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Abstract

Background

Excessive body weight is associated with gait alterations. In none of previous studies, body

fat distribution has been considered as a factor that could change gait parameters and

induce different neuromuscular adaptations.

Objective

This multicenter, analytical, and cross-sectional study aimed to investigate the influence of

the body mass distribution on gait parameters and ankle muscle coactivation in obese

individuals.

Methods

Three distinct groups were included in the study: a non-obese control group (CG, n = 15,

average age = 32.8 ± 6.5 years, BMI = 21.4 ± 2.2 kg/m2), an obese-android group character-

ized by a Waist to Hip Ratio (WHR) greater than 1 (OAG, n = 15, age = 32.4 ± 3.9 years,

BMI = 41.4 ± 3.9 kg/m2, WHR = 1.2 ± 0.2), and an obese-gynoid group with a WHR less

than 1 (OGG, n = 15, age = 35.4 ± 4.1 years, BMI = 40.0 ± 5.7 kg/m2, WHR = 0.82 ± 0.3). All

participants walked on an instrumented gait analysis treadmill at their self-selected walking

speed for one minute. Spatiotemporal parameters, walking cycle phases, vertical ground

reaction force (GRFv) and center of pressure (CoP) velocity were sampled from the tread-

mill software. Electromyography (EMG) activity of the gastrocnemius medialis (GM), the

soleus (SOL) and tibialis anterior (TA) were collected during walking and used to calculate

coactivation indexes (CI) between ankle plantar and dorsal flexors (GM/TA and SOL/TA) for

the different walking cycle phases.
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Results

Compared to OAG, OGG walked with shorter and larger strides, lower CoP velocity and

GRFv. During the single support phase, SOL/TA coactivation was higher in OAG compared

to OGG (p < .05). During the propulsion phase, SOL/TA coactivation was higher in OGG

compared to OAG (p < .05).

Conclusion

Gait parameters and ankle muscle coactivation in obese individuals seem to be strongly

dependent on body mass distribution. From the biomechanical point of view, body mass dis-

tribution changes gait strategies in obese individuals inducing different neuromuscular

adaptations during the single support and propulsion phases.

Introduction

Obesity is a major public health concern, as it is known to increase the risk of dependency and

limit mobility in adults [1]. Over the past decade, obesity rates have skyrocketed worldwide.

The condition is associated with a high risk of developing walking limitations, which is partic-

ularly concerning given the importance of walking for autonomy, disease prevention, and

weight management [2]. The excess body weight associated with obesity modifies body geome-

try by adding mass to different regions, which can have a significant impact on the biomechan-

ics of activities of daily living [3]. As such, understanding the relationship between obesity,

body weight distribution, and gait parameters is crucial for developing effective interventions

to improve mobility and quality of life for obesity individuals.

Recent research has shed light on the effect of obesity on gait in adults [4, 5]. Studies have

reported that obese adults exhibit alterations in their spatiotemporal and kinetic gait parame-

ters, including lower preferred walking speed and stride length compared to adults with nor-

mal weight [5, 6]. Obese individuals also tend to walk with a wider stride and spend more time

in the double support gait phase [4]. The observed changes in gait are likely due to the bio-

mechanical consequences of excess weight, which can lead to altered joint loading and

increased energy cost of locomotion [7]. Understanding these gait alterations is important for

the development of effective interventions to improve mobility and quality of life in obese

individuals.

When considering the localization of adipose tissue in the body, two main types of obesity

are described: android obesity and gynoid obesity. In android obesity, fat is mostly localized in

the upper part of the body, while in gynoid obesity, fat is preferentially accumulated on the

thighs and buttocks. These two types of obesity may induce different modifications in the

geometry of body segments, raising questions about whether and how body fat distribution

influences gait patterns. In this context, Menegoni et al. [3] were the first to study the effect of

body mass distribution on postural parameters during static balance. Their study involved

comparing obese women with gynoid obesity to men with android obesity, and revealed that

an increase in body mass tends to lead to anteroposterior instability in both genders and

medial-lateral destabilization in men specifically. However, Cieślińska-Świder et al. [8]

reported contradictory results, showing that obese individuals with android-type obesity

might be exposed to a greater risk of postural instability compared to those with gynoid-type

obesity. Considering these studies, some aspects of the relationship between postural stability
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and body fat distribution continue to elude complete clarity. Furthermore, the impact of body

fat distribution on gait parameters remains predominantly unexplored. As walking is a notable

prerequisite for autonomy and plays an important role in disease prevention and weight man-

agement, understanding the relationship between obesity, body fat distribution, and gait

parameters is crucial for improving mobility and quality of life in individuals affected by

obesity.

During the walking support phase, young adults produce a net moment at the ankle joint to

stabilize and propel their body mass [9]. This force production is ensured by muscle coactiva-

tion, which is the simultaneous activation of agonist and antagonist ankle muscles [10]. Muscle

coactivation is a neuromuscular mechanism that allows the agonist muscles to work fluently

and to increase joint stabilization while walking [9, 11]. Nevertheless, high muscle coactivation

may be associated with excessive energy expenditure and consequently with early fatigue [12,

13]. Moreover, excessive muscle coactivation increases postural rigidity and may restrict

dynamic postural control [14]. In a recent study, we observed that obesity increases muscle

coactivation of the soleus and tibialis anterior muscles around the ankle joint during static pos-

tural control [13]. Kim et al. [15] revealed that as weight increased, there was a corresponding

increase in the rates of muscle activation, particularly in the tibialis anterior and soleus mus-

cles. These findings suggest that heavier weight loads may increase activation of muscles that

control ankle joints, potentially leading to muscle fatigue. This, in turn, can impair balance

ability and increase the risk of falls. In another study, we reported that obesity was associated

with an excessive gastrocnemius medialis activity during the propulsive phase of walking and a

high activity of soleus and tibialis anterior during the single support phase [5]. However, there

has been no study that has investigated ankle muscle coactivation during walking in obese

adults or examined the impact of body fat distribution on this neuromuscular mechanism.

