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Abstract:
During pregnancy there are increased biomechanical demands on women affecting gait parameters. 

The purpose of this study was to analyze changes in vertical ground reaction force (GRF), normalized by 
body mass, during advancing phases of pregnancy. Nine pregnant subjects participated in this study at three 
pregnancy stages. To determine in-shoe pressure distribution Pedar Insole System was used (100 Hz). Analysis 
was done on 200 steps cycles of treadmill walking at the velocity of 0.83 m·s-1. To compare the differences of 
GRFs in maximal weight acceptance, middle stance and push-off phase and time to reach these forces among 
three pregnancy stages, repeated-measures ANOVA was performed to obtain partial eta-squared values to 
measure the effect size (η>.10). To interpret the overall mean differences between the three pregnancy stages 
Cohen’s d was applied (d>.20). Altered gait pattern during advancing phases of pregnancy demonstrated in 
the current study by a significant decrease in force of maximal weight acceptance and an increase in main 
time variables of the step is suggested to be a protective mechanism against overloading the contact area of 
the foot despite the increase in body mass.
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Introduction
During pregnancy there are increased biome-

chanical demands on women. The most important 
factors induced by pregnancy, which affect gait 
parameters and change mechanical loading and 
joint kinetics, include weight gain, musculoskeletal 
changes, control of the center of gravity and hormo-
nal changes (Aguiar, et al., 2015; Ribas & Guirro, 
2007; Ribeiro, João, & Sacco, 2013). The total mass 
gained during pregnancy is approximately 12 kg 
(Ribas & Guirro, 2007) an it puts more load on the 
joints of lower extremities. Furthermore, ventral 
growth of the uterus may cause reduction in func-
tional range of motion of the trunk and, together 
with the head posteriorization, may cause deepen-
ing lordosis of the lumbar spine. These changes may 
lead to center of gravity relocations, which affects 
balance and gait (Ribas & Guirro, 2007; Ribeiro, et 
al., 2013; Gilleard, Crosbie, & Smith, 2002).

Effects of hormonal and physiological changes 
occur alongside with other symptoms such as 

increased ligamentous laxity and weakening of 
muscles, especially in breast and belly area (Aguiar, 
et al., 2015; Máček & Radvanský 2011). Muscu-
lar stabilization of the abdominal, paraspinal and 
gluteal muscles providing stability and control is 
influenced by pregnancy (Carpes, Reinehr, & Mota, 
2008). High fatigability of lower abdominal muscles 
has been associated with pelvic girdle pain in preg-
nant women (Gutke, Östgaard, & Öberg, 2008). 
More than 50% of pregnant women report hip pain 
and up to 75% of them complain about back and 
foot pain (Karadag-Saygi, Unlu-Ozkan, & Basgul, 
2010; Ponnapula & Boberg, 2010). Muscle fatiga-
bility changes influence the mechanical loading 
and joint kinetics. Increased lower extremity joint 
moments and powers were observed in pregnant 
women placing increased demands on hip abduc-
tors, hip extensors and ankle plantar flexor muscles 
during walking (Foti, Davids, & Bagley, 2000).

Braking and propulsive forces are the elemen-
tal parts of gait and they are regularly examined by 
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measuring the ground reaction force (GRF) (Giakas 
& Baltzopoulos, 1997; Hollman, et al., 2007; White, 
et al., 1999). During walking, GRF is a summation 
of forces produced by all body segments (Hollman, 
et al., 2007). The vertical GRF parameters reflect 
symmetrical lower extremity foot loading patterns 
and show no significant differences between right 
and left limb during non-pathological human gait 
(Giakas & Baltzopoulos, 1997; White, et al., 1999; 
Dosla, et al, 2013). Functional differences between 
the limbs, when one limb is suggested to be more 
responsible for forward propulsion, while the other 
provides more support and stability, resulting in a 
slight asymmetry of one or several gait variables, 
were reported in previous studies (Sadeghi, et al., 
2001; Sadeghi, 2003). A greater asymmetry was 
found at slower velocities (Goble, Marino, & Potvin, 
2003). Increases in magnitude and variability of the 
peaks of GRF during weight acceptance and push-
off phases is assumed to be found in people with 
unstable locomotion (Giakas & Baltzopoulos, 1997; 
Hollman, et al., 2007).

