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Abstract

Foot arch structure contributes to lower-limb joint mechanics and gait in adults with obesity.
However, it is not well-known if excessive weight and arch height together affect gait
mechanics compared to the effects of excessive weight and arch height alone. The purpose
of this study was to determine the influences of arch height and obesity on gait mechanics in
adults. In this study, 1) dynamic plantar pressure, 2) spatiotemporal gait parameters, 3) foot
progression angle, and 4) ankle and knee joint angles and moments were collected in adults
with normal weight with normal arch heights (n = 11), normal weight with lower arch heights
(n=10), obesity with normal arch heights (n = 8), and obesity with lower arch heights (n =
18) as they walked at their preferred speed and at a pedestrian standard walking speed,
1.25 m/s. Digital foot pressure data were used to compute a measure of arch height, the
Chippaux-Smirak Index (CSI). Our results revealed that BMI and arch height were each
associated with particular measures of ankle and knee joint mechanics during walking in
healthy young adults: (i) a higher BMI with greater peak internal ankle plantar-flexion
moment and (ii) a lower arch height with greater peak internal ankle eversion and abduction
moments and peak internal knee abduction moment (i.e., external knee adduction moment).
Our results have implications for understanding the role of arch height in reducing musculo-
skeletal injury risks, improving gait, and increasing physical activity for people living with
obesity.

Introduction

Obesity is a major public health concern worldwide. Obesity increases the risk of other health
problems such as heart disease, stroke, type-2 diabetes, osteoarthritis, and certain cancers that
may cause premature death [1]. The prevalence of obesity in the United States is 42.4% among
adults over 20 years of age and has increased 12% over the past 20 years [2]. To combat obesity,
increasing energy expenditure via increasing physical activity level has been strongly recom-
mended; physical activity promotes weight loss, prevents weight gain and regain, and can help
maintain cardiovascular and metabolic health [1]. Walking is a common and cost-effective
intervention used to increase overall physical activity and to meet the recommended 150 min-
utes of weekly moderate-to-vigorous physical activity [3]. However, most adults with obesity
fall short of these recommendations [4].
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Major contributors to decreased physical activity in individuals with obesity include mus-
culoskeletal injury risk due to excessive body weight, specifically in areas that result in greater
thigh and trunk girth [5, 6] and waist circumference [7]. Walking requires coordinating motor
actions specific to body constraints such as body weight [8]. Compared to adults with normal
weight, adults with obese body mass index (BMI) scores show differences in spatiotemporal
gait parameters. They take shorter but wider steps by decreasing step length and increasing
step width, and walk more slowly [9, 10]. Moreover, obesity affects gait mechanics during
walking. Adults with obesity have slower gait velocity, greater absolute ground reaction forces,
and altered lower-limb joint loading patterns compared to normal-weight adults [6, 11, 12].
These differences in walking, especially slower gait velocity, are attributed to their attempts to
increase stability because of impaired balance [13], to minimize mechanical external work
[14], to decrease load at the knee [15], and to curb energy cost and relative effort [16]. How-
ever, these differences in walking are actually associated with increasing the risk of musculo-
skeletal injury [6] and falls in individuals with obesity [17-19].

Adults with obesity tend to have lower arches or “flat feet” based on footprint and plantar
pressure measures [20-22]. Feet with lower arches tend to be more flexible during the propul-
sive phase of walking [23, 24] leading to excessive foot pronation. Individuals with overpro-
nated feet are more likely to have lower-limb malalignment with excessive loads, typically
show a greater toe-out angle during walking than normal-weight individuals [10, 25], and con-
sequently develop foot pain such as chronic plantar heel pain [26, 27]. The combination of dif-
ferences in walking and arch height in adults with obesity contributes to musculoskeletal
injuries due to soft tissue damage [25] such as posterior tibial tendon dysfunction [28], ankle
sprains [10], and plantar fasciitis [29].

Although spatiotemporal gait, lower-limb joint kinematics and kinetics, and lower-limb
malalignment have been shown to differ in adults with obesity compared to adults with normal
weight and to contribute to increased musculoskeletal injury risks [15, 30-32], to our knowl-
edge, few studies have directly examined the relationship between gait mechanics and arch
height in this population. Our previous studies have examined the center of foot pressure as a
proxy for the contribution of arch height to gait [33], but we still have limited information to
confirm whether both excessive weight and low arches together result in altered gait kinemat-
ics and kinetics compared to the effects of either excessive weight or low arch height alone.
The purpose of the present study is to determine the influences of arch height and obesity on
gait mechanics in adults with obesity. We hypothesized that BMI and arch height would each
be associated with particular measures of ankle and knee joint mechanics during walking in
adults at their preferred speed and at a pedestrian standard walking speed, 1.25 m/s: (i) BMI
with sagittal plane ankle and knee joint kinematics and kinetics and (ii) arch height with fron-
tal plane ankle and knee joint kinematics and kinetics.

Materials and methods
Participants

Forty-seven young adults (25 females) participated in this study from July 2019 through
November 2019 (Table 1). Study eligibility included being between 18-35 years old, having no
weight loss surgery, having no significant cardiovascular, vestibular, or other neurologic disor-
ders, having no hip, knee, or foot pain on most days during the past 90 days, and having the
ability to walk independently on a treadmill for over 40 minutes. All participants gave
informed written consent before participating. The Boston University Institutional Review
Board approved the protocols.
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Table 1. Demographics and anthropometric information. Means are listed with standard deviations in parentheses.

Non-Obese Obese
Normal Arch Lower Arch Normal Arch Lower Arch
(N=11) (N =10) (N=8) (N=18)
Age (yrs) 26.38 (6.46) 27.90 (4.24) 28.82 (4.91) 28.37 (3.46)
Height (m) 1.70 (0.07) 1.75 (0.09) 1.69 (0.08) 1.68 (0.08)
Weight (kg) 64.10 (11.92) 71.75 (12.32) 108.79 (22.86) 113.99 (28.69)
BMI (kg/m?) 22.15(2.79) 23.19 (2.20) 37.91(7.53) 40.05 (8.01)
CSI (%) 33.07 (3.27) 48.65 (2.88) 37.68 (3.72) 59.51 (11.51)
Navicular height (cm) 2.78 (0.34) 2.46 (0.31) 2.04 (0.29) 1.59 (0.22)
Gait Velocity (m/s) 1.24 (0.10) 1.19 (0.05) 1.06 (0.11) 1.04 (0.08)

