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Introduction
Obesity is a major global public health challenge. 

Excessive body weight is related to high incidence of 
chronic diseases such as cardiovascular disease, stroke, 
hypertension, diabetes and cancers of the large intestine, 
kidney, endometrium, and postmenopausal breast 
(Whitlock et al., 2009). In consequence, 2.8 million of 
deaths per year are associated to obesity (Darnton‑Hill et al., 
2004). In Brazil, according to the most recent survey 
(Brasil, 2017), the proportion of obese adults is 18.9% 
and overweight is 53.8%.

Excessive body mass is associated to musculoskeletal 
conditions, osteoarthritis, low back pain, and soft tissue 
injury (McMillan et al., 2010; Imayama et al., 2011). 
The excess of body weight raises the forces acting on 
joint surfaces, increasing the difficulty to perform daily 
living activities (Imayama et al., 2011). As a result, 
mechanical stress due to obesity affects lower limbs and 
consequently change the gait pattern (McGraw et al., 
2000). Spatiotemporal walking modifications comprise 
step length and walking speed reduction as well as 
increase of step width, double support, and stance times 
(McGraw et al., 2000; DeVita and Hortobagyi, 2003; 
Browning and Kram, 2007). Moreover, obese subjects 
walk with less knee and hip flexion and extension 
(McMillan et al., 2010), as well as increased ground 
reaction forces (GRF) (Browning and Kram, 2007).

Body mass index (BMI) is a standard measure of 
obesity level that is highly correlated to an individual’s 
amount of body fat. This index is based on height and 
weight being applied to both men and women (Hall 
and Cole, 2006). For adults, such measure follows the 
standard convention (normal weight: 18.5 to 24.9 kg/m2; 
overweight: 25 to 29.9 kg/m2; and obese: 30 kg/m2 or 
above)
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While obesity has been clinically associated with 
biomechanics changes in locomotion (Messier et al., 
1994; Lai et al., 2008), gait of overweight subjects 
remains unreported. Therefore, there is a lack of studies 
on possible modifications in gait pattern of overweight 
subjects. The quantification of changes in the gait 
movements of overweight subjects is important to 
relate the possible risk of musculoskeletal injuries, by 
overloading the joints of the lower limbs.

The characterization of gait is performed by many 
signals which provide different information of highly 
correlated data (Astephen and Deluzio, 2005; Muniz and 
Nadal, 2009). Studies involving only a subjective selection 
of gait waveform parameters can be limited by loss of 
information (Muniz and Nadal, 2009). Thus, multivariate 
analysis methods such as principal component analysis 
(PCA) can be valuable and have been used to reduce 
the dimensionality of the data, analyzing the entire time 
series of the reference signal. This method transforms 
the original signal on a reduced set of uncorrelated data, 
retaining as much of the variance of the original signal 
as possible (Jolliffe, 2002).

The three‑dimensional gait characteristics of 
overweight subjects are not clear. Therefore, the aim of 
this study is identifying biomechanics changes on gait 
in overweight subjects by applying PCA.

Methods

Sample
Two groups of mid‑age adults volunteered for this study: 

overweight (n = 9; three males; age of 49.6 (6.2) years; 
mass of 79.7 (12.7) kg; height of 1.7 (0.1) m and body 
mass index (BMI) of 27.5 (1.6) kg/m2) and normal‑weight 
(n = 15; two males; age of 48.2 (6.4) years; height 
of 1.7 (0.1) m; weight of 60.6 (6.1) kg and BMI 
of 22.6 (1.3) kg/m2). BMI was used to classify the 
participants; overweight subjects (OG) had BMI values 
between 25.0 to 29.9 kg/m2, and normal‑weight subjects 
(CG) had BMI between 20.0 to 24.9 kg/m2 (World…, 
2015). All subjects signed a written informed consent 
approved by a local ethics committee, and were free 
of neurological illness, degenerative conditions or any 
general disease that might interfere on gait.

