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Relative Strength at the Hip, Knee, and Ankle
Is Lower Among Younger and Older Females

Who Are Obese
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Michael L. Madigan, PhD*

ABSTRACT

Background and Purpose: The mobility of individuals who are
obese can be limited compared with their healthy weight coun-
terparts. Lower limb strength has been associated with mobil-
ity, and reduced strength may contribute to mobility limitation
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among individuals who are obese. However, our understanding
of the effects of obesity on lower limb strength is limited. The
purpose of this study was to investigate the effects of obesity and
age on extension and flexion strength at the hip, knee, and ankle.
Methods: Using a cross-sectional design, 10 younger (18-30
years) healthy weight (body mass index = 18-24.9 kg/m?), 10
younger obese (body mass index >30 kg/m?), 10 older (65-80
years) healthy weight, and 10 older obese female participants
performed isokinetic maximum voluntary contractions in ankle
plantar flexion (PF), ankle dorsiflexion (DF), knee extension
(KE), knee flexion (KF), hip extension (HE), and hip flexion (HF).
Results and Discussion: Absolute strength among obese par-
ticipants was 29% higher in DF (P = .002), 27% higher in KE
(P =.004), and 23% higher in HF (P = .001), compared with
healthy weight participants. Strength relative to body mass
among obese participants was 31% lower in PF (P < .001),
14% lower in DF (P = .042), 16% lower in KE (P = .015),
27% lower in KF (P < .001), 29% lower in HE (P < .001),
and 19% lower in HF (P = .001).

Conclusions: Obese females exhibited lower relative strength
at the ankle and hip, similar to the lower relative strength
exhibited at the knee. Obese females also exhibited higher
absolute strength, but only for 3 of 6 lower limb exertions
investigated. This lack of uniformity across the 6 exertions
is likely due to the still unclear underlying biomechanical
mechanism responsible for these strength differences, which
may also be influenced by aging. The effects of obesity on
lower limb strength were also generally consistent between
the 2 age groups investigated.

Key Words: aging, lower extremity strength, obesity

(J Geriatr Phys Ther 2017;40:143-149.)

INTRODUCTION
More than one-third of adults in the United States are
obese.! One of the many problems associated with obesity
is limited mobility,”* which can include difficulty rising
from a chaig>¢ difficulty ascending or descending from
stairs,” lower gait speed,’ and poorer balance.'%12 This
limited mobility has been related to having less lower limb
strength than body mass and higher lower limb strength
demands due to having additional body mass.'?
Individuals who are obese exhibit altered lower limb
strength compared with healthy weight individuals.!#18
Lower limb strength can be characterized in terms of
absolute strength and relative strength. Absolute strength
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can be defined as the maximum force or net muscle moment
that can be generated at a joint and is expressed in units of
newtons or Newton-meters (N-m). Relative strength is
typically determined as absolute strength divided by body
mass'»18 or fat-free mass.'>!” Knee extensor strength
among individuals who are obese is higher when expressed
as absolute strength'*17 but lower when expressed as rela-
tive strength.'»1” The higher absolute strength is thought to
be a neuromuscular adaptation to the long-term exposure
to increased body weight!'%15 since the knee extensors play
a major role in supporting the body against gravity while
standing and walking. Consistent with this hypothesis,
absolute strength of the knee flexors, which do not play
a major role in supporting the body against gravity while
standing or walking, is not higher among individuals who
are obese."®!5 Despite the importance of hip and ankle
strength on mobility,'*2! no studies to our knowledge
have investigated obesity-related differences in strength at
these joints.

The prevalence of obesity among adults older than
60 years has increased from 31% in 2003-2004 to 35%
in 2011-2012.! This growth in the older obese population
provides motivation for understanding how obesity affects
strength among older adults, particularly because of the
association between lower limb strength and mobility.??
Although absolute knee extensor strength is higher among
individuals who are obese, the typical loss of strength
associated with aging?>?* may result in obesity-related dif-
ferences in absolute strength, being smaller among older
adults than among young adults. Although relative knee
extensor strength is lower among individuals who are
obese, the typical loss of strength associated with aging
may result in obesity-related differences in relative strength,
being larger among older adults than among young adults.
Obesity is associated with higher absolute knee extensor
strength?® and lower relative knee extensor strength among
older adults,'® but no comparison of these effects was per-
formed between young and older adults. Additional stud-
ies are needed to more fully understand the interaction of
obesity and age on lower limb strength.

