimated by
SO in the full strength, globally weakened, and plan-
tarflexor weakened cases indicated that agreement between
experimental and simulation activations was generally
worse with global and local muscle weakening. Further-
more, SO assumes an inelastic tendon. Therefore, altering
muscle tendonparameterswouldnotaffectmuscle forcesor
activations estimatedbySO.Future studies should examine
the effects of age-related changes to neuromuscular prop-
erties on muscle function during gait.

The findings of this study provide new insights
concerning the hypothesis of an age-related distal-to-
proximal shift in neuromuscular control, which was
initially formulated based on joint level analyses.10 The
greater involvement of the gluteus maximus and glu-
teus medius in braking and supporting the COM
during early stance in the older adults in this study
suggests these muscles are preferentially recruited in
healthy older adults. However, this study did not ob-
serve smaller muscle forces or reduced function at the
ankle in the healthy older adults. Rather, the changes
in kinematics at the ankle may be associated with the
greater power absorption observed at the ankle in the
older adults. Thus, the results of this study suggest age-
related alterations at the muscle level drive differences
at the hip, while kinematic modifications dominate
adjustments seen at the ankle in healthy older adults.
The combined effects of muscular and kinematic
adjustments may lead to the observed differences in
gait between healthy older and young adults. There is a
need to better understand the interplay between neu-
romuscular control, kinematics, and muscle function
during gait in older adults in order to further identify
neuromuscular and biomechanical factors essential to
the ability to walk and remain physically active.
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