Biomechanical and clinical studies com-
monly use treadmill walking to provide subjects’ 
safety and to maintain experimental control of 
speed (Savelberg, Vorstenbosch, Kamman, Van 
De Weijer, & Schambardt 1998). Previous studies 
showed differences between a treadmill and over-
ground walking making the extrapolation of results 
from the treadmill to overground walking limited 
(Savelberg, et al., 1998; van Ingen Schenau, 1980; 
Strathy, Chao, & Laughman, 1983). Compared to 
the overground walking the treadmill gait differs in 
faster cadence, a shorter stride length and displace-
ment patterns of the head, hip and ankle in the sag-
gital plane (Murray, Spurr, Gardner, & Mollinger, 
1985). However, treadmill and overground gait are 
considered to be equivalent from the mechanical 
point of view (van Ingen Schenau, 1980). 

The purpose of this study was to analyze 
changes in gait patterns in vertical GRF, normal-
ized by body mass, at three pregnancy stages. We 
hypothesized that a substantial increase in body 
mass and changes in anthropometry during preg-
nancy will lead to increases in peaks of GRF during 
mid-stance and push-off phases when maintaining 
the same walking speed.

Materials and methods
Participants and period of measurement

Nine pregnant women (30.90±2.56 years of 
age, body height 171.89±4.89 cm) participated in 

this study. The inclusion criterion was a low-risk 
pregnancy, whereas the exclusion criteria included 
any orthopedic or neurological disorders that could 
influence the gait. Eight pregnant women were 
primigravid, one was in her second pregnancy (2.5 
years after the first delivery). The average body 
mass at each collection session and its timing as 
regards gestation period are shown in Table 1.

Prior to the study, volunteers were informed 
about the measurement procedure and a written 
informed consent was obtained from them. The 
protocol was approved by the local ethical com-
mittee of the Faculty of Sports Studies, Masaryk 
University, Brno, the Czech Republic.

Experimental protocol
Data were collected at the Laboratory of Kinan-

thropological Research on the campus of Masaryk 
University of Brno, the Czech Republic. To deter-
mine the in-shoe pressure distribution during 
walking, the Pedar Insole System (Novel GmbH, 
Munich, Germany) was used. The system meas-
ures foot pressure distribution using 99 capacitive 
sensors, connected to a small portable data acqui-
sition device, which was fastened by a belt on the 
subjects’ waist. Sampling rate was 100 Hz. Three 
different insole sizes (European size 36-37, 38-39 
and 40-41) were used to account for differences in 
foot size. All subjects were provided with the iden-
tical kind of footwear, sport shoes, to control for 
differences in personal footwear.

During the experiment, subjects were asked 
to walk for five minutes on a treadmill (Katana 
Sport 400 V, Lode, Groningen, Netherlands) at the 
velocity of 0.83 m·s-1. It is characteristic for the self-
selected gait velocity to be slightly slower with the 
advancing phases of pregnancy (Forczek & Stasz-
kiewicz, 2012). Decreased walking speed, to 1±0.2 
m·s-1, was found in the study by Blaszczyk, Opala-
Berdzik, and Plewa (2015) during the last trimes-
ter of pregnancy. The velocity in the current study 
was assessed at 0.83 m·s-1 to be manageable at all 
the studied pregnancy stages with the possible preg-
nancy-related inconveniences during locomotion 
taking into consideration. Analysis was done on 
400 steps performed by either leg selected from 
the steady data segment of treadmill walking at a 
desired speed.

Treadmill walking differs from normal walking 
by artificial pace, inability to change the speed vol-
untarily and reduced stride variability. Treadmill 
walking was used to keep the subjects’ safety and 
to maintain experimental control of speed, as the 

Table 1. Mean body mass (kg) at each collection session and its timing (gestational weeks)

First measurement Second measurement Third measurement
Gestational week 13.27±3.96 26.35±2.85 36.30±1.40
Mean body mass 67.45±13.27 74.99±13.68 78.30±13.47
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foot pressure distribution and force are affected by 
walking speed and stride variability (Cavanagh, et 
al., 1997; Hessert, et al. 2005). 

