Eur J Appl Physiol (2016) 116:805-814
DOI 10.1007/s00421-015-3312-8

@ CrossMark

ORIGINAL ARTICLE

Age and muscle strength mediate the age-related biomechanical

plasticity of gait

Tibor Hortobagyi!”? - Patrick Rider? - Allison H. Gruber* - Paul DeVita®

Received: 13 May 2015 / Accepted: 10 December 2015 / Published online: 11 February 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract

Purpose Old compared with young adults walk with
reduced ankle and increased hip mechanical output. We
examined the idea that age, leg strength, or both are related
to the age-related changes in mechanical output during gait.
Methods Healthy young (n = 32, age 21.5 years) and old
adults (n = 32, age 76.8 years) participated in biomechani-
cal gait analyses at 1.5 m/s and were also measured for
maximal leg strength.

Results Analysis 1 confirmed previous data as old com-
pared with young adults walked with 50 % more hip posi-
tive work and 18 % less ankle positive work. Analysis
2 showed that leg strength did not affect gait kinetics in
groups of subjects with similar ages. In a weak young and
a strong old group, Analysis 3 showed that old adults still
walked with 23 % greater hip positive work. The group by
joint interaction in Analysis 4 was suggestive of an even
greater reliance on hip and less reliance on ankle work in
weak compared with strong old adults.

Conclusions Age and leg strength both contribute to
the age-related changes in mechanical output during gait.
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Introduction

Healthy aging is associated with visible changes in human
locomotion. Old adults’ gait is characterized by slow speed,
short steps, and reduced joint range of motion (Abellan van
Kan et al. 2009; Beijersbergen et al. 2013; DeVita and Hor-
tobagyi 2000). There are also less perceptible and subtle
changes in joint kinetics. Biomechanical gait analyses have
consistently shown that healthy old compared with young
adults walk with a different configuration of mechanical
output generated by the hip, knee, and ankle joints (Bei-
jersbergen et al. 2013; DeVita and Hortobdgyi 2000). Old
adults’ gait is characterized by a distal-to-proximal shift in
mechanical output: hip power increases and ankle power
decreases with little or no change in knee joint power. This
pattern of redistribution in joint powers, herein referred to
as the age-related biomechanical plasticity of gait, is most
often independent of gait speed, gender, and aerobic capac-
ity (Beijersbergen et al. 2013; Boyer et al. 2012; Dingwell
and Cusumano 2000; Graf et al. 2005; Judge et al. 1996;
Kerrigan et al. 1998; McGibbon and Krebs 2004; Monaco
et al. 2009; Savelberg et al. 2007; Silder et al. 2008; Winter
et al. 1990).
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While there are many possible physiological factors that
can underlie the phenomenon of biomechanical plastic-
ity, this phenomenon is most likely related to age-related
changes in neural and musculoskeletal function. Healthy
aging is associated with an up to 50 % reduction in the
number and diameter of ventral root myelinated moto-
neuron axons, a loss of large-diameter axons, slowing of
peripheral nerve conduction, impaired sensory fiber func-
tion, prolongation of reflex latencies, and up to a 30 % loss
and subsequent remodeling of motor units (Aagaard et al.
2011). Such modifications in the trophic effect of neu-
ral organization and input to muscle by itself and coupled
with age-related sarcopenia lead to a substantial loss in old
adults’ ability to produce high levels of voluntary force and
power (Danneskiold-Samsoe et al. 2009; Harbo et al. 2012;
Hortobagyi et al. 1995; Narici and Maffulli 2011). Based
on such well-documented changes in the aging neuromus-
cular system, it is reasonable to expect that reduction in
voluntary leg strength is a mediator of the age-related reor-
ganization of gait mechanics.

Howeyver, there is some evidence that if we controlled
for physiological, neurological, and biomechanical adapta-
tions that occur with human aging, old age, i.e., being over
age 65, per se may also contribute to the biomechanical
plasticity of gait. For example, there are conflicting data for
the idea that loss of strength does (Anderson and Madigan
2014) or does not (Franz and Kram 2013) mediate reduced
ankle mechanical power and work in old adults. The age-
typical gait kinetics were present in physically active old
runners and sedentary old adults during walking (Savel-
berg et al. 2007), in sedentary young and old adults during
walking, running, and sprinting at maximal speed (Kulmala
et al. 2014), and also in the comparison between mobil-
ity impaired and healthy old adults (McGibbon and Krebs
2004). It is thus possible that in addition to leg strength,
age would also independently contribute to the reorganiza-
tion of gait. Therefore, we devised a series of novel analy-
ses in which we control for age, leg strength, or both and
determine if the age-related gait modifications are present
under each of these conditions. Because the age-related
gait adaptations are robust and are present even in highly
fit and trained old adults (Boyer et al. 2012; Kulmala et al.
2014; Savelberg et al. 2007), the gait adaptations repre-
sent a strategy that allows old adults to complete gait tasks
despite their levels of muscle strength. Therefore, we favor
the hypothesis that age and not leg strength is the defin-
ing factor in the age-related biomechanical plasticity of
gait. We expect to observe gait differences in comparisons
of young and old adults but not in comparisons of weaker
and stronger adults. Within the age-based comparisons we
expect to observe greater hip and lower ankle joint mechan-
ical output in old compared to young adults.
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Methods
Subjects and design

