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a b s t r a c t

Although pregnant women are anecdotally said to “waddle” during gait, researchers have not quantified
the kinematics of these gait alterations. The purpose of this study was to examine the effects of
pregnancy on thoracic and pelvic kinematics during gait.
Methods: Data were collected on 29 pregnant subjects in the mid-second and third trimesters and on 40
control women. Three-dimensional kinematic data were collected on subjects walking at their freely-
chosen speed. Right foot heel-strike (RHS) and left foot toe-off (LTO) were determined from force plate
data. Thoracic and pelvic angles at RHS, step width, mediolateral translation of the C7 and L4 vertebrae,
and the ranges of motion (ROMs) of the thorax and pelvis over the gait stride were determined. A series
of MANCOVAs were performed with trimester (second, third, and control) as the independent variable
and velocity as the covariate (α¼0.05). Post-hoc analyses were performed when appropriate.
Results: Increased lateral translation of the C7 and L4 vertebrae (third trimester4second trimester4
control, po0.05) was noted, accompanied by an increased step width in the third trimester (p¼0.03).
At heel strike, pregnant women had greater thoracic extension (third trimester4second trimester4
control, po0.05) and greater anterior pelvic tilt (third trimester4control; po0.05). Sagittal plane
thoracic ROM was less in the third trimester compared to controls (po0.01).
Conclusions: Pregnant women demonstrated a lateral shifting of the body during gait, which accom-
panied a greater step width. The increased thoracic extension and anterior pelvic tilt, along with
decreased sagittal plane ROM are likely adaptations to increased abdominal size.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous anatomical and physiological changes occur during
pregnancy, including substantial weight gain (Dumas et al., 1995),
increased abdominal volume (Loftis et al., 2008), decreased
abdominal muscle strength (Gilleard and Brown, 1996), and
increased lumbar lordosis (Dumas et al., 1995). Because more than
50% of pregnant women report back pain (Dumas et al., 1995;
Ostgaard et al., 1996), research on the biomechanics of the torso is
warranted.

The effect of pregnancy on biomechanics of the torso during
activities of daily living has been studied. Gilleard et al. reported
no significant effect of pregnancy on thoracic or pelvic posture

during sitting and standing (Gilleard et al., 2002b), although the
thorax was less extended and the pelvis less anteriorly-tilted in
post-partum during standing (Gilleard et al., 2002b). They also
reported pregnancy-associated reductions in passive sagittal and
transverse plane ranges of motion (ROM) but no change in trunk
lateral flexion (Gilleard et al., 2002a).

Several authors have attempted to quantify the ‘waddling’ gait
exhibited during pregnancy (Foti et al., 2000; Gilleard et al., 2008;
Gilleard, 2013), although they have not been completely able to
describe how pregnant-gait differs from non-pregnant gait. An
increased step width (Bird et al., 1999; Foti et al., 2000; Gilleard,
2013) and decreased step length (Gilleard, 2013) occur in preg-
nancy. Foti et al. reported an increased anterior pelvic tilt in late
pregnancy compared to post-partum (Foti et al., 2000). Women in
their second trimester display less axial rotation of the thorax and
pelvis during gait as well as a slower gait compared to nulliparous
women (Wu et al., 2004a). Large inter-individual standard devia-
tions were reported in the 3D ROMs of the pelvis and thorax
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(Bird et al., 1999; Foti et al., 2000; Wu et al., 2004a). It is likely that
statistical significance was not achieved between pregnant women
and controls in several studies because of these large standard
deviations. Recently, Gilleard performed a repeated measures analysis
of thorax and pelvis movement patterns collected over the course of
pregnancy (Gilleard, 2013). She reported decreases in pelvic rotation
and obliquity as the pregnancy progressed; however, no alterations in
thoracic movement were noted (Gilleard, 2013).