Table 1. Participant Characteristics (Median [1QR])

The purpose of this study was to investigate the effects
of obesity and age on extension and flexion strength at the
hip, knee, and ankle. These data will help elucidate whether
the effects of obesity on strength differ between lower
limb joints, between extension and flexion directions, and
between younger and older adults. Such information may be
useful in developing strength training interventions among
obese/older adults for maintaining mobility. We focused on
females because of their higher prevalence of obesity,! higher
prevalence of obesity-related mobility limitation,* and higher
rate of falls and fall-related injuries.?® The specific hypoth-
eses investigated were that (1) absolute strength would be
higher among obese females than among the healthy weight
females, (2) relative strength would be lower among obese
females than among the healthy weight females, (3) the
effects of obesity on absolute strength would be smaller
among older females than among younger females, and (4)
the effects of obesity on relative strength would be larger
among older females than among younger females.

METHODS

Participants

This cross-sectional study was conducted in a univer-
sity biomechanics research laboratory over a period of
11 months. Forty adult women completed the study,
including 10 younger (18-30 years) and healthy weight
(body mass index [BMI] = 18-24.9 kg/m?), 10 younger
and obese (BMI >30 kg/m?), 10 older (65-80 years) and
healthy weight, and 10 older and obese (Table 1). The
number of participants in each group was based upon a
sample size analysis using data from 2 studies investigating
obesity-related differences in isokinetic knee extension (KE)
strength among young adults.!'*!” These analyses indicated
10 healthy weight and 10 obese participants were needed
to detect a main effect of obesity with 0.70 power. To be
conservative, we recruited 20 healthy weight and 20 obese
participants (equally split between younger and older age
groups). Participants were recruited from the university and
local community using Web and e-mail announcements,

Group Younger Healthy Weight Younger Obese Older Healthy Weight Older Obese
Agely 20.5 (4.5) 22.0(5.8) 69.0 (8.8) 68.5(8.5)

Height,2 cm 165.0 (5.7) 168.5 (7.3) 161.0 (10.4) 161.8 (9.0)
Mass,*P kg 62.1(10.3) 94.1 (9.5) 59.0 (8.8) 87.8(8.5)

BMI,b kg/m? 224 (3.2) 33.1(4.3) 22.2 (5.8) 32.5(4.2)

Body fat,2Pc % 23.4(1.9) 35.3(4.3) 33.8(7.7) 42.6 (4.2)

Godin score 32.0(19.8) 24.0 (30.0) 23.5(20.0) 25.5(20.0)
Abbreviations: BMI, body mass index; IQR, interquartile range.

aA main effect of age group (P < .05).

A main effect of obesity group (P < .05).

“Body fat was determined with a Lange skinfold caliper (Cambridge Scientific Industries, Cambridge, Massachusetts).
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flyers, and newspaper advertisements. Participants were
required to pass a screening to exclude individuals with
self-reported neurologic, cardiac, or musculoskeletal condi-
tions that might jeopardize their safety during testing. In
addition, all participants were body mass stable (<2.3 kg)
for the prior 6 months and had no obvious balance prob-
lems. Participants completed the Godin Leisure-Time
Exercise Questionnaire?” to quantify their habitual physical
activity level, given that higher physical activity levels may
influence lower limb strength. Participants who performed
1 hour or more of moderate exercise more than 3 to 4 times
a week were excluded from the study. Body fat percentage
was measured using a Lange skinfold caliper (Cambridge
Scientific Industries, Cambridge, Massachusetts) at 4 loca-
tions including superficial to the triceps and biceps, inferior
to the scapula, and superior to the lateral iliac crest. These
measurements were summed, and body fat percentage
was predicted from this sum according to the caliper
manufacturer’s specifications. The study was approved
by the university institutional review board, and written
informed consent was obtained from all participants prior
to participation.