Obtaining a better understanding of these factors could shed light on the underlying mecha-

nisms that contribute to gait alterations in obese individuals and how these alterations are

influenced by body fat distribution. This information would be valuable to clinical practition-

ers as it could help to specify the appropriate type of physical conditioning. With this goal in

mind, we aim to evaluate the effect of obesity on ankle muscle coactivation during walking,

and investigate how body mass distribution affects gait parameters and ankle muscle

coactivation.

Materials and methods

Study design and recruitment of participants

This study is a multicenter, analytical, and cross-sectional study (Fig 1). The study duration is

3 months, divided into three distinct periods: a recruitment period lasting 1–4 weeks, a screen-

ing period lasting 1–3 weeks, and a 17-week experimental testing phase. The entire experimen-

tal protocol is estimated to last between 60 and 75 minutes per participant. The first

assessment involves taking anthropometric measurements to gather relevant data on partici-

pants’ body composition, including measurements such as height, weight, waist circumfer-

ence, and body fat percentage. The second assessment involves a maximal voluntary

contraction test of the plantar and dorsal flexors of the ankle. The third assessment is the walk-

ing test conducted across a 10-meter corridor. Lastly, the fourth test is the walk on the tread-

mill test.

The sample size was calculated using the freeware G*Power (version 3.1.9.4) [16]. The

ANOVA test were predefined for power analysis. The estimation was based on predefined

control of type I error (alpha = 0.05) and type II error (beta = 0.80), with moderate level of esti-

mated effect size (f = 0.35). Under these setting, 45 participants were required as the minimum
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sample size. Participants for this study were recruited from various obesity care centers located

across the region, between March and July 2022. A total of 63 individuals expressed interest in

participating in the study. To ensure the study’s eligibility criteria were met, a thorough screen-

ing process was conducted. The inclusion criteria for this study were as follows: participants

were required to be between 18 and 65 years old. For the non-obese control group (CG), a

Body Mass Index (BMI, kg/m2) within the range of 18.5 kg/m2 to 24.9 kg/m2 was necessary.

The obese android type group (OAG) required a BMI equal to or greater than 30 kg/m2, while

the obese gynoid type group (OGG) had the same BMI requirement. Additionally, waist-to-

hip ratio (WHR) criteria were used to further categorize participants [8]. Participants assigned

to the android type group (OAG) needed to have a WHR exceeding 1, whereas those in the

gynoid type group (OGG) had to have a WHR below 1. After applying these inclusion criteria,

Fig 1. Flow diagram illustrating the experimental procedure design.

https://doi.org/10.1371/journal.pone.0294692.g001
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only 45 eligible participants were enrolled in the study, all of whom were female, and 95% of

them were right-handed. These participants were then categorized into two distinct groups

based on BMI: the control group (CG) and the obese group. Within the obese group, partici-

pants were further divided into two subgroups based on their WHR. The CG consisted of 15

normal-weight adults (age = 32.8 ± 6.5 years; BMI = 21.4 ± 2.2 kg/m2; WHR = 0.9 ± 0.3). The

OAG included 15 obese adults with an android type (age = 32.4 ± 3.9 years; BMI = 41.4 ± 3.9

kg/m2; WHR = 1.2 ± 0.2), while the OGG consisted of 15 obese adults with a gynoid type

(age = 35.4 ± 4.1 years; BMI = 40.0 ± 5.7 kg/m2; WHR = 0.82 ± 0.3). Individuals with a history

of cardiovascular disorders, diabetes, uncorrected vision problems, severe musculoskeletal

deformities, or injuries to their lower extremities that would interfere with testing were

excluded from the study. The level of physical activity was assessed using the short version of

the International Physical Activity Questionnaire [17]. All participants were informed about

the study’s purpose and protocol and gave written consent. The study was conducted in accor-

dance with the Declaration of Helsinki 2004 and was approved by the ethics committee on

human research (C.P.P. SOUTH No. 0477/2022). Participant confidentiality and data privacy

was strictly maintained throughout the study, and all data was analyzed in an aggregated and

anonymous manner to ensure the anonymity of participants (Table 1).

Anthropometric measurement

Participants’ body mass (BM) and height (H) were accurately measured using a digital floor

scale and a wall-mounted stadiometer, respectively. This data was then used to compute the

Body Mass Index (BMI) as:

BMI
kg
m2

� �

¼ BM kgð Þ=H2 mð Þ

Fat body mass (FBM, %) were measured using an impedance-meter (Tanita; SC 240-Class

III; Tanita Europe B.V., Amsterdam, The Netherlands). FBM and lean body mass (LBM) were

Table 1. Participants’ physical characteristics.