Ultimately 32 young and 32 old adults (28M, 36F) were
enrolled in the study. Young subjects were healthy, col-
lege students recruited from the campus area. Old adults
lived independently in the surrounding communities and
all drove automobiles to the laboratory for all sessions. An
initial telephone interview determined participants’ func-
tional ability and health history. Subjects were included if
they were healthy; defined as being free of musculoskeletal
disease or injury, had body mass index (BMI) <30.0 kg/m?,
were capable of participating in a maximum strength test,
and could perform level walking with no difficulty. Spe-
cifically, subjects were considered unhealthy and excluded
if they reported any difficulty or pain when performing
daily tasks, and had a history of falls, or a history of neu-
rological, musculoskeletal, or cardiovascular disease or
injury. A geriatrics physician performed a medical exam
on those who passed an initial phone screening thus ensur-
ing all subjects were healthy and capable of participating
in all study procedures. Subjects were included who took
a medication, for example, to control blood pressure. All
subjects completed a physical disability questionnaire to
assess functional ability, and performed the testing proto-
col without difficulty. The University and Medical Center
Institutional Review Board approved the study protocol
(number 98-044). Subjects read and signed an informed
consent before the start of any data collection. Young and
old subjects were separated into sub-groups based on a
lower extremity strength index score described below, an
approach also used recently (Clark et al. 2015). There were
16 subjects in each of the four sub-groups [young weak
(4M, 12F), young strong (11M, 5F), old weak (4M, 12F),
old strong (9M, 7F)]. Therefore, to determine the effects of
age on gait mechanics, we used all of the young (n = 32)
and all of the old (n = 32 adults). To determine the effects
of leg strength, we combined the weak young (n = 16) and
weak old (n = 16) subjects (n = 32 total weak) and the
strong young (n = 16) and strong old (n = 16) subjects
(n = 32 total strong). Finally, to control for both age and
leg strength, we compared the 16 weak young with the 16
strong old adults. Table 1 shows the subject characteristics.

Experimental set-up

An AMTI force platform (Watertown, Massachusetts,
USA) located in the center of a 14.3-m level walkway
was used to measure ground reaction forces and moments
of force at a sampling rate of 960 Hz and gain of 4000.
Eight infrared ProReflex cameras (Qualisys Medical AB,
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Table 1 Characteristics of subjects

Variable Young (n = 32) Old (n = 32)
Female/male 15/17 13/19

Age (years) 21.5+ 1.61 76.8 £5.27
Mass (kg) 68.9 £ 12.61 68.8 £ 10.8
Height (m) 1.73 £ 0.09 1.66 £ 0.10
BMI (kg/m?) 23.0 £ 3.54 24.8 +£3.30
Gait speed 1 (m/s) 1.47 £0.20 1.38 £ 0.18*
Gait speed 2 (m/s) 1.52 + 0.04 1.51 £ 0.03
Stride length (m) 1.59 £ 0.07 1.52 £ 0.08*
Disability (/64) 041 +1.13 3.56 £+ 4.35%
Leg strength (Nm/kg/m) 564 +13.3 31.9 4+ 8.63*

Values are mean £ SD

BMI, body mass index; Gait speedl measured during a functional
gait test over 20 m at a self-selected pace on the carpeted floor of a
corridor; Gait speed2, measured during biomechanical gait analysis
in the laboratory, set at 1.5 m/s (5 %); Stride length, measured dur-
ing biomechanical gait analysis in the laboratory, set at 1.5 m/s; Leg
strength, sum of maximal isokinetic and isometric knee torque of the
right quadriceps muscle normalized for body mass

*p <0.05

Goteborg, Sweden) recorded at 120 Hz 3D gait kinemat-
ics of the subjects walking at 1.5 m/s. Data were collected
with Qualisys Track Manager Software (Qualisys Medi-
cal AB, Goteborg, Sweden) and analyzed with Visual 3D
(C-Motion Inc., Rockville, Maryland, USA). Gait speed
was measured with an infrared timing system (Brower
timing systems, model IRD-T175, Salt Lake City, Utah,
USA). A Kin-Com isokinetic dynamometer (Model AP125,
Chattecx Corporation, Chattanooga, Tennessee, USA) was
used to measure force during isokinetic and isometric leg
strength testing.