Equipment and experimental procedures
Three‑dimensional kinematics of the lower limb 

and GRF were recorded with a synchronized Optotrak 
motion capture (Northern Digital, Ontario, Canada), and 
two force platforms (AMTI, Watertown, USA) system. 
Three‑marker triads of infrared light‑emitting diodes 
were placed on the pelvis, thigh, shank, and foot body 
segments. Individual markers on sacrum, the greater 
trochanter, the lateral epicondyle, the lateral malleolus, 

the posterior heel and the tip over the second metatarsal 
were identified during quiet standing and their positions 
were used together with four virtual markers to define 
anatomical coordinate systems (Landry et al., 2007). 
These measurements were obtained on the right side 
of the body. All signals were captured at 100Hz sample 
frequency during 10s. The force platforms were mounted 
in series at the middle of a 10‑meters walkway and 
covered with a gray carpet.

Each subject was required to walk barefoot on the 
walkway at his or her self‑selected comfortable walking 
speed. Participants performed warm‑up trials prior to 
data collection to establish a starting point so that each 
foot hit one of the force platforms during walking trials. 
Data collection continued until the subject completed 
at least five successful trials.

Signal processing
For each subject, kinematic and GRF data were 

filtered using low pass Butterworth filters with cut-off 
frequency 7 Hz and 30 Hz, respectively; moreover, GRF 
data were normalized by each subject body weight.

For time normalization, each kinematic and GRF 
waveform was interpolated using cubic spline and resampled 
with 51 points which corresponded to 2% resolution in 
the complete gait cycle for kinematic data and stance 
phase for GRF data. The posterior heel and the tip over 
the second metatarsal markers were used to determine 
foot contact events according to algorithm developed by 
O’Connor et al. (2007). Although temporal differences 
between gait cycle events still may exist (Helwig et al., 
2011), such normalization method is the most used in 
PCA application of gait studies (Astephen and Deluzio, 
2005; Muniz and Nadal, 2009; Muniz et al., 2010)

Afterwards, averaged data from five trials were 
obtained for each gait signal. Gait velocity was calculated 
using pelvic marker, as well as stride length and cadence 
using calcaneus marker. Joint angular position was 
calculated for hip, knee, and ankle joints which were 
afterwards evaluated using PCA. Sagittal, frontal and 
transverse kinematic waveform data from each joint, as 
well as vertical, anteroposterior and mediolateral GRF 
component were separately stored in a matrix E with 
24 rows (corresponding to CG and OG) and 51 columns 
(samples of each gait waveform). PCA was applied to 
the covariance matrix S (51 × 51) obtained from each 
E, by the solutions of the linear system (Jolliffe, 2002).

p p pSx x= λ  (1)

where λ is the eigenvalue of S ranked in decreasing 
order and x is the corresponding normalized eigenvector 
or principal component (PC). Each PC is an uncorrelated 
waveform obtained from linear combination of the 



Gait analysis of overweight subjects 293Res. Biomed. Eng. 2018 December; 34(4): 291-298 293/298

original data vectors. The first PCs correspond to signals 
with larger variances, being orthogonal to each other. 
The scree test (Jolliffe, 2002) selected the relevant PCs 
for the analysis. The orthogonal projection of an original 
observation onto a PC was referred to as principal 
component score (PC scores) (Jolliffe, 2002) and the 
group differences were assessed by comparing the PC 
scores obtained for the relevant PCs. Each eigenvector 
presents the same number of points of the original 
waveform data (51), where each point represents the 
loading factor applied to corresponding sample of the 
original waveform (McKean et al., 2007). Therefore, 
to help the interpretation of the attained information 
by those PCs which presented statistical difference 
between groups, the averaged waveforms of overweight 
subjects were qualitatively compared between groups 
(Muniz et al., 2010).