Characteristics CG

(n = 15)

Mean ± SD

OAG

(n = 15)

Mean ± SD

OGG

(n = 15)

Mean ± SD

ANOVA

F p

Age (years) 32.8 ± 6.5 32.4 ± 3.9 35.4 ± 4.1 - NS

Body height (cm) 169.0 ± 6.5 162.3 ± 5.8 162.3 ± 4.3 - NS

Body mass (kg) 64.7 ± 5.9 109.0 ± 10.5* 105.4 ± 11.5* 89.7 p<0.001

BMI (kg/m2) 21.4 ± 2.2 41.4 ± 3.9* 40.0 ± 5.7* 110.7 p<0.001

Body fat (%) 13.8 ± 3.4 34.8 ± 6.7* 37.8 ± 7.2* 99.5 p<0.01

FBM (kg) 8.9 ± 2.9 37.9 ± 7.4* 39.8 ± 5.2* 91.9 p<0.001

LBM (kg) 55.8 ± 5.5 71.1 ± 5.1* 65.6 ± 5.1* 119.5 p<0.001

Waist circumference (cm) 71.4 ± 8.9 109.8 ± 6.0 * 94.8 ± 6.0 *+ 87.5 p<0.001

Hip circumference (cm) 81.7 ± 6.7 95.4 ± 8.9* 115.4 ± 8.9*+ 81.9 p<0.01

WHR 0.9 ± 0.3 1.2 ± 0.2 0.82 ± 0.3+ - NS

CG: control group, OAG: obese group with android type, OGG: obese group with gynoid type, BMI: body mass index, FBM: fat body mass, LBM: lean body mass,

WHR: the waist-to-hip ratio, SD: standard deviation.

NS: no significant difference.

* = Significant difference between CG and other groups (p < .05).

+ = Significant difference between OAG and OGG (p < .05).

https://doi.org/10.1371/journal.pone.0294692.t001
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calculated as:

FBM ¼ body fat ð%Þ � BM; and LBM ¼ body mass � FBM

Waist circumference was measured at the midpoint between the last rib and the iliac crest,

while hips circumference was measured at the level of the largest lateral extension of the hips.

Both measurements were taken in a horizontal plane, as per the WHO STEPS protocol.

Gait analysis

The participants’ preferred walking speed was assessed by conducting the 10-meter walk test

[5] and subsequently recording their walking speed (Table 2). Afterward, they were familiar-

ized with walking on an instrumented gait analysis treadmill (Zebris FDM-T system; Zebris

medical GmbH, Isny, Germany) at their pre-calculated preferred walking speed for 5 minutes,

followed by a two-minute seated rest period. The participants were then asked to complete

three one-minute trials, each separated by a five-minute seated rest period.

During data collection, gait parameters were recorded by the treadmill software (Zebris

FDM software; Zebris medical GmbH, Isny, Germany) from the treadmill force plates at a

sampling frequency of 100 Hz. Each trial lasted for 1 minute, but only data collected between

the 10th and 50th seconds were considered to avoid any acceleration and deceleration effects

in data collection [5]. Data collection included spatiotemporal parameters, walking cycle

Table 2. Participants’ spatiotemporal parameters during walking.

CG

(n = 15)

Mean ± SD

OAG

(n = 15)

Mean ± SD

OGG

(n = 15)

Mean ± SD

ANOVA

F p η2 β

Step length (cm)

Left 65.5 ± 4.5 52.8 ± 4.4* 46.8 ± 4.1*+ 417.3 p<0.001 0.80 1

Right 65.4 ± 4.3 53.4 ± 4.7* 45.4 ± 4.1*+ 420.7 p < .001 0.81 1

Stride length (cm) 130.9 ± 11.5 106.2 ± 13.7* 92.2 ± 7.7*+ 423.5 p < .001 0.81 1

Step width (cm) 8.6 ± 2.6 11.5 ± 2.5* 14.7 ± 3.7*+ 116.4 p<0.001 0.52 1

Speed (m/s) 1.4 ± 0.2 1.0 ± 0.4* 0.7 ± 0.3*+ 55.5 P<0.01 0.32 1

Walking cycle

Support phase (%)

Left 64.7 ± 1.9 66.8 ± 1.9* 66.6 ± 5.2* 40.5 p<0.01 0.27 1

Right 64.6 ± 1.9 67.3 ± 1.9* 67.3 ± 5.8* 48.5 p<0.01 0.29 1

1st double support (%)

Left 14.6 ± 2.0 16.9 ± 1.6 17.0 ± 2.0 - NS - -

Right 14.7 ± 1.8 17.1 ± 1.8 17.2 ± 3.6 - NS - -

Single support (%)

Left 35.4 ± 1.9 32.7 ± 1.9* 32.6 ± 2.7* 40.5 p<0.01 0.28 1

Right 35.3 ± 1.9 33.2 ± 2.0* 33.0 ± 3.4* 41.2 p<0.01 0.26 1

2nd double support (%)

Left 14.8 ± 1.8 17.1 ± 1.8* 17.0 ± 4.3* 52.2 p<0.01 0.21 1

Right 14.6±2.0 17.0 ± 1.6* 17.1 ± 3.7* 51.7 p<0.01 0.22 1

Swing phase (%)

Left 35.3 ± 1.9 33.2 ± 1.9* 33.4 ± 5.6* 20.1 p<0.05 0.17 1

Right 35.4 ± 2.0 32.7 ± 1.9* 32.7 ± 5.9* 20.5 p<0.05 0.16 1

CG: control group, OAG: obese group with android type, OGG: obese group with gynoid type, SD: standard deviation. NS: no significant difference

* = Significant difference between CG and other groups (p<0.05)
+ = Significant difference between OAG and OGG (p<0.05).

https://doi.org/10.1371/journal.pone.0294692.t002
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phases, vertical ground reaction force (GRFv), and Center of Pressure (CoP) displacements.