Instrumentation and Procedure

Participants completed 2 sessions. Knee strength was mea-
sured during the first session, and ankle and hip strength
was measured during the second session. All strength
measurements were performed on the right lower limb,
which was the preferred limb to kick a ball. The strength
testing protocol was adapted from prior work.?® Strength
was measured as the maximum net muscle moment dur-
ing concentric isokinetic maximum voluntary contractions
(MVCs). These MVCs were performed using a Biodex
System 3 dynamometer (Biodex Medical Systems, Inc,
Shirley, New York). The setup can be seen in Figure 1.

In the first session, knee strength was measured while
participants were secured, using straps, in a seated pos-
ture with their hip flexed approximately 70°.?% Relaxed
trials were performed first to measure the passive elastic/

gravitational moment over the entire joint range of motion.
Participants were instructed to remain relaxed while
the Biodex attachment moved at 5°s through the range
of motion at least 3 times. Participants then performed
concentric isokinetic MVCs in KE and knee flexion (KF)
at 75%s. This velocity was chosen on the basis of prior
studies.!>17:28 A total of 4 MVCs were completed for each
exertion direction. Prior to data collection, participants
performed 1 practice trial for each exertion.

In the second session, ankle and hip strength was mea-
sured in this order. The general testing protocol was similar to
that used for the knee but with different body positions and
isokinetic velocities. Concentric isokinetic MVCs in ankle
plantar flexion (PF) and dorsiflexion (DF) were performed
at 60%s in a seated position while the knees and hip were
flexed 50° and 80°, respectively. Concentric isokinetic MVCs
in hip extension (HE) and hip flexion (HF) were performed
at 60%s in a standing position while the knees were held in a
near fully extended position. These joint angles and angular
velocities were chosen on the basis of prior studies.?%2

Joint angle, angular velocity, and moment were sampled
from the dynamometer at 200 Hz and low-pass filtered at
5 Hz (fourth-order Butterworth filter). The passive elastic/
gravitational moment was estimated by fitting a curvilin-
ear line (least square) to moment data from relaxed trials
throughout the range of motion and was subtracted from
each MVC trial.?® The isokinetic region was identified for
each trial, defined by where the acceleration was negligible,
and the peak moment in that region was determined.
The maximum moment across the 4 trials for each joint/
extension-flexion combination was used as the absolute
strength in subsequent analyses. Relative strength was
determined by normalizing this strength measurement to
body mass. All postprocessing was performed in Matlab
(MathWorks Inc, Natick, Massachusetts).

Statistical Analysis
Separate 2-way analyses of covariance were used to deter-
mine the effects of obesity (healthy weight or obese), age

Figure 1. Setup for strength measurements at the (A) knee, (B) ankle, and (C) hip.
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(younger or older), and their interaction on each strength
measurement. Strength measurements included absolute
and relative strength in PF, DF, KE, KF, HE, and HE
Godin score was used as a covariate. The first and second
hypotheses were tested using the main effects of obesity.
The main effects of age are also reported, but these were
not a major focus since they have been reported in previous
studies. The third and fourth hypotheses were tested using
the age X obesity interaction. In the event of a significant
obesity X age interaction, simple effects testing was used
to assess the effects of obesity within each age group and
the effects of age within each obesity group. No data were
missing during the analyses. Effect sizes were reported
using the partial eta squared (npz). Percent differences and
absolute differences reported in the “Results” section were
least-squares means to account for the influence of the
Godin score on strength measurements. Statistical analyses
were performed using JMP Pro 10 (SAS Institute, Inc, Cary,
North Carolina), with a significance level of P < .0S5.