Data analysis
For the data processing Microsoft Office Excel 

2007 (Microsoft Corporation) was used. A low-
pass filter with a cut-off frequency of 50 N was 
applied. The following variables (Figure 1) were 
determined by a self-developed algorithm based 
on tracking the force values during the entire time 
of each step cycle, thus finding the maximal force 
values in maximal weight acceptance, mid stance 
and push-off phases. For further analysis the fol-
lowing variables were selected: FA maximal force 
in maximal weight acceptance (MWA); TA time to 
reach MWA; FB maximal force in mid stance (MS); 
TB time to reach MS; FC maximal force in push-
off (PO); TC time to reach PO; TD time to reach 
end of the stance phase; TS time of the swing phase; 
TE time to reach end of the step. All force variables 
were normalized by body mass. 

Results
The statistical analyses revealed significant dif-

ferences in GRFs and in time to reach these forces 
among the three pregnancy stages. Mean and SD 
of each variable are shown in Table 2 and 3. Table 
4 shows partial eta-squared values (95% CI) and 
values of Cohen’s d.

Ground reaction forces
From the 13th to the 26th and to the 36th gesta-

tion week the maximal force in MWA significantly 
decreased (η>.10, d>.20) in both feet. The change 
in force of the mid stance effect size point esti-
mate was not significant by eta (η<.10), whereas the 

Figure 1. Graph representing ground reaction force during 
step cycle with the analyzed variables. FA maximal force in 
maximal weight acceptance (MWA); TA time to reach MWA; 
FB maximal force in mid stance (MS); TB time to reach MS; 
FC maximal force in push-off (PO); TC time to reach PO; TD 
time to reach end of the stance phase; TS time of the swing 
phase; TE time to reach end of the step. All force variables 
were normalized by body mass.

Statistical analysis
Means and standard deviations (SD) were calcu-

lated for all GRFs, as well as time variables of the 
first, second and third collection session. Repeated-
measures ANOVA was performed to compare the 
differences among the three pregnancy stages by 
the effect size obtained by the partial eta-squared 
values (η>.10). Cohen’s d (d>.20) was applied after-
wards to interpret the overall mean differences 
between the three pregnancy stages. All statistical 
analyses were conducted using Statistica.12 soft-
ware.

Table 2. Means, standard deviations of force (N.kg-1) and time 
(s) variables for the left foot

  First 
measurement

Second 
measurement

Third 
measurement

  Mean±SD Mean±SD Mean±SD

FA 8.69±0.96 8.36±1.25 8.00±1.20

TA 0.25±0.04 0.27±0.04 0.30±0.05

FB 7.76±0.87 7.55±1.34 7.50±1.37

TB 0.39±0.06 0.40±0.05 0.40±0.05

FC 9.34±1.00 9.21±1.71 9.30±1.72

TC 0.62±0.05 0.63±0.05 0.60±0.06

TD 0.82±0.05 0.83±0.05 0.90±0.04

TS 0.47±0.03 0.47±0.03 0.50±0.04

TE 1.29±0.07 1.30±0.07 1.30±0.07

FA maximal force in maximal weight acceptance (MWA); TA 
time to reach MWA; FB maximal force in mid stance (MS); TB 
time to reach MS; FC maximal force in push-off (PO); TC time 
to reach PO; TD time to reach end of the stance phase; TS time 
of the swing phase; TE time to reach end of the step. All force 
variables were normalized by body mass.