The spatiotemporal parameters evaluated in this study were step length, step width, and stride

length (measured in cm). The software categorized the walking cycle into two phases: the sup-

port phase (SU, %) and the swing phase (SW, %), further divided into 1st double support (1st

DS, %), single support (SS, %), and 2nd double support (2nd DS, %). The absolute GRFv peaks

were used to calculate peaks 1 and 2 of the relative GRFv (P1, P2, N/kg, respectively) by divid-

ing the absolute value of GRFv peak by body mass. Additionally, CoP data was analyzed to

determine the CoP length during the SU and SS (mm), the anteroposterior position of the CoP

(measured in mm), and the CoP velocity (cm/s) during walking.

Maximal voluntary contraction test

Maximal voluntary contractions (MVC) were recorded using a dynamometer (Sauter FL1K;

Type: Force Gauge; Sauter GmbH, Balingen, Germany) while participants performed isomet-

ric contractions of the ankle plantar flexor (PF) and dorsal flexor (DF) muscles of their domi-

nant leg [18]. Leg dominance was determined based on the preferred leg for kicking a ball, a

reliable criterion for assessing inter-limb differences in unipedal postural control [19]. For PF,

participants were instructed to maintain contact between their back, buttock, and thigh with

the chair, stretch their leg horizontally, and exert force by pushing with the tips of their foot

against the dynamometer. To ensure stability during PF contractions, a strap was used to

firmly secure the dominant leg to the foot plane. In the case of DF, participants were asked to

stand up, keep their ankle at a 90-degree angle, and push with their foot against the dynamom-

eter [14]. Throughout each contraction, participants received strong verbal encouragement to

ensure maximal effort. Two trials were conducted for each condition, with a 1-minute rest in

between. The highest value from the two trials was used in the study.

Electromyography recording

Electromyographic (EMG) data from the ankle joint muscles were recorded firstly during the

MVC of DF and DF, and then, during the walk on the treadmill test using the Powerlab 16/35

system (Powerlab 16/35; sampling rate: 1000 Hz, ADInstruments, Dunedin, New Zealand) [5].

The EMG recording was time-synchronized with the treadmill data using a control device

operating according to the principle of a synchronization switch system (ON/OFF). During

the MVC and walking on treadmill tests, two unipodal surface electrodes (Uni-gel Single Elec-

trode-T3425, Thought Technology Ltd., Montréal, Canada) were placed on three ankle mus-

cles: the gastrocnemius medialis (GM), the soleus (SOL) and the tibialis anterior (TA) of the

dominant leg. Before attaching the electrodes, the skin was carefully shaved and cleaned using

an abrasive cleaner and alcohol swabs to reduce impedance. The placement and location of the

surface electrodes, on the belly of each muscle, in parallel to muscle fibers orientation and with

an inter-electrode interval of 20 mm, conformed to the recommendations of SENIAM.

The analysis of EMG data collected during the walk on the treadmill and MVC tests were

post-processed using Matlab software (Matlab R2013a, MathWorks, Natick, USA), and the

raw EMG signals were band-pass filtered at 15–500 Hz through a second-order Butterworth

digital filter to remove noise or movement interference [20]. The data from strides between

the 10th and 50th of each walking trial were collected, and were rectified and smoothed using

root mean square analysis (RMS) with a 20-ms window [21], calculated using the following

equation [22]:

RMSðtÞ ¼
p 1

T

Z t0þT=2

t0� T=2

ðEMGÞ2 dt;where T is the time of integration
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For the MVC tests, a moving window with a width of 20 ms was used to find the maximum

RMS EMG activity resulting from the three efforts of MVC for each kind of contraction. Then,

all RMS EMG data of walking on the treadmill test were normalized to EMG MVC using the

following equation for each muscle:

EMG RMS% ½ðRMS EMG during walking=RMS EMG MVCÞ x 100%�

Then, the normalized RMS of the GM (RMS GM), SOL (RMS SOL) and TA (RMS TA) of

each walking cycle’s phase were used in order to calculate the coactivation index using follow-

ing equation [23]:

CI ¼
2 I antagonist

I total
� 100

where I antagonist is the area of the total antagonistic activity and I total is the integral of the

sum of (EMG TA + EMG SOL) during the task, which were calculated using the following

equations:

I antagonist ¼
Z t2

t1
RMS TAðtÞdtþ

Z t3

t2
RMS GM ðtÞdt ð1Þ

Where t1 to t2 is the period in which the TA is working as an antagonist muscle (i.e., the

RMS TA is less than RMS GM), t2 to t3 is the period during which the GM is working as an

antagonist muscle, and I antagonist is the integral of the sum of these two periods.

I total ¼
Z t3

t1
ðRMS agonist þ RMS anatagonistÞðtÞdt ð2Þ

We noted that in these equations we used RMS GM and RMS TA in order to calculate the

CI of (GM/TA). The same equations were used to calculate the CI of (SOL/TA), where RMS

GM was replaced by RMS SOL.