Testing protocol

Subjects completed the protocol in a single, 2-h-long ses-
sion. First, subjects completed a disability questionnaire
concerning 16 activities of daily living by rating their dif-
ficulty doing each activity on a scale from 0 (no difficulty)
to 4 (great difficulty) providing a total disability range of
0-64. Next, they performed a functional gait test to deter-
mine their habitual walking speed. Subjects walked 20 m
on a straight path at a self-selected pace in a well-lit, car-
peted, 30-m-long indoor corridor two times. We used gait
speed during this test to characterize subjects’ functional
ability. For gait analysis, subjects wore black spandex
shorts, a tight-fitting T-shirt, and athletic shoes. Standing
height and mass were measured. Reflective markers were
placed on anatomical locations of the right leg and hip,
including the right and left anterior superior iliac spine,
between the 5th lumbar and 1st sacral vertebrae, the right

and left, iliac crest, the right and left greater trochanter, the
medial and lateral space between the femur and tibia of the
right knee, and the medial and lateral malleoli of the right
ankle. Rigid rectangular plates with 4 markers, each were
placed on the lateral thigh and lateral shank. A three-marker
triangular plate was also affixed over the midfoot and a sin-
gle marker on the shoe over the calcaneus. Subjects prac-
tised on the walkway to ensure that they would step on the
force platform with the right foot without altering the walk-
ing pattern or targeting the force platform. Subjects walked
at a standard speed of 1.5 m/s (£5 %) for all gait analysis
trials. Gait velocity was measured with a Brower infrared
timing system (Model IRD-T175, Salt Lake City, Utah).
Trials were discarded if the subject walked more than 5 %
slower or faster compared with the 1.5 m/s target speed,
the foot was not completely on the force platform, or the
subject made visually obvious stride alterations to contact
the force platform. Five successful trials were collected for
each subject. No subjects reported fatigue during or after
the test session.

Subjects performed maximal, concentric isokinetic and
isometric leg presses after the gait analysis protocol on a
Kin-Com dynamometer to comprehensively character-
ize overall lower extremity strength. Subjects sat on the
dynamometer’s seat in the starting position with hip, knee,
and ankle joints flexed approximately 90°, 60°, and —10°
(dorsiflexed). A lap belt over the waist and a crisscross
harness over the trunk stabilized the subject. Subjects per-
formed several warm-up trials by practising the leg press
movement at 50-75 % of their maximal ability until they
were comfortable with the test before performing the
maximal test trials. We selected the leg press because pilot
experiments using electromyography showed that a maxi-
mal effort in this movement strongly activates the muscles
that are also active in the stance phase of gait. The leg press
attachment utilized in this protocol was different than a tra-
ditional leg press. Only the distal end of the foot made con-
tact with the dynamometer, which forced the participant to
utilize their plantarflexors in addition to their hip and knee
extensors. These tests measured the combined strength of
the hip and knee extensors and ankle plantarflexors. Torque
production during concentric contractions of the right leg
was measured in a randomized order at 30 and 60°/s. These
speeds denote the rotation of lever arm, speeds of old adults
were comfortable to execute in preliminary experiments.
Subjects were instructed to press on the dynamometer’s
footplate while extending the hip, knee, and ankle joints.
To represent subjects’ comprehensive leg strength capac-
ity, they also performed maximal isometric contractions
at 15°, 45°, and 90° of knee flexion representing relatively
extended to flexed lower limb positions. There was 30 s of
rest between the maximal trials and 1 min of rest between
the isokinetic and isometric conditions. Leg press has been
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used previously as a composite measure (Bean et al. 2009;
Callahan et al. 2007; Claflin et al. 2011), also in the form of
jumping and correlated with walking speed (Stenroth et al.
2015).

We assessed the reliability of biomechanical and leg
strength data in separate experiments in 12 healthy adults
(age: 49 * 6 years). Subjects were tested twice with identi-
cal procedures 2 weeks apart. Reliabilities of joint position,
torque, and power and isokinetic leg strength were assessed
with intraclass correlation coefficients and paired ¢ tests.
For the biomechanical tests, comparisons of sample means
for 19 variables between test sessions produced non-signif-
icant results (p values ranged from 0.180 to 0.903, paired ¢
test). For example, the mean joint torque curves for the two
tests were nearly identical at the ankle, knee, and hip joint,
respectively. The intraclass correlation coefficients for the
isokinetic leg strength measures ranged from 0.87 to 0.97,
suggesting a high reliability. The mean knee extension
torque values computed for day 1 and day 2 were statisti-
cally similar (p > 0.05). Previously, we also reported high
reliability (r = 0.74-0.92) for maximal effort knee exten-
sion in healthy old adults (Hortobégyi et al. 1995).