Statistical analysis
The normality of the datasets containing gait velocity 

and PC scores was tested by the Kolmogorov‑Smirnov 
test which presented non‑normal distribution. Therefore, 
the Mann Whitney test was applied to compare PC 
scores between groups. The significance level was 
set to α = 0.05. All signal processing procedures and 
statistical tests were performed using Matlab version 
7.1 (The Mathworks, USA).

Results
There was no significant difference in gait velocity 

(CG = 4.4 ± 0.4; OG = 4.3 ± 0.4 km/h; p = 0.52), stride 
length (CG = 1.15 ± 0.06; OG = 1.24 ± 0.14 m; p = 0.20) 
and cadence (CG = 73.5 ± 19.6; OG = 73.5 ± 9.6 strides/min; 
p = 0.08) between groups, thus avoiding any group 
differences in gait characteristics directly due to gait speed.

All PC scores are summarized in Table 1. The scree 
test indicated that three PCs from sagittal, frontal and 
transverse planes should be considered in the ankle joint 
analysis, which retained respectively 91.0%, 87.5% and 
90.7% of the total data variance. However, only the first 
PC score from the sagittal plane presented a statistical 
difference between groups (Table 1). This PC presented 
the highest loading factors (values far from zero) 
during pre‑swing phase (Figure 1) where signal epochs 
presented a marked difference between group averages. 
Such result pointed to a reduced ankle plantarflexion at 
toe‑off in overweight subjects. PC scores from frontal 
and transverse range of motion at the ankle presented 
no statistical difference between the groups (Table 1), 
indicating that there is no difference between OG and 
CG in these planes of motion.

Three PCs in the sagittal, frontal and transverse 
planes at the knee should be considered in the analysis, 

retaining respectively 91.4%, 97.6% and 94.6% of the 
total data variance. Nevertheless, any comparison of 
these PCs scores presented statistical difference between 
groups (Table 1).

The hip joint presented three PCs in the sagittal, 
frontal and transverse planes retained in the analysis, 
with respectively 94.0%, 88.7% and 89.2% of the 
total data variance. However, only the third PC score 
from the sagittal plane presented statistical difference 
between groups (Table 1). Higher loading factors were 
observed at the initial contact, terminal stance and mid 
swing (Figure 2). Overweight subjects presented lower 

Table 1. PC scores from control group (CG) and overweight group (OG) 
and respective p values. Data are presented by mean (standard deviation)

CG OG p

A
N
K
L
E

Sagittal
PC1 5.3 (4.4) ‑0.9 (17.7) 0.026*
PC2 2.3 (10.9) ‑4.3 (5.5) 0.146
PC3 ‑0.3(8.1) 0.5 (9.1) 0.638

Frontal
PC1 ‑0.2 (25.6) 9.7 (16.9) 0.165
PC2 2.8 (10.2) ‑0.2 (10.6) 0.165
PC3 ‑0.9 (8.6) 1.8 (5.9) 0.420

Transverse
PC1 ‑0.1 (32.2) 9.5 (18.6) 0.383
PC2 0.4 (11.7) ‑0.7 (14.7) 0.723
PC3 1.6 (8.9) ‑3.0 (5.0) 0.129

K
N
E
E

Sagittal
PC1 6.3 (28.2) ‑11.8 (37.9) 0.287
PC2 3.4 (15.8) ‑6.4 (18.1) 0.146
PC3 1.9 (11.4) ‑3.6 (14.4) 0.383

Frontal
PC1 6.2 (49.7) ‑11.7 (36.9) 0.430
PC2 ‑0.6 (7.3) 1.2 (11.1) 0.628
PC3 ‑0.3 (4.2) 0.6 (10.7) 0.923

Transverse
PC1 1.6 (53.8) ‑2.9 (61.6) 1.000
PC2 0.3 (16.2) ‑0.6 (15.0) 1.000
PC3 ‑1.9 (12.4) 3.6 (17.0) 0.349

H
I
P

Sagittal
PC1 ‑0.9 (30.5) 1.6 (26.6) 0.974
PC2 0.8 (11.1) ‑1.5 (18.3) 0.583
PC3 4.3 (7.4) ‑8.1 (11.2) 0.015*