Statistical analysis

Statistical analyses were conducted using Statistica Software 13.0 (Software, Inc., Tulsa, USA).

The normality of data distribution and homogeneity of variance were checked using the Kol-

mogorov–Smirnov and Levene tests, respectively. As the parametric assumptions were satis-

fied, a one-way ANOVA followed by Bonferroni post hoc tests were performed to compare the

gait parameters and CI among the three groups (control, android type, and gynoid type). The

results are presented as means (±95% confidence interval). A p-value of less than 0.05 was con-

sidered statistically significant. Partial eta-squared (η2) and study power (β) were also

reported. In order to determine the magnitude of changes, the effect size (r) was calculated

based on the values of d [24] from group-comparisons and significance. The effect size was

characterized by Cohen [25] as weak, moderate and strong effects (i.e., d = 0.2 is small, d = 0.5
medium and d = 0.8 large, respectively).

Results

Gait parameters

The analysis of spatiotemporal parameters (Table 2) revealed significant differences between

the control group (CG) and the obese groups. The obese participants demonstrated shorter

step lengths and wider step widths compared to the control group (p< 0.05; r>0.8).
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Moreover, the step width was found to be significantly higher in the obese group with gynoid

type (OGG) compared to the obese group with android type (OAG) (p< 0.05; r>0.7). Regard-

ing the walking cycle phases, the support phase was shorter, and the swing phase was longer in

the control group compared to the obese groups (p< 0.05; r>0.6).

The center of pressure (CoP) displacements during walking were influenced by obesity

(Table 3). The obese group with android type (OAG) exhibited higher CoP length and maxi-

mal velocity compared to the control group (p< 0.05; r> 0.8). Similarly, the obese group with

gynoid type (OGG) showed significantly higher CoP length and maximal velocity compared to

OAG (p< 0.05; r> 0.6). Analysis of the vertical ground reaction force parameters revealed dif-

ferences between the two obese groups. During walking, the vertical ground reaction force (P1

and P2) was lower in the obese group with gynoid type (Table 3) compared to the obese group

with android type (OAG) (p< 0.05; r> 0.6; p< 0.05; r> 0.6, respectively).

Coactivation index

The results of the SOT/TA coactivation analysis are presented in Fig 2. During single support

and 2nd double support phases, SOT/TA coactivation was significantly higher in both OAG

and OGG groups compared to the CG (p< 0.05; r> 0.8). Additionally, SOT/TA coactivation

was significantly higher in OAG compared to OGG during the single support phase (p< 0.05;

r>0.6). Conversely, during the 2nd double support phase, SOT/TA coactivation was higher in

OGG compared to OAG (p< 0.05; r> 0.5).

Discussion

This study yielded two major findings. Firstly, gait parameters are affected by excessive body

fat mass, and muscle coactivation during the support phase is increased as a result. Secondly,

Table 3. Center of pressure and vertical ground reaction force parameters.

CG

(n = 15)

Mean ± SD

OAG

(n = 15)

Mean ± SD

OGG

(n = 15)

Mean ± SD

Obesity effect

F p α2 β

CoP parameters

Length in SU (mm)

Left 161.1 ± 21.3 194.7 ± 12.4 170.9 ± 18.2*+ 34.6 p<0.001 0.44 1

Right 161.4 ± 15.1 *192.5 ± 13.8 172.1 ± 20.5*+ 32.6 p<0.001 0.49 1

Length in SS (mm) *
Left 113.5 ± 15.3 97.5 ± 24.6* 87.7 ± 19.5* 34.6 p<0.001 0.24 1

Right 113.8 ± 13.3 97.2 ± 24.4* 89.6 ± 22.2* 159.5 p<0.001 0.60 1

Anteroposterior position (mm) 169.1 ± 14.5 150.2 ± 17.6 138.5 ± 35.0*+ 19.6 p<0.001 0.15 1

Maximal velocity (cm/s) 65.5 ± 15.5 107.7 ± 31.2* 87.8 ± 17.2*+ 57.9 p<0.001 0.34 1

GRFv parameters

Relative P1 (N/kg)

Left 10.4 ± 1.1 10.2 ± 1.2 9.1 ± 1.3+ 10.3 p<0.05 0.10 0.75

Right 10.2 ± 1.0 10.3 ± 1.2 9.2 ± 1.7+ 11.5 p<0.05 0.11 0.76

Relative P2 (N/kg)

Left 11.3 ± 2.7 10.5 ± 1.2 9.3 ± 2.1+ 10.3 p<0.05 0.10 7.3

Right 11.7 ± 2.5 10.2 ± 1.6 9.2 ± 2.2+ 10.5 p<0.05 0.11 7.5

CG: control group, OAG: obese group with android type, OGG: obese group with gynoid type, SD: standard deviation. NS: no significant difference

* = Significant difference between CG and other groups (p < 0.05)
+ = Significant difference between OAG and OGG (p < 0.05).

https://doi.org/10.1371/journal.pone.0294692.t003
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body fat mass distribution causes changes in gait strategies among obese individuals, leading

to different neuromuscular adaptations during the single support and propulsion phases.