Table 3. Means, standard deviations of force (N.kg-1) and time 
(s) variables for the right foot

  First 
measurement

Second 
measurement

Third 
measurement

  Mean±SD Mean±SD Mean±SD

FA 8.74±1.15 8.44±1.34 8.20±1.36

TA 0.26±0.04 0.27±0.03 0.30±0.05

FB 7.89±1.04 7.71±1.44 7.70±1.65

TB 0.39±0.06 0.40±0.04 0.40±0.06

FC 9.71±1.15 9.58±1.77 9.70±2.01

TC 0.62±0.05 0.64±0.05 0.70±0.04

TD 0.82±0.05 0.83±0.05 0.90±0.05

TS 0.47±0.04 0.46±0.03 0.50±0.04

TE 1.29±0.07 1.30±0.07 1.30±0.07

FA maximal force in maximal weight acceptance (MWA); TA 
time to reach MWA; FB maximal force in mid stance (MS); TB 
time to reach MS; FC maximal force in push-off (PO); TC time 
to reach PO; TD time to reach end of the stance phase; TS time 
of the swing phase; TE time by reach end of the step. 
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Cohen’s d assessed the significant change in force of 
mid stance between the 1st and 3rd trimester in the 
left foot (d>.20). The decrease from the 1st to the 3rd 
trimester in force of the push-off phase effect size 
point estimate was not significant (η<.10, d<.20).

Time to reach GRFs
Time to reach first maximum force signifi-

cantly increased during the advancing phases of 
pregnancy (η>.10, d>.20). Time to reach force of 
middle stance significantly increased from the first 
to the second collection session (η>.10), however 
Cohen’s d was not significant (d<.20). Time to reach 
force of push-off increased; however the signifi-
cant substantive difference by eta and Cohen’s d 
was found only for the right foot (η>.10, d>.20). A 
significant increase was found in time of the stance 
phase, time of the swing phase and in time of the 
entire step cycle during advancing phases of preg-
nancy (η>.10, d>.20).

Discussion and conclusions
The purpose of this study was to analyze changes 

of gait patterns in vertical GRF caused by advanc-
ing pregnancy. Two hundred step cycles of treadmill 
walking at the velocity of 3 km across three preg-
nancy stages were analyzed. It was hypothesized 
that vertical force, normalized by body mass, would 

be larger alongside pregnancy course. However, the 
force of maximal weight acceptance, mid stance and 
push-off phase decreased from the first to the third 
trimester of pregnancy.

Significant decreases in peaks of GRFs were 
found in the current study. The shortened peak 
forces are related to longer contact times. This is 
suggested to be a protective mechanism the purpose 
of which is to keep loading unchanged despite 
the increase in body mass (McCrory, Chambers, 
Daftary, & Redfern, 2011; Nilsson & Thorstensson, 
1989) and, at the same time, it is a physiological 
reaction to protect the fetus from extensive tremor 
and shaking. Accumulation of weight gained during 
the pregnancy in the abdominal region is suggested 
to be the primary cause of changes in plantar pres-
sure and balance (Karadag-Saygi, et al., 2010). 

Similar observations were found in the over-
weight population. In comparison to adults with 
normal weight, when normalized by body mass, the 
decreased vertical GRF peaks were found in over-
weight population. It seems to be a musculoskeletal 
system strategy to minimize joint contact forces and 
shear stress despite the excessive body mass while 
walking at a self-selected speed. (Castro, et al, 2014)

McCrory and colleagues (2011) reported no dif-
ferences in vertical GRFs between trimesters when 
changing walking velocity was considered. Loco-
motion in pregnant women is characterized by a 

Table 4. Force and time variables partial eta-squared values, η>.10 small, >.30 moderate, >.50 large significance (Hopkins, 2000), 
Cohen’s d values, d>.20 small, >.50 moderate, >.80 large significance (Cohen, 1977)