RESULTS

Absolute and relative strength among younger and older
groups is shown in Figures 2 and 3. Several main effects
of obesity were observed on both absolute strength and
relative strength (see Table 2 for P values and effect sizes).
No strength variables exhibited a significant obesity X
age interaction. Absolute strength among obese partici-
pants was 29% (4.7 N-m) higher in DF (P = .002), 27%
(24.1 N-m) higher in KE (P = .004), and 23% (18.5 N-m)
higher in HF (P < .001), compared with healthy weight
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Figure 2. Least-squares means of absolute strength (error
bars indicate upper and lower 95th confidence intervals).
HW indicates healthy weight; OB, obese; A, main effect of
age; O, main effect of obesity; PF, plantar flexors; DF, dor-
siflexors; KE, knee extensors; KF, knee flexors; HE, hip
extensors; and HF, hip flexors. The actual values plotted

here are available from the corresponding author upon
request.
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participants. Relative strength among obese participants
was 31% (0.26 N-m/kg) lower in PF (P < .001), 14%
(0.04 N-m/kg) lower in DF (P = .042), 16% (0.24 N-m/kg)
lower in KE (P = .015), 27% (0.21 N-m/kg) lower in KF
(P <.001), 29% (0.48 N-m/kg) lower in HE (P < .001),
and 19% (0.25 N-m/kg) lower in HF (P = .001), compared
with healthy weight participants.

Several main effects of age were also observed on both
absolute strength and relative strength (Table 2). Absolute
strength among older participants was 30% (6.6 N-m)
lower in DF (P < .001), 33% (39.7 N-m) lower in KE (P <
.001), 35% (20.9 N-m) lower in KF (P < .001), and 22%
(22.8 N'm) lower in HF (P < .001), compared with young-
er participants. Relative strength among older participants
was 25% (0.07 N-m/kg) lower in DF (P < .001), 27%
(0.44 N-m/kg) lower in KE (P <.001), 31% (0.25 N-m/kg)
lower in KF (P < .001), and 17% (0.23 N-m/kg) lower in
HF (P = .003), compared with younger participants.

DISCUSSION

The purpose of this study was to investigate the effects of
obesity and age on extension and flexion strength at the
hip, knee, and ankle. Our first hypothesis was that absolute
strength would be higher among obese females than among
healthy weight females. This hypothesis was supported for
DE, KE, and HF since all 3 were higher among obese par-
ticipants. Our second hypothesis was that relative strength
would be lower among obese females than among healthy
weight females. This hypothesis was supported for all 6
joint/extension-flexion combinations since relative strength
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Figure 3. Least-squares means of relative strength (error
bars indicate upper and lower 95th confidence intervals).
HW indicates healthy weight; OB, obese; A, main effect of
age; O, main effect of obesity; PF, plantar flexors; DF, dor-
siflexors; KE, knee extensors; KF, knee flexors; HE, hip
extensors; and HF, hip flexors. The actual values plotted
here are available from the corresponding author upon
request.
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Tahle 2. Effects of Obesity, Age, and Obesity < Age on Exertions (P value [Effect Sizel)

Absolute Strength, N-m Relative Strength, N-m/kg
Obese vs Healthy | Older vs Younger Obese vs Healthy Older vs Younger
Muscle Group Weight Adults Ohbesity < Age Weight Adults Obesity < Age
Plantar flexor .54 (0.011) .19 (0.048) .13 (0.065) <.01(0.292) .83 (0.001) .26 (0.036)
Dorsiflexor <.01(0.252) <.01(0.401) .35 (0.025) .04 (0.113) <.01(0.324) .82 (0.001)
Knee extensor <.01(0.214) <.01 (0.429) .32 (0.029) .01 (0.158) <.01(0.383) .80 (0.002)
Knee flexor .09 (0.082) <.01(0.570) .36 (0.025) <.01 (0.390) <.01(0.467) 47 (0.015)
Hip extensor .45 (0.016) .05(0.103) 44 (0.017) <.01 (0.299) .21 (0.045) .88 (0.001)
Hip flexor <.01(0.275) <.01(0.367) .07 (0.089) <.01(0.265) <.01(0.228) .6 (0.008)