Effect of excessive body mass on gait parameters and ankle muscle

coactivation

The negative impact of obesity on gait kinetics has been extensively documented in the litera-

ture [26, 27]. Our study results confirm these findings, indicating that obese individuals have

lower step lengths and higher step widths, which alters the geometry of gait. These alterations

in gait patterns are likely due to poor muscle performance, high metabolic expenditure, and

physical exhaustion [7, 26, 28]. The present study’s significant finding is the high ankle muscle

coactivation during the propulsion phase (+25% in OGG) in obese groups. A recent study sug-

gested that body weight is a strong predictive factor of high gastrocnemius muscle activity dur-

ing the propulsion phase [5]. The adaptive neuromuscular responses of ankle muscles may be

Fig 2. Coactivation index of ankle muscle joint during walking cycle phases. CG: control group, OAG: obese group

with android type, OGG: obese group with gynoid type, * = Significant difference between CG and other groups (p

<0.05). + = Significant difference between OAG and OGG (p <0.05).

https://doi.org/10.1371/journal.pone.0294692.g002
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due to the biomechanical modifications of gait associated with the mobilization of high body

mass. For instance, obese individuals tend to decrease their knee flexion by 12% and increase

their plantar flexion by 11% when walking at a comfortable speed, favoring an ankle strategy

that increases stimulation of the plantar flexors during the propulsion phase [29]. This adjust-

ment leans towards an ankle-centric strategy, intensifying the engagement of plantar flexor

muscles during the propulsion phase [30]. This alteration in gait strategy is intricately linked

to the unique biomechanics of the gastrocnemius muscle, a versatile biarticular muscle that

exhibits remarkable adaptability [30]. When faced with varying mechanical demands, the gas-

trocnemius adeptly fine-tunes its activity. For instance, when the knee is flexed, the gastrocne-

mius serves as a potent knee flexor [31, 32]. However, in situations requiring greater force at

the ankle joint, the simultaneous activation of the vastus muscles comes into play. This coordi-

nated effort not only stabilizes the knee joint but also redirects the force generated by the gas-

trocnemius towards the ankle [33]. In light of these insights, we propose that the observed

heightened coactivation of ankle muscles in our study signifies an adaptive and strengthening

strategy. This strategy serves a dual purpose: firstly, it redistributes the load across the joints,

potentially mitigating any discomfort or pain, and secondly, it ensures stability when confront-

ing the dynamic challenges of walking [30]. The intricate interplay among modified gait pat-

terns, joint kinetics, and neuromuscular adaptations emphasizes the particular relevance of

further investigations, especially concerning obese individuals and their body fat distribution.

In the current study, we observed a significant increase in ankle muscle coactivation during

the single support phase (+47% for OAG and +21% for OGG), as well as higher CoP velocity

during walking in obese groups compared to the control group. These findings indicate that

obese individuals rely on increased ankle muscle coactivation as a neuromuscular strategy to

reduce dynamic postural control instability, particularly during unipodale position. Conse-

quently, high muscle coactivation may be considered a mechanism that stiffens lower limb

joints [34]. While these neuromuscular adaptations help counteract mechanical gait modifica-

tions, excessive muscle coactivation can decrease postural rigidity [35] and restrict the degree

of freedom of dynamic postural control regulation [36]. Furthermore, the high energetic cost

of increased muscle coactivation [37] can lead to early fatigue [38], which may impair the abil-

ity to produce the required force during walking and limit the ability to respond to postural

perturbations [13, 39]. Despite postural control adaptation being able to reduce the effects of

added weight and fatigue to some extent, it was still insufficient to fully compensate for these

changes [38]. This may be due to the fact that fatigued muscles can undergo alterations in con-

tractile efficiency, which can impair their ability to produce high-frequency responses to bal-

ance perturbations [40]. Consequently, while a high level of ankle muscle coactivation is a

necessary adaptation during walking in obese individuals, walking could be particularly chal-

lenging for obese and this could ultimately constitute a risk factor of falls.

Effect of body fat distribution on gait parameters and ankle muscle

coactivation

Clinical practice distinguishes between two types of obesity that significantly differ in terms of

the distribution of body fat mass [8]. This study results show that obese individuals with

gynoid type walk with higher step width (+28%) and lower step length (-12%) than obese indi-

viduals with android type. This finding confirms that the distribution of body fat mass is an

important factor affecting static postural control [8] and gait parameters. Gynoid obesity type

fat distribution may increase the net metabolic cost of walking, which is significantly related to

a great mediolateral displacement of CoP and greater step width [6]. Walking is characterized

by an inverted pendulum mechanism of energy interchange [41]. During the transition from
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one inverted pendulum arc to the next one, a part of the expended energy is lost, requiring

external mechanical work to accelerate the CoP in the three planes of movement. Thus, having

a high step width could increase the loss of energy and require more external mechanical work

[6]. This could explain the relevant gait alterations observed in individuals with gynoid obesity

compared to those with android obesity.

Furthermore, android type fat distribution increases SOL and TA coactivation in individu-

als during the single support phase (+21%) compared to those with gynoid type. During the

propulsion phase, ankle muscle coactivation is greater in obese individuals with gynoid type

(+23%). These findings are important as they indicate that body fat distribution induces differ-

ent neuromuscular adaptations during walking. Moreover, as observed in the two obese

groups, gait alterations affect neuromuscular strategies, but this influence is not proportional

to the degree of alteration. There are several possible explanations for the increased ankle mus-

cle coactivation in obese individuals with android and gynoid obesity types. First, the high

level of ankle muscle coactivation observed in individuals with android obesity during the sin-

gle support phase could be explained by failed mechanisms of postural control regulation. In

this context, Cieślińska-Świder et al. [8] confirmed that obese women with abdominal fat loca-

tion showed less stability in their standing posture than women with fat localized on the thighs

and buttocks. Indeed, the accumulation of abdominal fat causes a forward shift in the CoP,

typically assumed to be relative to the ankle joint in an inverted pendulum model [42, 43].