https://doi.org/10.1371/journal.pone.0260398.t001

Experimental protocols

Arch height measures. We estimated participants’ arch height index using i) barefoot
plantar pressures and ii) navicular height measures [18]. Dynamic plantar pressure values
were recorded with a digital pressure mat after calibrating each participant’s body weight
(Tekscan Inc., South Boston, MA). When participants stood barefoot of their dominant leg on
the digital pressure mat (488 mm x 447 mm), plantar pressure data were collected via 8,448
sensing elements at the sampling frequency, 185Hz. Tekscan software found the maximum
pressure distribution from each sensor, created a peak plantar pressure profile, and imported
it to Image] for processing (Fig 1). We then measured the midfoot’s smallest width (B) and the
largest width of the metatarsal head area (A) as shown in Fig 1B. We finally calculated the
Chippaux-Smirak Index (CSI = B/A x 100) [34, 35], which has widely been used to estimate
arch height index [18, 36]. Next, we directly measured the navicular height, which is highly
associated with the CSI in children and adolescents [37, 38]. We marked the medial side of the
head of the navicular tuberosity (for the dominant foot only) with a ballpoint pen from the
standing position. We repeatedly measured the distance of the marked position of the navicu-
lar tuberosity to the ground using a steel ruler (resolution: 0.5 mm) three times and averaged
them.

Spatiotemporal gait measures. We used a portable, pressure-sensitive gait carpet (6.10 m
long x 0.89 m wide) to measure the distance (x and y coordinates) and timing of each footfall
at a spatial resolution of 1.27 cm and a sampling frequency of 120 Hz (Protokinetics, LLC;
Peekskill, NY, USA). Step length and width were measured with the absolute difference in
anteroposterior and mediolateral center of pressure (COP) position between the right and left
foot at heel strike of the right foot (m). Double-limb support time was measured as the period
between right foot heel strike and left foot toe-off (s). Participants’ preferred over-ground gait
velocity was calculated by dividing total step length by total step time (m/s).

Kinematic and kinetic measures. We used a 10-camera motion capture system (Vicon
Motion Systems, Oxford, UK; 100 Hz sampling frequency) to capture 44 reflective markers
attached to the trunk, pelvis, thighs, shanks and feet. Markers were placed bilaterally on the
posterior heel, three metatarsal heads (1%, 274 and 5™, medial and lateral malleoli, medial and
lateral femoral epicondyles, greater trochanter, anterior superior iliac spine, posterior superior
iliac spinae, and acromion process. A single marker was placed on the xiphoid process, jugular
notch, 7™ cervical vertebra, and 10™ thoracic vertebrae. Rigid clusters of four markers were
attached to the shank and thigh bilaterally. Raw marker positions were filtered using a second-
order low-pass Butterworth filter with a cut-off frequency of 6 Hz. A static standing trial was
captured and the positions of markers on segment endpoints were used to calibrate an eight-
segment model for each participant using established inertia parameters [39]. Foot progression
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a b c

Fig 1. Example of digital foot pressure data. These feet represent three participants: one with a higher arch (a), one
with a normal arch (b), and one with a lower arch (c). The colors indicate areas of the feet that exert pressure that is
graded from low (blue) to high (red) areas of pressure in kilopascals. The high-arched individual on the left (a) is a
31-year-old male with a BMI of 22.06 kg/m”. The low-arched individual on the right (c) is male, 28 years old, and has a
BMI of 64.14 kg/m?. The Chippaux-Smirak Index equals the ratio of the smallest distance of the midfoot (B) and the
longest distance of the forefoot (A) as described in Fig 1(B).

https://doi.org/10.1371/journal.pone.0260398.g001

angle and joint angles for the ankle, knee, and hip were computed in three dimensions as the
orientation of the distal segment with reference to the proximal segment and differentiated to
calculate joint velocities.

Force data were recorded during walking using the two force plates embedded in an in-
ground treadmill (Bertec Corporation, Columbus, OH; 1000 Hz sampling frequency). Raw
analog force signals were filtered with a second-order low-pass Butterworth filter with a cut-
off frequency of 10 Hz. Lower-limb joint kinematics and kinetics were calculated for the right
leg only. All kinematic and kinetic calculations were performed using Visual3D software (C-
motion Inc., Germantown, MD, USA) and analyzed using Matlab (R2020a, Mathworks,
Natick, MA, USA).

Experimental procedure

Participants’ weight was obtained with a digital scale. Height was measured with a tape mea-
sure attached to a wall. Weight and height were used to calculate the body mass index (BMI)
in kg/ m?. Waist circumference was measured at the level of the umbilicus (i.e., belly button)
using a tape measure. We measured participants’ navicular height and the foot pressure distri-
bution as participants stood on their right leg on the digital foot pressure mat.

We measured each participant’s preferred walking speed by averaging walking speed for a
total of 20 trials from the gait carpet. Participants began each walking trial 2 meters before the
edge of the carpet, and ended trial 2 meters after walking off of the carpet. They were
instructed to walk at their normal pace (i.e., preferred walking speed). Following this, partici-
pants were positioned in the middle of the treadmill with one leg on each belt and asked to
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walk on the treadmill at their preferred speed (i.e., each participant’s walking speed measured
using the gait carpet) and a standard speed (i.e., 1.25 m/s) for 2 minutes each.

Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics Ver.27 (IBM Corp.). Our ini-
tial analyses included descriptive statistics of participants’ demographic and clinical character-
istics consisting of mean and standard deviations for our dependent variables. Pearson’s
correlations were run to test associations between BMI and CSI; we confirmed the use of the
CSI by testing the correlation between CSI and navicular height. The CSI (normal and lower)
and BMI (normal and obese) were dichotomized and used to create four groups: adults with
non-obese BMI scores (between 19 and 25 kg/mz) and normal arches (0.1-45.0%), non-obese
BMI scores and lower arches (45.1-100%), obese BMI (greater than 30 kg/mz) and normal
arches, and obese BMI and lower arches. Three-way mixed ANOVAs were run to examine the
effects of BMI (non-obese vs obese), arch height (normal arch vs lower arch), and speed (par-
ticipant’s preferred walking speed vs. standard pedestrian walking speed, 1.25 m/s) on spatio-
temporal gait parameters (i.e., mean step length, step width, and double-limb support time),
mean foot progression angle (i.e., toe-out angle), and peak angles and moments at ankle and
knee joints (for the right leg only). Statistical significance was set at 0.05. Bonferroni correc-
tions were used for post-hoc comparisons. Effect sizes were reported via partial eta squared
(npz) after p-values, via small (0.01), medium (0.09), and large (0.25) effects.