Frontal
PC1 ‑2.3 (21.0) 4.4 (21.2) 0.259
PC2 ‑1.1 (13.2) 2.0 (14.1) 0.498
PC3 ‑0.1 (9.9) 0.3 (14.1) 0.821

Transverse
PC1 ‑0.1 (29.2) 0.14 (24.1) 1.000
PC2 0.9 (8.9) ‑1.63 (14.1) 0.349
PC3 ‑1.0 (9.1) 9.14 (9.3) 0.723

G
F
R

Vertical

PC1 ‑0.5 (0.3) 0.1 (0.3) 0.420
PC2 0.1 (0.2) ‑0.1 (0.3) 0.420
PC3 ‑0.0 (0.2) 0.0 (0.1) 0.771
PC4 ‑0.0 (0.1) 0.0 (0.2) 0.208

Anteroposterior
PC1 0.0 (0.1) ‑0.1 (0.1) 0.031*
PC2 0.0(0.1) ‑0.0 (0.1) 0.974
PC3 ‑0.0 (0.0) 0.0 (0.0) 1.000

Mediolateral
PC1 ‑0.0 (0.1) 0.1 (0.1) 0.042*
PC2 0.0 (0.1) ‑0.0 (0.1) 1.000
PC3 0.0 (0.0) ‑0.0 (0.0) 0.042*

*Statistical difference between groups.
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averaged signal amplitude at these gait phases. Such 
results pointed to a reduced hip flexion at the heel strike 
and at mid swing gait phases, as well as a reduced hip 
extension during push off. Frontal and transverse hip 
range of motion showed no statistical difference between 
groups in PC scores (Table 1).

GRF analysis resulted in four PCs from the vertical axis 
and three PCs from both anteroposterior and mediolateral 
axes, retaining respectively 81.6%, 79.0% and 85.8% 

of the data variance. While vertical GRF component 
presented no statistical difference between groups, the 
first PC score from anteroposterior and the first and 
third from mediolateral axes were statistically different 
(Table 1). In the anteroposterior direction, higher loading 
factors were observed at the initial contact (Figure 3), with 
increased GRF amplitude in OG on this stance phase of 
gait. Additionally, mediolateral GRF component presented 
higher loading factor at loading response phase for both 
first and third PCs (Figure 4), at mid‑stance (third PC) 
and at push off (first PC) (Figure 4B). Overweight 
subjects presented increased averaged mediolateral 
GRF amplitude in all these epochs.

Discussion
The purpose of the study was to examine the effects 

of overweight on gait characteristics. PCA was used 
for analyzing the entire signals waveforms instead of 
using only discrete parameters that do not consider the 
high degree of correlation that exists between various 
aspects of an individual’s gait (Tingley et al., 2002). 
Overweight subjects walked with significant kinematic 
motion modification in the sagittal plane at ankle and hip 
joints and showed significant changes in anteroposterior 
and mediolateral GRF.

Overweight subjects did not change gait speed, stride 
length and cadence compared to controls, while obese 
subjects are associated with slow gait speed (DeVita 
and Hortobagyi, 2003; Browning and Kram, 2007). 
Such change is related to a strategy of obese subjects 
in reduce the knee‑joint load (DeVita and Hortobagyi, 
2003). Gait speed is frequently used for evaluation of 
disability in clinical intervention trials and daily settings 

Figure 1. (A) Averaged sagittal ankle motion from control group (red line) 
and overweight group (black line) with its respective shaded standard 
deviations. (B) The first principal component (continuous line) and 
dotted lines representing the threshold of 80% of the maximum loading 
factor. The vertical line represents gait cycle division between stance 
(from 0 to 60%) and swing (from 60 to 100%).

Figure 2. (A) Averaged sagittal hip motion from control group (red line) 
and overweight group (black line) with its respective shaded standard 
deviations. (B) The third principal component (continuous line) and 
dotted lines representing the threshold of 80% of the maximum loading 
factor. The vertical line represents gait cycle division between stance 
(from 0 to 60%) and swing (from 60 to 100%).