Data analysis

We determined the peak torque by digitizing the torque-
time curves for the 30 and 60°/s isokinetic and for the
isometric leg press trials at 15°, 45°, and 90° knee flex-
ion. Each of the five values was normalized by BMI. The
sum of these five normalized values formed the leg press
strength index, which was used to divide the old and young
groups into strong and weak sub-groups. For the 20-m
functional gait test, the speed of the faster of the two trials
was used to categorize the subjects’ functional ability. We
performed 3D inverse dynamics gait analysis using Visual
3D and custom software to compute, based on linear and
angular Newtonian equations of motion, 3D joint torques
at the hip, knee, and ankle of the right leg during the stance
phase (DeVita and Hortobdgyi 2000). Briefly, Cartesian
coordinates of the reflective markers were derived from the
marker position data when the right leg was in the stance
phase of gait and in contact with the force platform. These
kinematic data were filtered using a low-pass 2nd order
Butterworth bidirectional digital filter at 6 Hz. Ground
reaction forces were filtered at 45 Hz. Segmental masses,
location of the mass centers, and central moments of iner-
tia were estimated from mathematical models (Dempster
1955). The lower extremity was modeled as four rigid seg-
ments (pelvis, thigh, shank, and foot). Joint angular posi-
tions and velocities were calculated at the hip, knee, and
ankle joints. Joint powers were calculated as the product of
the joint torques and joint angular velocities. Positive, neg-
ative, and net joint work in all planes in the stance phase
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were calculated from the hip, knee, and ankle powers as the
areas under the joint power-time curves. Positive and nega-
tive work indicated that the muscles generated or dissipated
mechanical energy (DeVita and Hortobagyi 2000). For the
present study, we included only the positive mechanical
work in the sagittal plane as a dependent variable because
it was 89 % of the total joint work while frontal and trans-
verse plane work were 9 and 2 % of the total and because
positive work has been used previously as the basis of
mechanical plasticity with age in locomotion (DeVita and
Hortobédgyi 2000). We also totaled the positive work as the
sum across all three joints to estimate the total leg work.

Statistical analyses

We report data as mean = standard deviation (SD) of each
group. t tests were used for age group comparisons on func-
tional ability (i.e., self-selected gait speed) and basic gait
variables such as walking speed and stride length, deter-
mined from the motion analysis. For each of the four main
analyses, we performed a group by joint analysis of vari-
ance (ANOVA). The group factor either had two levels of
age (young, old) or two levels of leg strength (weak, strong).
The joint factor as a repeated measure had three levels: hip,
knee, and ankle. Analysis 1 compared joint work between
young versus old adults. Analysis 2 compared joint work
between weak adults versus strong adults and was con-
trolled for age (i.e., groups had similar age). Analysis 3
compared joint work between young versus old adults and
controlled for leg strength (i.e., groups had roughly similar
leg strength). Analysis 4 compared joint work in weak old
adults versus strong old adults in terms of the relative con-
tribution of hip, knee, and ankle joints to the total positive
joint work and was controlled for age (i.e., groups had simi-
lar age). In case of a significant interaction effect, we used
a priori planned comparisons to determine the means that
were different within each joint at p < 0.05. We also exam-
ined the influence of leg strength on the shift from distal-
to-proximal muscle function in old adults by regressing hip
joint work on ankle joint work in old adults (n = 32) and in
sub-groups of weak (n = 16) and strong old adults (n = 16).

Results

Table 1 shows that body mass, height, and BMI were simi-
lar in the two age groups. Old compared with young adults
had 1.8 units higher BMI (p = 0.032), approximately 3
points greater disability on a scale of 64 (p = 0.023), and
43 9% lower leg strength (p = 0.001). During the functional
gait test, old compared with young adults walked 0.09 m/s
or 6.4 % slower at a self-selected speed (p = 0.057). When
measured in the laboratory during the gait analysis at a
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Table 2 Analysis 1: effects of age on positive joint work in the
stance phase of gait*

Table 3 Analysis 2: control for age: effects of leg strength on posi-
tive joint work in the stance phase of gait independent of age

Variable Young (n = 32) Old (n = 32) p value Variable Weak (n = 32) Strong (n =32) p value
Hip (J/kg) 0.218 £ 0.072 0.298 + 0.084* 0.001 Leg strength (Nm/kg/m?)  35.0 = 11.9 533 +£15.6° 0.002
Knee (J/kg) 0.090 £+ 0.029 0.082 £+ 0.037 0.259 Hip (J/kg) 0.263 £0.089 0.244 +£0.081  0.257
Ankle (J/kg) 0.339 £ 0.122 0.279 + 0.107° 0.038 Knee (J/kg) 0.083 £0.034 0.090 £ 0.033 0.279
Ankle (J/kg) 0.288 £0.110 0.330+£0.123  0.131

Values are mean £ SD
* Significant age-by-joint interaction (F = 8.3, p = 0.001)
* Young lower than old

® Young higher than old

fixed speed of 1.5 m/s, old compared with young adults had
6 cm shorter stride length (p = 0.001) but walked nearly at
an identical speed (0.3 % difference, p = 0.382).

Analysis 1

Comparison of joint work between young versus old adults:
We compared young and old adults’ gait biomechanics to
confirm previously reported age-related adaptations in gait.
Table 2 shows the effects of age on the mass-normalized
positive work at the hip, knee, and ankle joints during the
stance phase of gait. The total positive work was less than
1 % different and not statistically significant (F = 0.009,
p = 0.417) in young (0.648 + 0.102 W/kg) compared
with old (0.651 £ 0.117 W/kg) adults. The group (young,
old) by joint (hip, knee, and ankle) interaction (F = 8.3,
p = 0.001) suggests that old adults walked with 50 % more
hip, similar knee, and 18 % less ankle joint positive work.
Analysis 1 confirms the previously reported age-related
distal-to-proximal shift in gait kinetics (Beijersbergen et al.
2013; DeVita and Hortobagyi 2000).