Results

Descriptive information for each group can be found in Table 1. BMI and CSI were signifi-
cantly correlated (r(47) = 0.89, p<0.01). The partial correlation between CSI and navicular
height controlling for BMI demonstrated a moderate association (r(47) = -0.68, p<0.01).
Thus, a lower arch as indicated by a higher CSI was associated with a lower navicular height
measure when controlling for BMI.

The three-way interaction between BMI, arch, and speed was not statistically significant for
all outcome measures including spatiotemporal gait measures, foot progression angle, and
lower-limb joint kinematics and kinetics (ps>0.05). There were no statistically significant two-
way interactions between BMI and arch, between BMI and speed, and between arch and speed
for all outcome measures (ps>0.05). Thus, only main effects are reported below.

Spatiotemporal gait measures

There was a main effect of BMI on step length, step width, and double-limb support time, F(1,43) =
18.53, p<0.01, np* = 0.30, F(1,43) = 6.83, p<0.01, np” = 0.16, and F(1,43) = 26.65, p<0.01, 1jp” = 0.38,
respectively (Table 2). Step length was shorter in individuals with obesity than individuals with nor-
mal weight (p<<0.01). Step width and double-limb support time were greater in individuals with obe-
sity than individuals with normal weight (ps<0.01). There were statistically significant effects of speed
on step length and double-limb support time, F(1,43) = 39.56, p<0.01, np2 =0.48 and F(1,43) =
46.81, p<0.01, p* = 0.52, while no difference was found for step width (p = 0.29; Table 2). Individu-
als with obesity had shorter step lengths and longer double-limb support times at the preferred walk-
ing speed than standard walking speed (ps<0.01). No significant arch effect was found (ps>0.05).

Foot progression angle

There was a statistically significant effect of arch on foot progression angle, F(1,43) = 9.06,
p<0.01, np* = 0.18, while no effects for BMI and speed were found (ps>0.05). At both
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Table 2. Means (standard deviations) for spatiotemporal gait parameters and foot progression angle during walking at each participant’s preferred walking speed
(PWS) and pedestrian standard walking speed (SWS), 1.25 m/s, across BMI (non-obese and obese) and arch (normal arch and lower arch) groups. Statistical results
using three-way mixed ANOVA are also shown (Ppyy: P values of BMI effect; Pch: P values of arch height effect; Pgpeq: P values of speed effect).

Speed Non-Obese Obese P values
Normal ‘ Lower Normal ‘ Lower Py Ppren Pgpeea

Spatiotemporal gait measures

Step length (m) PWS 0.51 (0.03) 0.53 (0.05) 0.44 (0.08) 0.46 (0.05) <0.01** 0.15 <0.01**
SWS 0.53 (0.03) 0.56 (0.03) 0.51 (0.04) 0.52 (0.04)

Step width (m) PWS 0.20 (0.03) 0.18 (0.02) 0.22 (0.02) 0.23 (0.05) <0.01** 0.64 0.29
SWS 0.20 (0.03) 0.18 (0.02) 0.21 (0.03) 0.22 (0.05)

Double-limb support time (s) PWS 0.11 (0.01) 0.11 (0.01) 0.15 (0.02) 0.14 (0.02) <0.01** 0.33 <0.01**
SWS 0.10 (0.01) 0.11 (0.01) 0.13 (0.01) 0.12 (0.01)

Foot progression angle (in degree)

Toe-out (-)/ Toe-in (+) PWS | -3.54(7.14) 1.34 (4.76) -3.61 (4.62) 0.73 (4.85) 0.59 <0.01** 0.10
SWS | -2.45 (6.55) 2.32(3.35) -3.60 (4.29) 0.83 (4.26)

**P<0.01
*P<0.05.

https://doi.org/10.1371/journal.pone.0260398.t002

preferred and standard walking speeds, the direction of the foot progression was significantly
different between arch groups; the foot progression angle was positive (i.e., in-toeing) in the
lower arch group versus negative (i.e., out-toeing) in the normal arch group (Table 2).

Lower-limb joint kinematic and kinetic measures

For kinematic measures at the ankle and knee joints, there was a statistically significant effect
of BMI on a knee adduction angle, F(1,43) = 38.18, p<0.01, 17p2 = 0.47, while all other simple
main effects were not statistically significant (ps>0.05; Table 3). The knee adduction angle was

Table 3. Means (standard deviations) for lower-limb joint angles during walking at each participant’s preferred walking speed (PWS) and pedestrian standard
walking speed (SWS), 1.25 m/s, across BMI (non-obese and obese) and arch (normal arch and lower arch) groups. Statistical results using three-way mixed ANOVA
are also shown (Ppyr: P values of BMI effect; Pch: P values of arch height effect; Pgpeea: P values of speed effect).

Speed Non-Obese Obese P values
Normal ‘ Lower Normal ‘ Lower Py ‘ Pprn Pgpeed

Joint angle (in degree)

Ankle plantar-flexion PWS 15.07 (6.35) 16.74 (6.24) 12.29 (3.28) 14.50 (3.42) 0.17 0.26 0.32
SWS 15.93 (6.33) 16.71 (7.28) 13.31 (4.18) 14.69 (3.99)

Ankle eversion PWS 4.28 (2.59) 4.08 (1.45) 5.42(2.79) 5.38 (2.47) 0.95 0.11 0.43
SWS 4.04 (2.62) 4.84 (1.34) 4.97 (2.86) 5.06 (2.23)

Ankle abduction PWS 5.78 (4.18) 6.07 (2.43) 6.13 (3.50) 5.83 (4.31) 0.57 0.92 0.41
SWS 5.85(3.97) 6.58 (1.79) 6.01 (3.14) 5.81 (3.90)

Knee flexion PWS 41.89 (3.83) 39.16 (2.91) 41.92 (6.74) 38.67 (6.30) 0.83 0.07 0.13
SWS 41.37 (4.39) 39.48 (2.89) 43.32 (5.53) 39.36 (6.42)

Knee adduction PWS 2.42 (2.63) 2.04 (2.95) 4.19 (4.61) 451 (3.92) <0.01** 0.66 0.06
SWS 1.84 (2.54) 1.74 (2.75) 4.01 (4.24) 5.05 (3.47)

Knee internal rotation PWS 3.29 (6.23) 4.38 (4.52) 5.43 (5.37) 5.88 (5.23) 0.09 0.25 0.49
SWS 4.77 (6.58) 4.42 (6.56) 4.61 (7.56) 5.64 (5.56)