η d 1 – 2 d 2 – 3 d 1 – 3

FAL .18  .30 (–.33 – 1.12)  .31 (–.51 – 1.09)  .66 (.03 – 1.44)
TAL .18  .50 (.47 – .53)  .25 (.22 – .28)  .75 (.72 – .78)
FBL .03  .19 (–.38 – 1.07)  .05 (–.82 – .95)  .25 (–.32 – 1.15)
TBL  .25  .12 (.09 – .16)  .18 (.15 –.22)  .06 (.02 – .09)
FCL .01  .10 ( –.54 – 1.21)  .05 (–1.07 – 1.16)  .04 (–. 61 – 1.16)
TCL .06  .18 (.14 – . 21)  .17 (.13 – .20)  .35 (.31 – .38)
TDL .21  .20 (.17 – .23)  .44 (.42 – .48)  .67 (.64 – .70)
TSL .39  .01 (–.01 – .03)  .03 (.01 – .05)  .03 (.00 – .05)
TEL .17  .14 (.10 – .19)  .29 (.24 – .33)  .43 (.38 – .47)

FAR .12  .24 (–.51 – 1.12)  .20 (–.68 – 1.09)  .45 (–.30 – 1.34) 
TAR .19  .03 (–.19 – .28)  .11 (.07 – .32)  .67 (.64 –.70)
FBR .02  .15 (–.53 – 1.09)  .02 (–.92 – 1.10)  .16 (–.52 – 1.24) 
TBR  .15  .19 (.16 – .23) .07 (.04 – .11)   .11 (.07 – .14)
FCR .00  .09 (–.66 – 1.25)  .04 (–1.28 – 1.19)  .04 ( –.71 – 1.35)
TCR .23  .23 (.20 – .26)  .47 (.44 – .50)  .70 (.68 – .74)
TDR .31  .20 (.17 – .23)  .40 (.37 –.43)  .60 (.57 –.63)
TSR .49  .29 (.26 – .31)  .09 (.06 – .11)  .25 (.22 – . 28)
TER .15  .14 (.10 – .19)  .29 (.24 –.33)  .43 (.38 – .47)

* d 1 – 2 (differences between the first and second collection session), d 2 – 3 (differences between the second and third collection 
session), d 1 – 3 (differences between the first and third collection session).
FA maximal force in maximal weight acceptance (MWA); TA time to reach MWA; FB maximal force in mid stance (MS); TB time to 
reach MS; FC maximal force in push-off (PO); TC time to reach PO; TD time to reach end of the stance phase; TS time of the swing 
phase; TE time to reach end of the step. All force variables were normalized to body mass.
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slower speed, lower frequency and shorter length 
of steps in comparison to pre- and post-pregnancy 
states (Forczek & Staszkiewicz, 2012). Longer 
stance time was observed in the last trimester by 
Karadag-Saygi et al. (2010) and Forczek and Stasz-
kiewicz (2012), as well as in our study. This pro-
longed time of the stance phase has been associated 
with the need to increase safety of the movement 
during pregnancy (Forczek & Staszkiewicz, 2012; 
Karadag-Saygi, et al., 2010). To reduce the possi-
bility of changing velocity voluntary, as GRFs are 
affected by walking speed (Cavanagh, et al. 1997; 
Hessert, et al., 2005), treadmill walking was used 
in the current study.

The major limitation of the study was a small 
number of participants and a difference between 
treadmill and overground gait, which limits the 
extrapolation of results. Another limitation was 
that the anthropometrical parameters (body mass, 
body height) of participants were not homogenous.

Future studies should be conducted to clarify 
the differences in the symmetry of foot loading pat-

terns and laterality of pregnant women. This infor-
mation will allow us to get a deeper insight into the 
differences in gait patterns during the first, second 
and third trimester of pregnancy.

Analyses of 200 step cycles demonstrated 
altered foot loading pattern during pregnancy. 
As pregnancy advances, force of maximal weight 
acceptance decreases significantly and values of 
the analyzed time variables increase (η>.10, d>.20) 
despite the same walking speed in all the collec-
tion sessions assessed by a treadmill. These find-
ings are suggested to be a pregnancy physiologi-
cal reaction to protect the fetus against extensive 
tremor and shaking and, at the same time, a pro-
tective mechanism against overload of the contact 
area of the foot pending due to the increase in body 
mass. Deeper understanding of changes in GRF will 
explain alterations of the gait pattern in pregnant 
body and describe the significance of specific foot-
wear and exercise programs to preserve structure 
of healthy foot during pregnancy.
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