was lower among obese participants. Our third hypothesis
was that the effects of obesity on absolute strength would
be smaller among older females than among younger
females. This hypothesis was not supported for any joint/
extension-flexion combination since no obesity X age inter-
action effect was observed. Our fourth hypothesis was that
the effects of obesity on relative strength would be larger
among older females than among younger females. This
hypothesis was also not supported. These results provide
3 general findings. First, obese females exhibited lower
relative strength at the ankle (PF and DF) and hip (HE and
HF) similar to the lower relative strength they exhibited
at the knee (KE and KF) found here and reported else-
where. Second, the magnitude of these differences in rela-
tive strength, and the existence of differences in absolute
strength, differed between the 6 joints/extension-flexion
combinations investigated. Third, the effects of obesity on
lower limb strength were generally consistent between the
2 age groups investigated.

Strength differences at the knee found here were con-
sistent with those of previous reports but differed in
magnitude. Absolute KE strength was 27% higher among
obese females than among Healthy weight females, which
was slightly larger than 12% to 20% differences reported
elsewhere.!%1%:17:18 Relative KE strength was 16% lower
among obese females than among Healthy weight females,
which is moderate compared with 32% and 7% differ-
ences reported elsewhere.!*1718 Absolute KF strength did
not differ between obese and healthy weight females or
between obese and healthy weight participants reported
elsewhere.!»1° Relative KF strength was 27% lower among
obese females than among Healthy weight females, which
was somewhat smaller than the 41% difference reported
elsewhere.'* At least 3 factors are present that may con-
tribute to the differences in magnitude between the current
and prior studies. The first factor is a difference in age of
participants between these studies. General age ranges in
the noted prior studies included exclusively younger adults
(eg, 20-40 years),'"!” or essentially the entire adult age
range (eg, 20-79 years).!>1® The second factor is a differ-
ence in BMI of participants between these studies. Prior

Journal of GERIATRIC Physical Therapy

studies have included obese participants with BMIs of 31
to 43 kg/m?,'* over 35 kg/m?,'” and over 26.4 kg/m?,!8
whereas the present study included obese participants with
a range in BMI of 30 to 37 kg/m?. The third factor is a
difference in gender of participants between these studies.
Prior studies have included only female participants,!15
only male participants,”” and both genders,' and the
effects of obesity on lower limb strength may be influ-
enced by gender. Despite these discrepancies in participant
characteristics and the magnitude of strength differences
between studies, the differences in absolute and relative
KE and KF between obese and healthy weight participants
appear relatively consistent across studies.

The underlying cause for the higher absolute strength
among obese participants remains unclear. The higher
KE absolute strength among obese participants has been
attributed to a neuromuscular training effect from long-
term exposure to higher body weight.!*!5 This seems
reasonable, given that the KE muscle group plays a major
role in supporting the body against gravity, for example,
while standing and walking. However, DF and HF also
exhibited higher absolute strength among obese partici-
pants, but these exertions are not typically associated with
body support during standing or gait.3* Instead, PF and HE
have been associated with body support during gait3%3!
but did not exhibit higher absolute strength among obese
participants. Peak net muscle moments in HE and HF are
fairly similar during gait,3” suggesting that any increase in
strength, if mediated by net muscle moments during gait,
would not seem to differ between these 2 exertions. This
seems inconsistent with our results that absolute strength
increased for HF but not for HE. One possible explanation
for these findings at the hip is that the higher HF absolute
strength among obese participants could be a secondary
effect of the higher KE absolute strength since the rectus
femoris muscle contributes to both KE and HE. However,
no such biarticular muscle can help explain the unexpected
increase in DF but not PE Peak net muscle moments in DF
during standing and gait are typically much smaller than
in PF and not traditionally thought to play a major role in
supporting the body against gravity. It is also interesting
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to note that the 3 exertions that exhibited higher abso-
lute strength among obese participants (HE, KE, and DF)
exhibited smaller effect sizes for relative strength than
their respective antagonist muscle groups at the same joint
(HE, KFE, and PF). Although no obesity X age interaction
was found to be statistically significant, our mean results
(Figure 2) suggest a greater trend toward an obesity X age
interaction for PF and HE, as indicated by lower mean
absolute strength among older obese participants than
among older healthy weight participants. This was the
opposite of the trend seen among young participants and
may have moderated the overall main effects of obesity
for these 2 exertions. Indeed, prior work has shown older
adults to exhibit a neuromuscular adaptions during gait
that deemphasize the use of PF net muscle moments and
emphasize the use of HE net muscle moments.?? In light
of these results, long-term exposure to higher body weight
may still play a major role in explaining the higher abso-
lute strength among individuals who are obese, but that
neuromuscular changes associated with aging may modify
these effects among older adults. Additional research is
needed to better understand the underlying biomechanical
mechanisms responsible for the higher absolute strength
associated with obesity.