**P<0.01

*P<0.05.

https://doi.org/10.1371/journal.pone.0260398.t003
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Fig 2. Group mean ankle and knee joint moments for the right leg. We plotted the internal ankle plantar-flexion
moment (A-1, C-1), internal ankle eversion moment (A-2, C-2), internal knee extension moment (B-1, D-1), and
internal knee abduction moment (B-2, D-2) over the stance phase of walking at preferred walking speed (PWS, A-B)
and pedestrian standard walking speed, 1.25 m/s (SWS, C-D). Black lines represent the non-obese group, while red
lines represent the obese group. Dashed lines represent the normal arch group, while solid lines represent the lower
arch group.

https://doi.org/10.1371/journal.pone.0260398.9002

greater in individuals with obesity compared to individuals with normal weight at both pre-
ferred and standard walking speeds (p<0.01). For kinetic measures at the ankle and knee
joints, as shown in Fig 2 and Table 4, there were statistically significant main effects of BMI on
peak internal ankle plantar-flexion moment and peak internal knee extension moment, F
(1,43) = 28.55, p<0.01, np* = 0.40 and F(1,43) = 18.76, p<0.01, njp* = 0.30, respectively. There
were also significant effects of speed on the peak internal ankle plantar-flexion moment and
the peak internal knee extension moment, F(1,43) = 17.23, p<0.01, njp”> = 0.29 and F(1,43) =
20.37, p<0.01, np” = 0.32, respectively. Peak internal ankle plantar-flexion and knee extension
moments were less at the preferred walking speed than the standard walking speed (p<0.01).
Individuals with obesity had greater peak internal ankle plantar-flexion and knee extension
moments than individuals with normal weight (p<0.01). There were significant main effects
of arch height on the peak internal ankle eversion moment, F(1,43) = 132.09, p<0.01, njp” =
0.75) and abduction moment, F(1,43) = 9.38, p<0.01, 7jp” = 0.18, and the first peak internal
knee abduction moment, F(1,43) = 19.98, p<0.01, np> = 0.32 (Fig 2 and Table 4). Peak internal
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Table 4. Means (standard deviations) for lower-limb joint moments during walking at each participant’s preferred walking speed (PWS) and pedestrian standard
walking speed (SWS), 1.25 m/s, across BMI (non-obese and obese) and arch (normal arch and lower arch) groups. Statistical results using three-way mixed ANOVA
are also shown (Ppyp: P values of BMI effect; Pych: P values of arch height effect; Pgpecq: P values of speed effect).

Speed Non-Obese Obese P values
Normal Lower Normal Lower Pgmv Paren Pgpecd

Peak internal joint moment (Nm)

Ankle plantar-flexion PWS 91.15 (20.37) 102.42 (23.18) 128.20 (28.21) 138.24 (27.43) <0.01** 0.26 <0.01%*
SWS 92.01 (21.91) 105.19 (22.37) 145.20 (28.41) 146.03 (31.51)

Ankle eversion PWS 2.20 (2.70) 23.62 (6.03) 3.53(3.69) 25.69 (7.18) 0.28 <0.01** 0.49
SWS 3.44 (2.81) 23.03 (4.16) 5.75 (4.48) 25.14 (10.44)

Ankle abduction PWS 7.38 (2.45) 12.33 (3.05) 7.83 (3.55) 11.01 (4.94) 0.91 <0.01** 0.18
SWS | 7.32(2.51) 10.53 (3.62) 7.91 (4.13) 11.33 (5.18)

Knee extension PWS 41.74 (14.85) 36.82 (24.93) 63.86 (23.99) 71.75 (26.23) <0.01** 0.79 <0.01**
SWS | 45.92 (14.67) 43.60 (20.41) 74.84 (30.49) 81.98 (29.40)

Knee abduction PWS | 25.32(5.99) 37.69 (9.92) 20.49 (10.91) 32.06 (8.48) 0.29 <0.01** 0.08
SWS | 26.83(5.77) 37.21(9.17) 22.29 (11.99) 36.21 (10.54)

Knee internal rotation PWS | 6.37(1.87) 9.95 (2.10) 8.75 (3.76) 11.19 (5.41) 0.06 0.05 0.43
SWS | 6.19(2.18) 7.89 (1.95) 8.85 (3.54) 12.12 (7.63)

**P<0.01

*P<0.05.

https://doi.org/10.1371/journal.pone.0260398.t004

ankle eversion and abduction, and knee abduction moments were greater in individuals with
lower arches than individuals with normal arches (ps<0.01). For individuals with obesity and
lower arches, as shown in Fig 3, there was a positive correlation between BMI and first peak
internal knee abduction moment on both speeds (r(18) = 0.79, p<0.01 for preferred walking
speed; r(18) = 0.76, p<0.01 for standard walking speed), while no correlation existed in the
other groups (p>0.05).

Discussion

The results of this study suggest that BMI and arch height are each associated with particular
measures of ankle and knee joint mechanics during walking in healthy young adults: (i) a
higher BMI with greater internal ankle plantar-flexion moment and internal knee extension
moment and (ii) a lower arch height with greater internal peak ankle eversion and abduction
moments and internal knee abduction moment. However, there was no significant interaction
between BMI and arch height; BMI did not influence the association between arch height and
joint kinematic and kinetic measures, and arch height did not influence the association
between BMI and joint kinematic and kinetic measures. These results remained constant at
both participants’ preferred walking speeds and pedestrian standard walking speed (i.e., 1.25
m/s). We intentionally emphasized absolute joint moments instead of normalized values to
better represent the actual loads placed on the ankle and knee joints. Our rationale is sup-
ported by the fact that our participants with obesity had over 66% greater body mass than nor-
mal-weight participants, and knee OA development has been associated with increased
mechanical loads [40, 41].

Previous studies have shown that the internal knee abduction moment (i.e., external knee
adduction moment) is greater in adults with obesity compared to adults without obesity [11,
15, 42]. These findings have been used as evidence that obesity may increase the risk of devel-
oping medial compartment osteoarthritis (OA) [30, 43, 44]. In the current study, we found sig-
nificant increases in the internal knee abduction moment during walking in adults with lower
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Fig 3. Relationship between BMI and peak internal knee abduction moment for four study groups. Pearson’s
correlations (r) were significant for obese/lower arch group for both speeds, but not for non-obese/normal arch, non-
obese/lower arch, and obese/normal arch groups.

https://doi.org/10.1371/journal.pone.0260398.9003

arch heights compared to normal arch heights, but not in adults with obesity compared to nor-
mal weight. We also found in-toeing foot placement and greater internal ankle eversion and
abduction moments, surrogate measures of foot overpronation, observed in only individuals
with a lower arch, regardless of BMI status. These findings suggest that the combination of
obesity and foot arch type may contribute to the risk of lower-limb musculoskeletal injury in
individuals with obesity.