Analysis 2

Comparison of joint work between weak adults versus
strong adults, controlled for age: We controlled for age
and determined the effects of leg strength on positive joint
work. All of the young (n = 32) and old (n = 32) subjects
were ranked based on the leg strength index. The data were
then reorganized in which the 16 weakest young subjects
and the 16 weakest old subjects were combined into the
“weak” sub-group and the 16 strongest young subjects
and the 16 strongest old subjects were combined into the
“strong” sub-group. Thus, the two sub-groups were sepa-
rated by leg strength index, independent of age. The weak
group had 52 % lower leg strength than the strong group.
These weak and strong groups were similar in age [49.6
(£3.4) and 48.7 (£3.4) years], mass [68.8 (£13.2) and
68.9 (£10.2) kg], height [1.69 (£0.09) and 1.71 (£0.09)
m], BMI [24.1 (£3.7) and 23.7 (3.2) kg/m?], stride length

Values (mean =+ SD)
% Weak lower than strong

[1.54 (£0.07) and 1.51 (£0.07) m], and gait speed [1.57
(£0.04) and 1.52 (£0.03) m/s] (all p > 0.05).

The lower portion of Table 3 shows that leg strength did
not affect positive work at the hip, knee, and ankle joints
[group (weak, strong) by joint (hip, knee, ankle) interac-
tion, F = 0.9, p = 0.404].

Analysis 3

Comparison of joint work between young versus old adults
controlled for leg strength: We examined the effects of age
on gait kinetics by controlling for leg strength in a sub-
group of weak young (n = 16) and a sub-group of strong
old adults (n = 16). The two sub-groups were similar in
body mass [70.0 (£15.2) and 70.1 (£10.6) kg], height
[1.73 (£0.09) and 1.68 (£0.10) m], and BMI [23.4 (£4.2)
and 24.9 (£3.6)] (all p > 0.05). The strong old group was
still 13.6 % weaker than the weak young group (p = 0.002)
but this difference was much smaller than the 43 % differ-
ence in Analysis 1 for all of the young (56.4 £ 13.3 Nm/
kg, n = 32) and old adults (31.9 + 8.6 Nm/kg, n = 32,
p = 0.001) and also much smaller than age-based compari-
sons in the literature whose average is greater than 40 %
(Danneskiold-Samsoe et al. 2009; Harbo et al. 2012; Hor-
tobagyi et al. 1995; Metter et al. 1999). Weak young and
strong old adults, respectively, walked with similar stride
length (1.58 and 1.55 m, p = 0.080) and gait speed (1.51
and 1.52 m/s, p = 0.408) as determined by the biomechani-
cal gait analysis. The results were similar even when we
used the weakest 8 of 16 weak young and the strongest
eight of strong old adults.

Table 4 shows the positive work at the hip, knee, and
ankle joints in the strength-controlled sub-groups of
old and young adults. There was no group (weak young,
strong old) by joint (hip, knee, ankle) interaction (F = 1.2,
p = 0.302). However, an analysis of individual joints
revealed that strong old (0.275 J/kg) compared with weak
young (0.223 J/kg) subjects walked with 23 % higher posi-
tive work generation at the hip joint (p = 0.034). The 6 %
lower ankle positive work in this old versus young sub-
group was statistically not different.
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Table 4 Analysis 3: control for leg strength: comparison of joint
work between young versus old adults

Variable Weak young Strong old p value
(n=16) (n=16)
Leg strength (Nm/  45.5 + 6.49 39.3 + 4.59* 0.002
kg/m?)
Hip (J/kg) 0.223 £0.074 0.275 £ 0.080 0.034
Knee (J/kg) 0.083 £ 0.031 0.082 £ 0.038 0.479
Ankle (J/kg) 0.338 £0.119 0.320 £ 0.121 0.335

Values (mean + SD)
* Young higher than old

Table S Analysis 4: relative contribution of individual joints to total
positive joint work in the stance phase of gait in weak and strong old
adults*

Variable Weak old Strong old p value
(n=16) (n=16)
Leg strength 245+39 39.3 £4.6 0.001
(Nm/kg/m?)