Figure 3. (A) Averaged anteroposterior ground reaction force from 
control group (red line) and overweight group (black line) with its 
respective shaded standard deviations. (B) The first principal component 
(continuous line) and dotted lines representing the threshold of 80% of 
the maximum loading factor.
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(Cesari et al., 2005). Therefore, walking at similar speed 
suggest similar functional mobility between groups.

PCA pointed to sagittal ankle kinematic modification 
with visual plantarflexion reduction at toe-off in OG 
(Figure 1). Reports of kinematic and kinetic characteristics 
of walking in individuals who are obese are inconsistent. 
Spyropoulos et al. (1991) also found lower peak of 
plantarflexion in adults and adolescent who are obese, 
associating decreased range of motion at toe‑off to a possible 
weakness of plantiflexor muscles and to a mechanical 
action of the accumulation of adipose tissue at the ankle 
joint region. However, DeVita and Hortobagyi (DeVita 
and Hortobagyi, 2003) found a higher plantarflexion angle 
at toe‑off in obese subjects, attributing these results to 
a decreased knee torque. Lai et al. (2008) investigated 
the three‑dimensional gait characteristics of Chinese 
obese adults, founding no significant difference between 
obese and normal weight subjects in the sagittal plane 
motion. McMillan et al. (2010) also found no difference 
in peak plantarflexion; however, these authors observed 
a reduced plantarflexion moment at late stance in obese 
subjects that might be due to relative plantiflexor muscles 
weakness, as these muscles are partial contributors to 
ankle joint moments in the sagittal plane. Although none 
of these studies analyzed overweight subjects, and the 
present study did not analyze electromyography data, 
the reduced plantar flexion at push-off suggest a possible 
weakness of plantiflexor muscles in overweight subjects 
that should be further investigated.

Ankle joint did not present differences between 
groups in the frontal and transverse planes of motion. 
Similar result was found by McMillan et al. (2010) in 
obese subjects attributing this result to the inclusion 
of female samples, since they found reduced eversion 
motion peak amplitude in obese boys. Conversely, 
Lai et al. (2008) found increased ankle eversion at mid 
and terminal stance, as well as at pre‑swing in male and 
female in obese subjects. Although further investigations 
of differences in mechanics between males and females 
who are overweight are required, the present results 
pointed to that overweight could not be enough to cause 
changes in the ankle movement during gait of motions 
in the frontal and transverse planes.

Overweight has been clinically associated with 
musculoskeletal disorder of back, hip, knee, ankle and 
foot (Messier et al., 2005). Changes in the knee joint 
during walking in obese individuals have been intensively 
reported in the literature, with reduced knee flexion 
amplitude due to possible weakness of the knee extensors 
(Gushue et al., 2005; Landry et al., 2007; McMillan et al., 
2010), as well as an increase in knee abduction that 
in the long term which may lead to osteoarthritis 
(Baliunas et al., 2002; Gushue et al., 2005). However, 
the present results differ from these findings, since there 
was no significant difference in knee motion PC scores 
during gait in the overweight group compared to those 
with normal weight (Table 1). Such outcome suggests 
that overweight subjects reorganize their neuromuscular 
function during walking, to reduce ankle plantarflexion 

Figure 4. (A) Averaged mediolateral ground reaction force from control group (red line) and overweight group (black line) with its respective 
shaded standard deviations. (B) The first principal component (black line) and the third principal component (red line), dotted lines representing 
the threshold of 80% of the maximum loading factor.
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and hip extension during push‑off, but they are able 
to maintain the same knee motion pattern observed in 
control subjects. DeVita and Hortobagyi (2003) found 
less knee torque and power in obese individuals while 
walking at a self‑selected speed and equal knee torque 
and power while walking at the same speed as control 
subjects. According to these authors, the reduced gait 
speed in obese shows the ability of these individuals to 
reduce the total load on the knee joint. Since the studied 
OG presented no difference in gait speed compared to 
CG, they could reduce repetitive stresses without change 
knee kinematic patterns as reported in obese people. 
Foti et al. (2000) reported knee kinematic motion during 
gait remained unchanged in women at late pregnancy 
while carrying 13 kg more mass compared after one‑year 
post‑partum. These authors suggest increased demands 
on hip abductor, hip extensor, and ankle plantar flexor 
muscles during walking to compensate for additional 
body weight and reduce knee loads.