In individuals with obesity and lower arches, there was a positive relationship between BMI
and internal knee abduction moment on both speeds (Fig 3). The relationships between obe-
sity and lower arches suggests that excessive foot pronation due to both excessive body weight
and lower arches may co-occur with frontal plane knee alignment. Obesity could cause a mala-
lignment in the lower body, subsequent damage to the joints over time, and a have devastating
impact on postural stability leading to increased fall risks [43-45]. Lower arch heights may be
a major factor influencing altered frontal plane knee alignment angles by mediating the effect
that obesity has on knee OA disease progression. In individuals with obesity, malalignment
was related to internal knee abduction moment, suggesting that arch height mediates the rela-
tionship between BMI and internal knee abduction moment [31]. The relationship between
the BMI and internal knee abduction moment in individuals with obesity and lower arches
may also be indicative of changes preceding knee OA [45]. However, we still do not know
whether medial knee-joint loads are greater in lower arched adults with obesity who show
excessive foot pronation.

Obesity was also associated with increased internal ankle plantar-flexion and knee exten-
sion moments. Our findings that greater sagittal plane ankle and knee joint moments for
obese BMI versus normal BMI individuals is consistent with the previous findings that obesity
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increases the vertical ground reaction force with changes in lower-limb sagittal plane kinemat-
ics and kinetics [6, 15]. This suggests that changes solely due to obesity are likely specific to the
sagittal plane. The fact that those with obese BMI and normal arch heights were likely affected
by changes in the sagittal plane ankle and knee joint moments may explain why no associa-
tions between internal ankle eversion moment and internal knee abduction moment were
observed in this group.

Our findings showed that there were significant effects of walking speed on spatiotemporal
gait parameters and frontal plane joint moments at the ankle and knee. Regardless of BMI clas-
sification, adults who walked at the standard speed increased peak loads across lower-limb
joints. This suggests that altered gait mechanics may be influenced by walking speed, and com-
pound the effect of obesity on gait. In fact, studies that examine gait kinematics and kinetics
generally report greater forces and moments in obese BMI versus non-obese BMI individuals,
suggesting greater joint loads that likely contribute to the development and progression of
osteoarthritis [6, 12, 46]. Our addition of how arch height may play a role in gait and musculo-
skeletal conditions in this population moves us closer to understanding the possible relation-
ship between obesity and the presence of knee OA.

Our results have practical implications for those with obesity who wish to engage in regular
physical activity; our findings provide a better understanding of how arch height may affect gait
mechanics based on BMI classification. In particular, our findings suggest that intervening on
arch height may rectify lower-limb malalignment, reduce the risk of musculoskeletal injury, and
facilitate an increase in physical activity through walking. For example, adults with obesity and
lower arches may be more likely to respond to activity modification if provided with increased
arch support (e.g., custom-designed insoles and orthotics for flat feet). Specifically, internal
ankle eversion/abduction moments and internal knee abduction moment (i.e., external knee
adduction moment) would be more appropriate for studying orthotic devices for fallen arches.
In contrast, findings on internal ankle plantar-flexion moment and internal knee extension
moment could be used to design weight loss programs involving walking at faster speeds. Pro-
moting an increase in physical activity for moderately obese BMI individuals may prevent them
from transitioning to having severely obese BMI. The current findings are congruent with
research suggesting that it is critical to address factors that contribute to the risk of musculoskel-
etal injury in individuals with obesity and to support an increase in physical activity [46].

We acknowledge that the present study has limitations. First, we intentionally recruited
participants without comorbidities such as osteoarthritis, plantar fasciitis, or cardiovascular
disease. Thus, the generalizability of our study is limited by the fact that our participants may
not be representative of those with obesity and additional conditions. Second, we did not cap-
ture non-weight bearing arch height in participants. This did not allow us to capture a measure
of foot flexibility. However, the focus of the present study was on foot structure during weight-
bearing activities. Future studies that use different methodologies (e.g., using both weight-
bearing and non-weight-bearing measures of foot flexibility) are needed to investigate direct
links between changes in joint kinematics and kinetics during walking mediated by arch height
and musculoskeletal injury in obese BMI individuals. Last, we experienced challenges associ-
ated with placing markers over soft tissue in the approximate location of the anterior superior
iliac spine (ASIS) and greater trochanter, which is common in this population [47-49]. There-
fore, we did not report the results of hip kinematics and kinetics with the relationship between
obesity and arch height. Future studies that use different methodologies (e.g., using dual-
energy X-ray absorptiometry images or biplanar fluoroscopy) are needed to improve the accu-
racy of marker-based motion capture in obese BMI individuals. Despite these limitations, our
results provide important information about the relationship between obesity, arch height,
and gait.
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Conclusions

Our findings suggest that arch height affects obesity-related changes in gait mechanics. Foot
structure, especially foot arch height, may be a valuable mediator for detecting changes in gait
kinematics and kinetics in individuals with obesity. Understanding the relationship between
obesity, foot anatomy, and gait mechanics can be used to design interventions aimed at
decreasing the risk of musculoskeletal injury and increasing physical activity.

Author Contributions

Conceptualization: Daekyoo Kim, Cara L. Lewis, Simone V. Gill.
Funding acquisition: Daekyoo Kim.

Investigation: Daekyoo Kim, Simone V. Gill.
Methodology: Daekyoo Kim, Cara L. Lewis, Simone V. Gill.
Project administration: Daekyoo Kim, Simone V. Gill.
Resources: Daekyoo Kim, Cara L. Lewis, Simone V. Gill.
Software: Daekyoo Kim, Cara L. Lewis, Simone V. Gill.
Supervision: Simone V. Gill.

Validation: Daekyoo Kim, Simone V. Gill.

Visualization: Daekyoo Kim.

Writing - original draft: Daekyoo Kim, Simone V. Gill.

Writing - review & editing: Daekyoo Kim, Cara L. Lewis, Simone V. Gill.