This forward CoP displacement results in an increased gravitational torque that accelerates the

body [42, 44]. Consequently, obese individuals are required to generate ankle torque more rap-

idly and with a significantly higher rate of force development to counteract this gravitational

torque and this can lead to a reduction in postural control stability [18].

During walking, SOL and TA are the main stabilizing muscles of the ankle during the single

support gait phase [45]. There is evidence that obese individuals with android type increase

ankle muscle coactivation around the ankle joint to reduce instability during the unipodale

position in response to the anterior position of CoP [42]. Second, the high level of coactivation

in individuals with gynoid obesity type during the propulsion phase could be explained by the

biomechanical modifications of gait. The central nervous system controls stability by adjusting

mediolateral foot placement, but this potentially has a metabolic cost [46]. Walking with a

high step width, as individuals with gynoid obesity type do, could increase mediolateral insta-

bility [6]. As explained above, the high step width could increase the loss of energy and require

more external mechanical work, reflected in the high level of ankle muscle coactivation.

The results of this study suggest that body fat mass distribution plays a significant role in

altering gait parameters and inducing different neuromuscular adaptations in obese individu-

als. The changes in gait strategies observed in obese individuals with android and gynoid fat

distribution may increase the risk of musculoskeletal disorders and falls [1], as they tend to

walk with higher ankle muscle coactivation during gait phases. Therefore, healthcare profes-

sionals should consider body fat mass distribution as a potential factor that could increase the

risk of musculoskeletal disorders and falls in obese individuals and develop appropriate inter-

ventions to address this issue.

Limits and perspectives

Previous research has shown that ankle muscle coactivation and ankle joint moment are

closely related. An increase in ankle muscle coactivation during gait is generally associated

with an increase in ankle joint moment. Thus, the results of our study showing increased ankle

muscle coactivation in the obese group, particularly in the single support and propulsion

phases, suggest that they may also experience increased ankle joint moments. Future research
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incorporating measures of ankle joint moments would be necessary to confirm this hypothesis.

Additionally, it is important to consider other potential factors that may affect ankle biome-

chanics, such as foot structure, which was not measured in our study. Thus, the interpretation

of our results should be made with caution, and further research is warranted to fully under-

stand the relationship between ankle muscle coactivation, ankle joint moment, and potential

musculoskeletal disorders or risk of falling in obese individuals.

Conclusion

Gait parameters and ankle muscle coactivation in obese individuals seem to be strongly depen-

dent on body mass distribution. From the biomechanical point of view, body fat mass distribu-

tion changes gait strategies in obese individuals, inducing different neuromuscular adaptations

during the single support and propulsion phases. Clinical practitioners should take into con-

sideration these different neuromuscular and gait modifications induced by body mass distri-

bution to provide a more specific type of physical conditioning.
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34. Hortobágyi T, Devita P. Mechanisms responsible for the age-associated increase in coactivation of

antagonist muscles. Exerc Sport Sci Rev. 2006; 34: 29–35. https://doi.org/10.1097/00003677-

200601000-00007 PMID: 16394812

35. Mian OS, Thom JM, Ardigo LP, Narici M V, Minetti AE. Metabolic cost, mechanical work, and efficiency

during walking in young and older men. Acta Physiol. 2006; 186: 127–139. https://doi.org/10.1111/j.

1748-1716.2006.01522.x PMID: 16497190

36. Tucker MG, Kavanagh JJ, Barrett RS, Morrison S. Age-related differences in postural reaction time and

coordination during voluntary sway movements. Hum Mov Sci. 2008; 27: 728–737. https://doi.org/10.

1016/j.humov.2008.03.002 PMID: 18513814

37. Hsiao-Wecksler ET, Katdare K, Matson J, Liu W, Lipsitz LA, Collins JJ. Predicting the dynamic postural

control response from quiet-stance behavior in elderly adults. J Biomech. 2003. https://doi.org/10.1016/

s0021-9290(03)00153-2 PMID: 12893041

38. Maktouf W, Guilheme C, Boyas S, Beaune B, Durand S. Relationships between lower limbs fatigability

threshold and postural control in obese adults. J Biomech. 2020; 105: 109819. https://doi.org/10.1016/j.

jbiomech.2020.109819 PMID: 32423537

39. Forestier N, Teasdale N, Nougier V. Alteration of the position sense at the ankle induced by muscular

fatigue in humans. Med Sci Sports Exerc. 2002. https://doi.org/10.1097/00005768-200201000-00018

PMID: 11782656

40. Ledin T, Fransson PA, Magnusson M. Effects of postural disturbances with fatigued triceps surae mus-

cles or with 20% additional body weight. Gait Posture. 2004. https://doi.org/10.1016/S0966-6362(03)