Hip 48.5+ 129 413 £132° 0.044
Knee (%) 12.9 +0.05 12.1 £ 0.05 0.322
Ankle (%) 387+ 104 46.6 £ 13.9° 0.039
Values (mean &= SD)

* Border-line-significant strength-by-joint interaction (F = 3.0,

p =0.057)

* Weak old lower than strong old
® Weak old higher than strong old
¢ Weak old lower than strong old

Analysis 4

Comparison of joint work in weak old adults versus strong
old adults: We compared the relative contribution of hip,
knee, and ankle joints to the total positive joint work in the
stance phase of gait while controlling for age. Sub-groups
of weak (n = 16) and strong old adults (n = 16) were
formed by ranking old adults (n = 32) on the leg strength
index. Table 5 shows that strong compared with weak old
adults were 61 % stronger. These two groups of old adults
were similar in age (78.1 vs. 75.4 years), mass (67.5 vs.
70.1 kg), height (1.65 vs. 1.68 m), BMI (24.8 vs. 24.9 kg/
m?), and gait speed measured during the biomechanical
gait analysis (both 1.51 m/s) (all p > 0.05) but weaker old
adults walked 0.06 m/s slower (1.49 vs. 1.55 m/s) during
the functional gait test (p = 0.023) and with 6 cm shorter
stride length measured during the biomechanical gait anal-
ysis (1.49 vs. 1.55 m, p = 0.024). Weak compared with
strong old subjects walked with 17 % greater contribution
to the total positive work generation at the hip and 17 %
less at the ankle (both p < 0.05). Despite these large and
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Fig. 1 Influence of leg strength on the shift from distal-to-proximal
muscle function in old adults by showing a significant inverse rela-
tionship between hip and ankle mechanical joint work in two sub-
groups of old adults. Most old adults with high leg strength appear
in the lower hip/higher ankle portion of the distribution (filled sym-
bols, n = 16) and most old adults with low leg strength are in the
higher hip/lower ankle area (unfilled symbols, n = 16). The equation
y =2.9x% — 2.0x 4 0.551 describes the relationship in the entire sam-
ple (n = 32) (R* = 0.39, p = 0.001 for both linear and quadratic com-
ponents)

oppositely directed differences, the group (weak, strong) by
joint (hip, knee, ankle) interaction effect was surprisingly
not significant (F = 3.0, p = 0.057) although it is possible
we have a Type II statistical error.

To determine if age, leg strength, or both affect gait
biomechanics, we examined the relationship between hip
and ankle mechanical joint work in the two sub-groups of
old adults. Figure 1 shows a significant inverse relation-
ship. Most old adults with high leg strength appear in the
lower hip/higher ankle portion of the distribution and most
old adults with low leg strength are in the higher hip/lower
ankle area.

Discussion

Four analyses of positive joint work measured in 64 healthy
adults walking at 1.5 m/s confirmed the previously reported
age-related distal-to-proximal shift in mechanical output.
Additional analyses in sub-groups of subjects in which
we controlled for age, leg strength, or both collectively
revealed that, against our initial prediction, not only age
but most likely it is both age and leg strength that cause
the age-related biomechanical plasticity of human gait, i.e.,
distal-to-proximal shift in mechanical output.

There is now a growing consensus that healthy aging
modifies the nature of human gait. A key element in this
modification is an increase in hip and a decrease in ankle
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function. Even if healthy old compared with young adults
walk at the same speed, old subjects tend to walk with
higher hip but smaller ankle range of motion, torque,
power, and work (DeVita and Hortobdgyi 2000). This
distal-to-proximal adaptation is not the result of altered
stride parameters. Since mechanical output at the hips and
ankles drive step frequency and step length, respectively
(Umberger and Martin 2007), the observed mechanical
plasticity is consistent with the observed differences in step
length and presumably rate. The older adults walked with
shorter steps and higher frequency (since gait speed was
controlled) because of increased hip and decreased ankle
work. Musculoskeletal modeling also suggests a reciprocal
interplay between hip and ankle function during gait so that
30 % simulated reduction in ankle plantarflexor strength
slowed gait and increased hip extensor net mechanical work
(Goldberg and Neptune 2007). We further address this hip-
ankle relationship in Fig. 1. The data for the knee joint are
inconsistent because some studies report higher and other
studies report lower output at this joint in old compared
with young adults (Beijersbergen et al. 2013; McGibbon
2003). In the subsequent sections, we discuss how Analy-
sis 1 confirmed the previously reported distal-to-proximal
shift in joint function during gait with age (Table 2) despite
the identical total positive work as young adults and pro-
vides a valid basis for Analyses 2—4, which in turn suggest
that both leg strength and age play a role in the age-related
reconfiguration of positive joint work measured during gait.

The age-related gait plasticity is a robust phenomenon.
Compared with young males, both physically highly active
(runners) and inactive old males exhibited this identi-
cal reorganization of joint torques measured during gait
(Savelberg et al. 2007). The age-related reduction in ankle
power was present even during running and sprinting (Kul-
mala et al. 2014). On the other end of the continuum, low-
performing elderly compared with healthy young and old
adults also showed age-related increase in hip and reduc-
tion in ankle function (McGibbon and Krebs 2004), inde-
pendent of walking speed (Graf et al. 2005; Silder et al.
2008). A modeling study suggested that the age-related
reorganization of mechanical output during gait is not
related to age (Lim et al. 2013). However, the interpreta-
tion of the authors’ own data is problematic because the net
hip extension moment was significantly greater in old com-
pared with young adults walking with the same step length
(young: 73.2 cm; old: 72.20 cm) confirming an age effect.
The age-related distal-to-proximal shift in positive joint
work during gait is most often interpreted as a compensa-
tory mechanism for the greater and earlier reduction in the
function of distal compared with proximal neuromuscular
structures (Beijersbergen et al. 2013; Boyer et al. 2012;
McGibbon 2003). The age-related distal-to-proximal shift
is also resistant to exercise interventions (Beijersbergen

et al. 2013). Such interventions do mitigate the effects of
neuromuscular dysfunctions by increasing leg strength but
still fail to transform old gait to young gait with respect to
mechanical joint output. In fact, a recent study showed that
increasing leg strength by a leg power intervention actu-
ally increases the correlation between hip strength and gait
speed and ankle strength and gait speed (Uematsu et al.
2014).