References

1. Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al. 2013 AHA/ACC/TOS
guideline for the management of overweight and obesity in adults: a report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines and The Obesity Society. J
Am Coll Cardiol. 2014; 63: 2985-3023. https://doi.org/10.1016/j.jacc.2013.11.004 PMID: 24239920

2. Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of obesity and severe obesity among adults:
United States, 2017—2018. 2020. PMID: 32487284

3. WHO W. Global recommendations on physical activity for health. 2010.

4. Blanchard CM, McGannon KR, Spence JC, Rhodes RE, Nehl E, Baker F, et al. Social ecological corre-
lates of physical activity in normal weight, overweight, and obese individuals. Int J Obes. 2005; 29: 720—
726.

5. Alonso AC, Luna NMS, Mochizuki L, Barbieri F, Santos S, Greve JMD. The influence of anthropometric
factors on postural balance: the relationship between body composition and posturographic measure-
ments in young adults. Clinics. 2012; 67: 1433—1441. https://doi.org/10.6061/clinics/2012(12)14 PMID:
23295598

6. Browning RC. Locomotion mechanics in obese adults and children. Curr Obes Rep. 2012; 1: 152—159.

Gill SV, Hicks GE, Zhang Y, Niu J, Apovian CM, White DK. The association of waist circumference with
walking difficulty among adults with or at risk of knee osteoarthritis: the Osteoarthritis Initiative. Osteoar-
thritis Cartilage. 2017; 25: 60-66. https://doi.org/10.1016/j.joca.2016.07.011 PMID: 27492464

8. Gill SV, Hung Y-C. Influence of weight classification on children stepping over obstacles. Am J Phys
Med Rehabil. 2012; 91: 625-630. https://doi.org/10.1097/PHM.0b013e31824fa81e PMID: 22469876

9. Forhan M, Gill SV. Obesity, functional mobility and quality of life. Best Pract Res Clin Endocrinol Metab.
2013; 27: 129-137. https://doi.org/10.1016/j.beem.2013.01.003 PMID: 23731875

10. Lai PP, Leung AK, Li AN, Zhang M. Three-dimensional gait analysis of obese adults. Clin Biomech.
2008; 23: S2—-S6. https://doi.org/10.1016/j.clinbiomech.2008.02.004 PMID: 18374462

PLOS ONE | https://doi.org/10.1371/journal.pone.0260398 November 29, 2021 11/13


https://doi.org/10.1016/j.jacc.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24239920
http://www.ncbi.nlm.nih.gov/pubmed/32487284
https://doi.org/10.6061/clinics/2012%2812%2914
http://www.ncbi.nlm.nih.gov/pubmed/23295598
https://doi.org/10.1016/j.joca.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27492464
https://doi.org/10.1097/PHM.0b013e31824fa81e
http://www.ncbi.nlm.nih.gov/pubmed/22469876
https://doi.org/10.1016/j.beem.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23731875
https://doi.org/10.1016/j.clinbiomech.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18374462
https://doi.org/10.1371/journal.pone.0260398

PLOS ONE

Effects of obesity and foot arch height on gait mechanics

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Ko S, Stenholm S, Ferrucci L. Characteristic gait patterns in older adults with obesity—Results from the
Baltimore Longitudinal Study of Aging. J Biomech. 2010; 43: 1104—1110. https://doi.org/10.1016/j.
jbiomech.2009.12.004 PMID: 20080238

DeVita P, Hortobagyi T. Obesity is not associated with increased knee joint torque and power during
level walking. J Biomech. 2003; 36: 1355—1362. https://doi.org/10.1016/s0021-9290(03)00119-2 PMID:
12893044

Singh D, Park W, Levy MS, Jung ES. The effects of obesity and standing time on postural sway during
prolonged quiet standing. Ergonomics. 2009; 52: 977-986. https://doi.org/10.1080/
00140130902777636 PMID: 19629812

Malatesta D, Vismara L, Menegoni F, Galli M, Romei M, Capodaglio P. Mechanical external work and
recovery at preferred walking speed in obese subjects. Med Sci Sports Exerc. 2009; 41: 426—434.
https://doi.org/10.1249/MSS.0b013e31818606e7 PMID: 19127181

Browning RC, Kram R. Effects of obesity on the biomechanics of walking at different speeds. Med Sci
Sports Exerc. 2007; 39: 1632—1641. https://doi.org/10.1249/mss.0b013e318076b54b PMID: 17805097

Peyrot N, Thivel D, Isacco L, Morin J-B, Duche P, Belli A. Do mechanical gait parameters explain the
higher metabolic cost of walking in obese adolescents? J Appl Physiol. 2009; 106: 1763—1770. https:/
doi.org/10.1152/japplphysiol.91240.2008 PMID: 19246657

Gill SV. The impact of weight classification on safety: timing steps to adapt to external constraints. J
Musculoskelet Neuronal Interact. 2015; 15: 103. PMID: 25730658

Gill SV, Lewis CL, DeSilva JM. Arch height mediation of obesity-related walking in adults: contributors
to physical activity limitations. Physiol J. 2014;2014.

Gill SV, Narain A. Quantifying the effects of body mass index on safety: reliability of a video coding pro-
cedure and utility of a rhythmic walking task. Arch Phys Med Rehabil. 2012; 93: 728-730. https://doi.
org/10.1016/j.apmr.2011.09.012 PMID: 22300647

Azarfam AAY, Ozdemir O, Altuntas O, Cetin A, Kutsal YG. The relationship between body mass index
and footprint parameters in older people. The Foot. 2014; 24: 186—189. https://doi.org/10.1016/j.foot.
2014.08.009 PMID: 25241264

Gravante G, Russo G, Pomara F, Ridola C. Comparison of ground reaction forces between obese and
control young adults during quiet standing on a baropodometric platform. Clin Biomech. 2003; 18: 780—
782. https://doi.org/10.1016/s0268-0033(03)00123-2 PMID: 12957566

Wearing SC, Hennig EM, Byrne NM, Steele JR, Hills AP. Musculoskeletal disorders associated with
obesity: a biomechanical perspective. Obes Rev. 2006; 7: 239—-250. https://doi.org/10.1111/j.1467-
789X.2006.00251.x PMID: 16866972

DeSilva JM, Gill SV. Brief communication: a midtarsal (midfoot) break in the human foot. Am J Phys
Anthropol. 2013; 151: 495-499. https://doi.org/10.1002/ajpa.22287 PMID: 23686391