Overweight subjects presented changes in hip 
movement in the sagittal plane. Visual comparison 
between groups pointed to reduced hip flexion at the heel 
strike and at mid swing gait phases, as well as a reduced 
hip extension during push off (Figure 2B). Reduced 
hip movement was also found for adults (DeVita and 
Hortobagyi, 2003) and adolescents (McMillan et al., 
2010) obese populations. On contrary, Lai et al. (2008) 
found no significant difference between obese and 
normal weight subjects in the sagittal hip kinematic 
data. McMillan et al. (2010) suggested that the reduced 
hip flexion is linked to a strategy to compensate for a 
possible weakness of the hip extensor muscles. Blocking 
plantarflexion movement in normal subjects, Romkes 
and Schweizer (2015) observed lower extension at the 
hip joint during push off and suggested this change 
as a response to a decreased function of plantiflexor 
muscles during the push‑off phase. Therefore, muscle 
weakness could explain the reduced plantarflexion and 
hip extension during push off observed in overweight 
subjects. Additionally, the reduced hip movement in the 
sagittal plane could be associated with a gait strategy 
to overweight subjects maintain up‑righted postural 
stability. According to Colné et al. (2008), the increased 
body weight can cause postural instability.

On the other hand, it was not observed difference 
between groups in the frontal and transverse hip 
movements. Similarly, Lai et al. (2008) did not find hip 
rotation differences in obese subjects. However, these 
authors found lower hip abduction moment during early 
stance. The authors related this change to the relative 
hip abductor weakness, as a strategy used to maintain 
vertical stability during the transitional phase of stance 
for the swing. Therefore, these results point to adequate 

vertical stability during gait, resulting from a possible 
adequate abductor force in overweight subjects.

Vertical GRF shows no difference between groups. 
This result could be explained by the similar speed during 
walking between groups. Some authors (Messier et al., 
1996; Browning and Kram, 2007) state that the increase 
of the vertical GRF peak is proportional to body mass. 
Thus, it suggests that overweight is not enough to cause 
significant change in vertical force. Waveform analysis 
evidenced higher anteroposterior GRF at braking force 
in overweight subjects. Most of the studies suggests 
an increase in anteroposterior GRF proportional to the 
applied load carriage (Kinoshita, 1985; Birrell et al., 
2007). Conversely, in obese subjects Lai et al. (2008) 
found reduced braking and propulsive forces associated 
with lower gait speed. In the present study, as both groups 
walked in similar speed, the increase braking force can 
be associate with increased body mass in overweight 
subjects. Additionally, mediolateral GRF component 
pointed to higher values during initial contact and 
push off (Figure 4). Browning and Kram (2007) also 
observed higher mediolateral GRF in obese subjects and 
associated to a possible gait instability in this population. 
The limitation of this study was the small sample size 
and lack of power and moment joint calculation.

As a conclusion, the overweight subjects walked with 
kinematic motion modification in the sagittal plane at 
ankle and hip joints, including: reduced hip flexion during 
heel strike, reduced plantarflexion and hip extension 
during toe-off, as well as reduced hip flexion during 
mid‑swing. Changes were also observed in anteroposterior 
and mediolateral GRF, in which overweight subjects 
presented higher braking force and mediolateral GRF 
compared to the control group. This result supports that 
overweight subjects adjust their gait characteristics in 
response to their increased weight which could increase 
risk of musculoskeletal pathology.
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