A new finding is that strength independent of age does
not mediate biomechanical gait plasticity (i.e., Analysis 2)
but strength in conjunction with old age at least partially
induces such plasticity (i.e., Analyses 3 and 4). Analysis 2
used a design that created two groups whose leg strength
differed by 52 % but controlled for age (weak: 49.6 years;
strong: 48.7 years) (Table 3). The results showed that the
positive work measured during the stance phase of gait of
the weak compared with the strong group differed only —4,
8, and 15 % in hip, knee, and ankle (all non-significant at
0.131 < p < 0.397). Analysis 3 controlled for leg strength
by creating a weak young (age 21.1) and a strong old group
(age 75.4) differing only about 14 % in leg strength com-
pared with the 43 % difference in the overall young versus
old groups (Table 1) and upwards of 40 % in most litera-
ture (Danneskiold-Samsoe et al. 2009; Harbo et al. 2012;
Hortobagyi et al. 1995; Metter et al. 1999). We emphasize
that the strong old group must represent a special segment
of healthy old adults who are highly fit, strong, and func-
tionally capable as indicated by the disability questionnaire
showing only slightly more difficulty with daily activities
in old compared to young subjects. Individual joint analysis
showed that despite being similar in leg strength and walk-
ing exactly at the same speed, the strongest old adults still
walked with 23 % greater hip positive work than the weak-
est young adults (p = 0.034). The 6 % lower ankle posi-
tive work was in the direction predicted by the concept of
biomechanical plasticity but was not significant most likely
due to low statistical power of 0.32 caused by large inter-
subject variability within our sample. This analysis sug-
gests that despite well-maintained lower extremity strength,
healthy old adults still exhibit increased proximal hip mus-
cle function. We speculate that this plasticity is driven by
factors other than muscle strength, but not restricted to a
reduced ability to activate peripheral ankle muscles (Franz
and Kram 2012), decrease in foot and ankle flexibility
and plantar tactile sensation (Menz et al. 2005), increase
in trunk lean that affects hip and ankle muscle mechanics
(Miyazaki et al. 2013), and so far not examined age-related
changes in cumulative muscle activity per unit distance
traveled in soleus compared with hip extensors (Carrier
et al. 2011; Farris and Sawicki 2012).

The relative contribution of individual joints to total
positive joint work in the stance phase of gait in weak
and strong old adults operationalizes the concept of
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biomechanical plasticity of gait showing that large strength
loss in old adults has a strong influence on the redistribu-
tion of positive joint work (Analysis 4, Table 5). The strong
trend in the group by joint interaction (p = 0.057) and the
statistically significant differences in the hip and ankle joint
analyses revealed that weak old subjects walked with 17 %
greater contribution to the total positive work generation at
the hip and 17 % less at the ankle compared with strong
old subjects (both p < 0.05). This strength-specific effect on
the magnitude of biomechanical plasticity is analogous to
Graf et al.’s data showing that while all old adults exhibited
this plasticity, “low-performing,” compared to healthy old
adults had greater hip and less ankle work in level walk-
ing (Graf et al. 2005). Figure 1 demonstrates the influence
of leg strength on the shift from distal-to-proximal muscle
function in old adults by showing a significant inverse rela-
tionship between hip and ankle work in the old subjects,
an observation also born out by 30 % simulated reduction
in plantarflexion muscle force in musculoskeletal modeling
(Goldberg and Neptune 2007). Figure 1 shows that most
old adults with high leg strength appear to walk with lower
hip positive work but higher ankle positive work compared
with most old adults with low leg strength who walk with
higher hip positive work but lower ankle positive work.
Figure 1 also identifies the upper limit of strength-medi-
ated effect on plasticity in which there still remained 60 %
unexplained variance and some weak subjects performed in
the strong area and vice versa. In total, these analyses sug-
gest that leg strength influences gait biomechanics only in
combination with old age and presumably in conjunction
with one or more other factors that age affects. Certainly,
more work is needed to identify the precise contributions
of each influential variable to mechanical plasticity in addi-
tion to the strength contribution. Indeed, data from several
previous studies support this idea because the increase in
hip and decrease in ankle output was present independ-
ent of physical fitness (Boyer et al. 2012; Graf et al. 2005;
Kulmala et al. 2014; McGibbon and Krebs 2004; Savelberg
et al. 2007). Finally, we conjecture that overall, age inde-
pendent of strength may play a larger role in hip plasticity
and strength may play a larger role in ankle plasticity.