A novel contribution of this study is the finding that
lower limb relative strength at the hip (HE and HF) and
ankle (PF and DF) was lower among obese participants
than among healthy weight participants. These findings are
important because both ankle strength and hip strength, in
addition to knee strength, are important for mobility!?->!
and suggest that strength training interventions aimed at
improving or maintaining mobility with obesity should
include not only the knee, based upon prior reports, but
also the hip and ankle. These data also provide informa-
tive strength values for young and older obese and healthy
weight adults that could be used to identify individuals with
potentially more drastic strength differences. However, the
relative importance of the joint/extension-flexion combina-
tions for improving or maintaining mobility among indi-
viduals who are obese remains unclear and would be useful
to know in the event that it is deemed more advantageous to
focus strength training interventions on the joint/extension-
flexion combinations that are most critical for mobility.

Age-related differences in strength were in general agree-
ment with prior work. Harbo et al®* reported isokinetic
strength at the hip, knee, and ankle for different age and
gender groups. Absolute strength of healthy weight females
of age (mean (standard deviation)) 63 (3) years was, com-
pared with healthy weight females of age 25 (4) years, was
24% lower in PE, 18% lower in DE, 26% lower in KE, 35%
lower in KF, 16% lower in HE, and 14% lower in HE. These
differences in absolute strength compare favorably with the
knee and hip data reported here when comparing older
healthy weight participants with younger healthy weight par-
ticipants. For example, differences in KE (30%), KF (32%),
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HE (11%), and HF (15%) exhibited a similar magnitude to
those reported by Harbo et al.?* Differences in PF (2%) and
DF (28%) between older and younger participants did not
agree as well between studies and may be due to differences
in participant characteristics and strength protocols.

This study had a few limitations that should be acknowl-
edged. First, and as with all cross-sectional experimental
designs, the effects of obesity that we report may not be
solely attributed to obesity. Other factors, for example, may
include differences in motivation level to generate maximum
contractions, or lower limb muscle mass secondary to differ-
ences in body shape/mass distribution. Second, the number
of subjects in each group was based upon a sample size
analysis using obesity-related differences in knee extensor
strength data among young adults. Because the obesity-
related differences at some joint/extension-flexion combina-
tions may have been smaller, we may not have had sufficient
statistical power to detect all effects that we investigated.
Third, the PF strength measurement setup, the standard
setup recommended by the dynamometer manufacturer, was
susceptible to influence by KE effort, although participants
were instructed to only use their ankle muscles. Fourth, the
results presented here do not necessarily generalize to other
populations, or other types of muscle contractions, besides
those tested. Fifth, only sagittal plane strength was measured
and the findings may differ for other movements.

CONCLUSIONS

In conclusion, obese females exhibited lower relative
strength at the ankle and hip, similar to the lower relative
strength exhibited at the knee. Obese females also exhibited
higher absolute strength, but only for 3 of 6 lower limb
exertions investigated. This lack of uniformity across the 6
exertions is likely due to the still unclear underlying biome-
chanical mechanism responsible for these strength differ-
ences, which may also be influenced by aging. The effects of
obesity on lower limb strength were also generally consis-
tent between the 2 age groups investigated. These findings
provide a better understanding of how obesity influences
lower limb strength and lends insight into the causes of
limited mobility among individuals who are obese.
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