Walters JL, Mendicino SS. The flexible adult flatfoot: anatomy and pathomechanics. Clin Podiatr Med
Surg. 2014; 31: 329-336. https://doi.org/10.1016/j.cpm.2014.03.005 PMID: 24980923

Churchill RS, Sferra JJ. Posterior tibial tendon insufficiency. Its Diagnosis, Management, and Treat-
ment. Am J Orthop Belle Mead NJ. 1998; 27: 339-347. PMID: 9604105

Butterworth PA, Landorf KB, Smith SE, Menz HB. The association between body mass index and mus-
culoskeletal foot disorders: a systematic review. Obes Rev. 2012; 13: 630-642. https://doi.org/10.1111/
j.1467-789X.2012.00996.x PMID: 22498495

Dicharry JM, Franz JR, Croce UD, Wilder RP, Riley PO, Kerrigan DC. Differences in static and dynamic
measures in evaluation of talonavicular mobility in gait. J Orthop Sports Phys Ther. 2009; 39: 628—634.
https://doi.org/10.2519/jospt.2009.2968 PMID: 19648718

Timm NL, Grupp-Phelan J, Ho ML. Chronic ankle morbidity in obese children following an acute ankle
injury. Arch Pediatr Adolesc Med. 2005; 159: 33—36. https://doi.org/10.1001/archpedi.159.1.33 PMID:
15630055

Frey C, Zamora J. The effects of obesity on orthopaedic foot and ankle pathology. Foot Ankle Int. 2007;
28:996-999. https://doi.org/10.3113/FAL.2007.0996 PMID: 17880874

Messier SP, Davies AB, Moore DT, Davis SE, Pack RJ, Kazmar SC. Severe obesity: effects on foot
mechanics during walking. Foot Ankle Int. 1994; 15: 29-34. https://doi.org/10.1177/
107110079401500106 PMID: 7981793

Messier SP, Pater M, Beavers DP, Legault C, Loeser RF, Hunter DJ, et al. Influences of alignment and
obesity on knee joint loading in osteoarthritic gait. Osteoarthritis Cartilage. 2014; 22: 912-917. https://
doi.org/10.1016/j.joca.2014.05.013 PMID: 24857973

Wearing SC, Hennig EM, Byrne NM, Steele JR, Hills AP. The biomechanics of restricted movement in
adult obesity. Obes Rev. 2006; 7: 13—24. https://doi.org/10.1111/j.1467-789X.2006.00215.x PMID:
16436099

PLOS ONE | https://doi.org/10.1371/journal.pone.0260398 November 29, 2021 12/13


https://doi.org/10.1016/j.jbiomech.2009.12.004
https://doi.org/10.1016/j.jbiomech.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20080238
https://doi.org/10.1016/s0021-9290%2803%2900119-2
http://www.ncbi.nlm.nih.gov/pubmed/12893044
https://doi.org/10.1080/00140130902777636
https://doi.org/10.1080/00140130902777636
http://www.ncbi.nlm.nih.gov/pubmed/19629812
https://doi.org/10.1249/MSS.0b013e31818606e7
http://www.ncbi.nlm.nih.gov/pubmed/19127181
https://doi.org/10.1249/mss.0b013e318076b54b
http://www.ncbi.nlm.nih.gov/pubmed/17805097
https://doi.org/10.1152/japplphysiol.91240.2008
https://doi.org/10.1152/japplphysiol.91240.2008
http://www.ncbi.nlm.nih.gov/pubmed/19246657
http://www.ncbi.nlm.nih.gov/pubmed/25730658
https://doi.org/10.1016/j.apmr.2011.09.012
https://doi.org/10.1016/j.apmr.2011.09.012
http://www.ncbi.nlm.nih.gov/pubmed/22300647
https://doi.org/10.1016/j.foot.2014.08.009
https://doi.org/10.1016/j.foot.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25241264
https://doi.org/10.1016/s0268-0033%2803%2900123-2
http://www.ncbi.nlm.nih.gov/pubmed/12957566
https://doi.org/10.1111/j.1467-789X.2006.00251.x
https://doi.org/10.1111/j.1467-789X.2006.00251.x
http://www.ncbi.nlm.nih.gov/pubmed/16866972
https://doi.org/10.1002/ajpa.22287
http://www.ncbi.nlm.nih.gov/pubmed/23686391
https://doi.org/10.1016/j.cpm.2014.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24980923
http://www.ncbi.nlm.nih.gov/pubmed/9604105
https://doi.org/10.1111/j.1467-789X.2012.00996.x
https://doi.org/10.1111/j.1467-789X.2012.00996.x
http://www.ncbi.nlm.nih.gov/pubmed/22498495
https://doi.org/10.2519/jospt.2009.2968
http://www.ncbi.nlm.nih.gov/pubmed/19648718
https://doi.org/10.1001/archpedi.159.1.33
http://www.ncbi.nlm.nih.gov/pubmed/15630055
https://doi.org/10.3113/FAI.2007.0996
http://www.ncbi.nlm.nih.gov/pubmed/17880874
https://doi.org/10.1177/107110079401500106
https://doi.org/10.1177/107110079401500106
http://www.ncbi.nlm.nih.gov/pubmed/7981793
https://doi.org/10.1016/j.joca.2014.05.013
https://doi.org/10.1016/j.joca.2014.05.013
http://www.ncbi.nlm.nih.gov/pubmed/24857973
https://doi.org/10.1111/j.1467-789X.2006.00215.x
http://www.ncbi.nlm.nih.gov/pubmed/16436099
https://doi.org/10.1371/journal.pone.0260398

PLOS ONE

Effects of obesity and foot arch height on gait mechanics

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Kim D, Gill SV. Changes in center of pressure velocities during obstacle crossing one year after bariatric
surgery. Gait Posture. 2020; 76: 377-381. https://doi.org/10.1016/j.gaitpost.2019.12.020 PMID:
31901766

Fascione JM, Crews RT, Wrobel JS. Dynamic footprint measurement collection technique and intrara-
ter reliability: ink mat, paper pedography, and electronic pedography. J Am Podiatr Med Assoc. 2012;
102: 130—-138. https://doi.org/10.7547/1020130 PMID: 22461270

Mathieson I, Upton D, Prior TD. Examining the validity of selected measures of foot type: a preliminary
study. J Am Podiatr Med Assoc. 2004; 94: 275-281. https://doi.org/10.7547/0940275 PMID: 15153590

Queen RM, Mall NA, Hardaker WM, Nunley JA. Describing the medial longitudinal arch using footprint
indices and a clinical grading system. Foot Ankle Int. 2007; 28: 456—462. https://doi.org/10.3113/FAl.
2007.0456 PMID: 17475140