The functional relevance of these cross-sectional findings
is not entirely clear. Intervention studies have been success-
ful in substantially increasing measures of neuromuscular
function and also gait speed, a summed expression of the
underlying biomechanics (Beijersbergen et al. 2013). While
biomechanical plasticity seems to imply that exercise inter-
ventions should target the especially weakened ankle plan-
tarflexors to slow the loss of mobility, large intervention
trials instead target knee extensor function (e.g., (Field-
ing et al. 2011) or if the ankle is targeted (e.g., (Hartmann
et al. 2009), the increase in ankle neuromuscular function
does not become incorporated into gait (Beijersbergen et al.
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2013). As reported in several previous studies and also
shown in Table 5, the knee extensors contribute less than
15 % to the total positive work in the stance phase of gait,
yet intervention studies tend to focus on the improvement of
quadriceps function to improve walking ability (e.g., Clark
et al. 2014). Targeting knee extensor strength is important
for activities of daily living old adults who perform at a high
relative effort (Hortobagyi et al. 2003). Previous studies
have also drawn attention to potential hip joint dysfunctions
in many old adults who present with flexion contractures
(Kerrigan et al. 1998, 2001). Because even the extremely
fit and strong old adults in the present study walked with
about 40 % contribution from the hip extensors to the total
positive work generated, a contribution that almost reached
50 % in weak old adults, even a small compromise in hip
but not knee neuromuscular function would have a mag-
nified unfavorable effect on old adults’ walking ability. In
total, evidence from the present and past biomechanical
studies suggest a need to re-consider the current practice
of exercise prescription for maintaining and improving old
adults’ walking ability that only focuses on the knee exten-
sor mechanism rather than all lower extremity joints.

While we propose that the differences in gait are strength-
related, they may be influenced by gender in which the
strength groups had different numbers of men and women.
In the populations of all adults and of separate young and
old adults, weaker adults would be predominantly women
and stronger would be predominantly men but neither group
would be comprised of only one gender; some men are
weaker than some women, as illustrated by the data points in
Figure 1 of Lindle et al. (1997). While we are not certain of
the exact overlap of the frequency distributions of males and
females on strength, the gender composition in our samples
coincides with the data from Lindle et al. and seems reason-
able. Our weak and strong groups had more than 50 % female
and more than 50 % male, respectively. Also, we point out that
not all females in our samples were weaker than all males in
either the young or old groups, again seemingly well match-
ing the populations. We seek to examine the effect of strength
among the populations of young and old adults, which we did
by separating the participants on only this variable. The gen-
der composition followed naturally from this procedure.

One limitation of the present study is its cross-sectional
nature, a threat to external validity. Another limitation is
that in Analysis 3 we were unable to fully control for leg
strength, weakening but not negating the conclusions. That
is, the weak, young adults were stronger than the strong,
old adults and thus identifying the old as strong is a slight
misnomer. However, the critical issue was that we were able
to create two groups of similar ages but dissimilar strength
that both contained young and old adults. The strong, old
adults were certainly relatively strong for old adults. The
same analysis also had somewhat low statistical power
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and failed to detect an effect in ankle function, an issue
future studies could re-examine using an even more opti-
mal design. We also used leg strength instead of leg power
as a functional measure and perhaps the conclusion would
be even more robust for such an outcome that is becoming
recently especially prominent (Dalton et al. 2010, 2014;
Power et al. 2014; Reid and Fielding 2012; Yamauchi et al.
2010). Future studies will have to determine: (1) The age at
which biomechanical gait adaptations occur, (2) whether or
not reductions in strength of individual leg muscle groups
are synchronized with changes in gait biomechanics, (3) if
increased ankle muscle strength would modify old adults’
gait kinetics to that of young adults (Fig. 1) (Uematsu et al.
2014), and (4) if the leg strength effects on gait depend on
gender (Cf. Lindle et al. 1997). The small sample sizes in
sub-groups of males and females prevented us from deter-
mining if the results are specific to gender. Additionally,
walking speed was controlled in this study and the tested
speed was similar to young adults’ preferred walking speed.
It is possible that some of the observed differences in hip
torque are a result of the increased demands of walking at
this faster than preferred speed for old adults. The assess-
ment of reliability was sub-optimal and future studies may
need to assess reliability for young and old adults separately
rather than for one group comprising young and old adults.
Finally, we limited the present analysis to positive joint
work, a critical variable in gait biomechanics but it could be
helpful if future studies examined the effects of age and leg
strength on other important kinematic and kinetic variables.

In conclusion, the present study has confirmed the
previously reported age-related distal-to-proximal shift
in mechanical output during the stance phase of gait in
healthy old adults. Additional analyses on sub-groups of
subjects who were matched for age, leg strength, or both
revealed that mostly likely both age and muscle strength
mediate the age-related redistribution of mechanical output
during gait. These data could have implications for opti-
mizing exercise prescription for old adults by emphasizing
hip and ankle function.
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