00061-4 PMID: 15013507

41. Takahashi T, Ishida K, Hirose D, Nagano Y, Okumiya K, Nishinaga M, et al. Vertical ground reaction

force shape is associated with gait parameters, timed up and go, and functional reach in elderly

females. J Rehabil Med. 2004. https://doi.org/10.1080/16501970310018297 PMID: 15074437

42. Corbeil P, Simoneau M, Rancourt D, Tremblay A, Teasdale N. Increased risk for falling associated with

obesity: mathematical modeling of postural control. IEEE Trans Neural Syst Rehabil Eng. 2001; 9: 126–

136. https://doi.org/10.1109/7333.928572 PMID: 11474965

PLOS ONE Body mass distibution and coactivation during gait

PLOS ONE | https://doi.org/10.1371/journal.pone.0294692 March 20, 2024 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/3987606
https://doi.org/10.4324/9780203771587
https://doi.org/10.1053/mr.2000.3782
https://doi.org/10.1053/mr.2000.3782
http://www.ncbi.nlm.nih.gov/pubmed/10768540
https://doi.org/10.1381/0960892054621224
https://doi.org/10.1381/0960892054621224
http://www.ncbi.nlm.nih.gov/pubmed/16105399
https://doi.org/10.1046/j.1532-5415.2001.49151.x
http://www.ncbi.nlm.nih.gov/pubmed/11454113
https://doi.org/10.1016/s0021-9290%2803%2900119-2
http://www.ncbi.nlm.nih.gov/pubmed/12893044
https://doi.org/10.1371/journal.pone.0262798
http://www.ncbi.nlm.nih.gov/pubmed/35051232
https://doi.org/10.1249/00003677-198900170-00009
http://www.ncbi.nlm.nih.gov/pubmed/2676547
https://doi.org/10.1097/00009957-200110000-00001
http://www.ncbi.nlm.nih.gov/pubmed/11727367
https://doi.org/10.1016/j.gaitpost.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18023352
https://doi.org/10.1097/00003677-200601000-00007
https://doi.org/10.1097/00003677-200601000-00007
http://www.ncbi.nlm.nih.gov/pubmed/16394812
https://doi.org/10.1111/j.1748-1716.2006.01522.x
https://doi.org/10.1111/j.1748-1716.2006.01522.x
http://www.ncbi.nlm.nih.gov/pubmed/16497190
https://doi.org/10.1016/j.humov.2008.03.002
https://doi.org/10.1016/j.humov.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18513814
https://doi.org/10.1016/s0021-9290%2803%2900153-2
https://doi.org/10.1016/s0021-9290%2803%2900153-2
http://www.ncbi.nlm.nih.gov/pubmed/12893041
https://doi.org/10.1016/j.jbiomech.2020.109819
https://doi.org/10.1016/j.jbiomech.2020.109819
http://www.ncbi.nlm.nih.gov/pubmed/32423537
https://doi.org/10.1097/00005768-200201000-00018
http://www.ncbi.nlm.nih.gov/pubmed/11782656
https://doi.org/10.1016/S0966-6362%2803%2900061-4
https://doi.org/10.1016/S0966-6362%2803%2900061-4
http://www.ncbi.nlm.nih.gov/pubmed/15013507
https://doi.org/10.1080/16501970310018297
http://www.ncbi.nlm.nih.gov/pubmed/15074437
https://doi.org/10.1109/7333.928572
http://www.ncbi.nlm.nih.gov/pubmed/11474965
https://doi.org/10.1371/journal.pone.0294692


43. Hue O, Berrigan F, Simoneau M, Marcotte J, Marceau P, Marceau S, et al. Muscle force and force con-

trol after weight loss in obese and morbidly obese men. Obes Surg. 2008; 18: 1112–1118. https://doi.

org/10.1007/s11695-008-9597-5 PMID: 18584262

44. Simoneau M, Teasdale N. Balance control impairment in obese individuals is caused by larger balance

motor commands variability. Gait Posture. 2015; 41: 203–208. https://doi.org/10.1016/j.gaitpost.2014.

10.008 PMID: 25455209

45. Sutherland DH. The evolution of clinical gait analysis part l: kinesiological EMG. Gait Posture. 2001; 14:

61–70. https://doi.org/10.1016/s0966-6362(01)00100-x [pii] PMID: 11378426

46. Donelan JM, Shipman DW, Kram R, Kuo AD. Mechanical and metabolic requirements for active lateral

stabilization in human walking. J Biomech. 2004; 37: 827–835. https://doi.org/10.1016/j.jbiomech.2003.

06.002 PMID: 15111070

PLOS ONE Body mass distibution and coactivation during gait

PLOS ONE | https://doi.org/10.1371/journal.pone.0294692 March 20, 2024 16 / 16

https://doi.org/10.1007/s11695-008-9597-5
https://doi.org/10.1007/s11695-008-9597-5
http://www.ncbi.nlm.nih.gov/pubmed/18584262
https://doi.org/10.1016/j.gaitpost.2014.10.008
https://doi.org/10.1016/j.gaitpost.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25455209
https://doi.org/10.1016/s0966-6362%2801%2900100-x
http://www.ncbi.nlm.nih.gov/pubmed/11378426
https://doi.org/10.1016/j.jbiomech.2003.06.002
https://doi.org/10.1016/j.jbiomech.2003.06.002
http://www.ncbi.nlm.nih.gov/pubmed/15111070
https://doi.org/10.1371/journal.pone.0294692