Forriol F, Pascual J. Footprint analysis between three and seventeen years of age. Foot Ankle. 1990;
11: 101-104. https://doi.org/10.1177/107110079001100208 PMID: 2265808

Onodera AN, Sacco ICN, Morioka EH, Souza PS, de S& MR, Amadio AC. What is the best method for
child longitudinal plantar arch assessment and when does arch maturation occur? The Foot. 2008; 18:
142-149. https://doi.org/10.1016/j.foot.2008.03.003 PMID: 20307428

De Leva P. Adjustments to Zatsiorsky-Seluyanov’s segment inertia parameters. J Biomech. 1996; 29:
1223-1230. https://doi.org/10.1016/0021-9290(95)00178-6 PMID: 8872282

Felson DT, Lawrence RC, Dieppe PA, Hirsch R, Helmick CG, Jordan JM, et al. Osteoarthritis: new
insights. Part 1: the disease and its risk factors. Ann Intern Med. 2000; 133: 635—-646. https://doi.org/10.
7326/0003-4819-133-8-200010170-00016 PMID: 11033593

Radin E, Paul I, Rose R. Role of mechanical factors in pathogenesis of primary osteoarthritis. The Lan-
cet. 1972; 299: 519-522. https://doi.org/10.1016/s0140-6736(72)90179-1 PMID: 4110024

Segal NA, Yack HJ, Khole P. Weight, rather than obesity distribution, explains peak external knee
adduction moment during level gait. Am J Phys Med Rehabil Acad Physiatr. 2009; 88: 180. https://doi.
org/10.1097/PHM.0b013e318198b51b PMID: 19847127

Baliunas AJ, Hurwitz DE, Ryals AB, Karrar A, Case JP, Block JA, et al. Increased knee joint loads dur-
ing walking are present in subjects with knee osteoarthritis. Osteoarthritis Cartilage. 2002; 10: 573-579.
https://doi.org/10.1053/joca.2002.0797 PMID: 12127838

Felson DT, Goggins J, Niu J, Zhang Y, Hunter DJ. The effect of body weight on progression of knee
osteoarthritis is dependent on alignment. Arthritis Rheum. 2004; 50: 3904—-3909. https://doi.org/10.
1002/art.20726 PMID: 15593215

Levinger P, Menz HB, Fotoohabadi MR, Feller JA, Bartlett JR, Bergman NR. Foot posture in people
with medial compartment knee osteoarthritis. J Foot Ankle Res. 2010; 3: 1-8. https://doi.org/10.1186/
1757-1146-3-1 PMID: 20051138

Hootman JM, Macera CA, Ainsworth BE, Addy CL, Martin M, Blair SN. Epidemiology of musculoskeletal
injuries among sedentary and physically active adults. Med Sci Sports Exerc. 2002; 34: 838—844.
https://doi.org/10.1097/00005768-200205000-00017 PMID: 11984303

Della Croce U, Leardini A, Chiari L, Cappozzo A. Human movement analysis using stereophotogram-
metry: Part 4: assessment of anatomical landmark misplacement and its effects on joint kinematics.
Gait Posture. 2005; 21: 226—237. https://doi.org/10.1016/j.gaitpost.2004.05.003 PMID: 15639401

Leardini A, Cappozzo A, Catani F, Toksvig-Larsen S, Petitto A, Sforza V, et al. Validation of a functional
method for the estimation of hip joint centre location. J Biomech. 1999; 32: 99-103. https://doi.org/10.
1016/s0021-9290(98)00148-1 PMID: 10050957

Taylor WR, Ehrig RM, Duda GN, Schell H, Seebeck P, Heller MO. On the influence of soft tissue cover-
age in the determination of bone kinematics using skin markers. J Orthop Res. 2005; 23: 726—734.
https://doi.org/10.1016/j.orthres.2005.02.006 PMID: 16022983

PLOS ONE | https://doi.org/10.1371/journal.pone.0260398 November 29, 2021 13/13


https://doi.org/10.1016/j.gaitpost.2019.12.020
http://www.ncbi.nlm.nih.gov/pubmed/31901766
https://doi.org/10.7547/1020130
http://www.ncbi.nlm.nih.gov/pubmed/22461270
https://doi.org/10.7547/0940275
http://www.ncbi.nlm.nih.gov/pubmed/15153590
https://doi.org/10.3113/FAI.2007.0456
https://doi.org/10.3113/FAI.2007.0456
http://www.ncbi.nlm.nih.gov/pubmed/17475140
https://doi.org/10.1177/107110079001100208
http://www.ncbi.nlm.nih.gov/pubmed/2265808
https://doi.org/10.1016/j.foot.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20307428
https://doi.org/10.1016/0021-9290%2895%2900178-6
http://www.ncbi.nlm.nih.gov/pubmed/8872282
https://doi.org/10.7326/0003-4819-133-8-200010170-00016
https://doi.org/10.7326/0003-4819-133-8-200010170-00016
http://www.ncbi.nlm.nih.gov/pubmed/11033593
https://doi.org/10.1016/s0140-6736%2872%2990179-1
http://www.ncbi.nlm.nih.gov/pubmed/4110024
https://doi.org/10.1097/PHM.0b013e318198b51b
https://doi.org/10.1097/PHM.0b013e318198b51b
http://www.ncbi.nlm.nih.gov/pubmed/19847127
https://doi.org/10.1053/joca.2002.0797
http://www.ncbi.nlm.nih.gov/pubmed/12127838
https://doi.org/10.1002/art.20726
https://doi.org/10.1002/art.20726
http://www.ncbi.nlm.nih.gov/pubmed/15593215
https://doi.org/10.1186/1757-1146-3-1
https://doi.org/10.1186/1757-1146-3-1
http://www.ncbi.nlm.nih.gov/pubmed/20051138
https://doi.org/10.1097/00005768-200205000-00017
http://www.ncbi.nlm.nih.gov/pubmed/11984303
https://doi.org/10.1016/j.gaitpost.2004.05.003
http://www.ncbi.nlm.nih.gov/pubmed/15639401
https://doi.org/10.1016/s0021-9290%2898%2900148-1
https://doi.org/10.1016/s0021-9290%2898%2900148-1
http://www.ncbi.nlm.nih.gov/pubmed/10050957
https://doi.org/10.1016/j.orthres.2005.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16022983
https://doi.org/10.1371/journal.pone.0260398