Pregnant women are more likely than non-pregnant women to
experience low back pain (Dumas et al., 1995; Ostgaard et al., 1996;
Wu et al., 2004b). Gait analyses in non-pregnant individuals with back
pain reveal increased pelvic axial rotation compared to those without
back pain (Seay et al., 2011). Wu et al. reported increased axial
movement of the pelvis in pregnant women with low back pain;
however, due to large inter-subject variability and a small sample size
(n¼12), statistical significance was not reached (Wu et al., 2008).
Conversely, Gilleard et al. reported women in late pregnancy exhibited
decrease pelvic rotation (Gilleard, 2013). Further research is warranted
to explore if thoracic and pelvic movement kinematics during
pregnancy are similar to other populations with back pain.

The concept of “waddling gait” and pregnancy-associated altera-
tions to trunk biomechanics are not well understood. The purpose of
this study was to examine the effects of advancing pregnancy on
thorax and pelvis mechanics during gait. Given that pregnant women
are said to “waddle” during gait, we hypothesized that mediolateral
movement of the C7 vertebra would be increased in advanced
pregnancy. We also hypothesized that frontal plane lateral lean of
the thorax and pelvis would be increased in the third trimester. Given
the increasing abdominal volume that accompanies pregnancy, we
hypothesized that the thorax would become more extended through-
out pregnancy and that the pelvis would demonstrate a greater
anterior tilt. Finally, given that the majority of pregnant women
experience back pain, and that other populations with back pain
demonstrate increased pelvic rotation, we hypothesized that pregnant
women would have increased pelvic transverse plane rotation.

2. Methods

2.1. Subjects

Forty-one pregnant women and forty non-pregnant controls participated. Subject
demographics are shown in Table 1. Pregnant subjects and controls were matched to
within 2 kg/m2 BMI, based on the pregnant subjects' self-reported pre-pregnancy mass.
Twenty-seven pregnant women were primigravid, while five were in their second
pregnancy and nine were in their third pregnancy. Thirty-three controls were
nulliparous. Six controls had been pregnant once, and one control had been
pregnant twice.

Pregnant subjects were recruited through the UPMC Womancare Research
Registry. Non-pregnant controls were recruited via advertisements placed around
the community. Inclusion criteria for the pregnant group included: age 18–45 years
and a low-risk pregnancy. Exclusion criteria for either group included: lower
extremity fracture within five years or sprain within the last year, knee pain, history
of diabetes or any other condition which could affect sensation, or history of lower
extremity ligament rupture. Subjects were also excluded if they currently smoked,

took any medication which would affect gait or balance, or had an average
consumption of more than one alcoholic drink per day. Additional exclusion
criteria for pregnant women included gestation beyond the twentieth week,
current multiple gestation, or a history of delivery of an older child prior to 36
weeks of gestation, toxemia, gestational hypertension, pre-eclampsia, or gesta-
tional diabetes.

Data were collected on the pregnant subjects in the middle of their second
trimester (20.971.2 weeks) and third trimester (35.871.5 weeks). Controls
participated in a single data collection session in the week following menses.
Twelve pregnant women withdrew from the study prior to their third trimester
testing session because of pregnancy complications (n¼2), premature delivery
(n¼4), injuries from a fall required bed-rest (n¼1), relocation away from the area
(n¼1), and decision not to participate in third trimester testing session (n¼4). Data
from these women are not included in this study.

2.2. Procedures

Data collection occurred at the Human Movement and Balance Laboratory on
the campus of the University of Pittsburgh. Upon arrival in the lab, experimental
procedures were explained. Written informed consent was then obtained in
accordance with the procedures of the University Institutional Review Board.

The subject wore a close-fitting t-shirt, shorts, and comfortable walking shoes.
Height and weight were determined with a medical scale and stadiometer.
Spherical retro-reflective markers were placed on the subject in accordance with
a modified Helen Hayes marker set. Specifically, the thorax was represented by
markers placed on the manubrium of the sternum, xyphoid process, and markers
placed on the C7 and T10 vertebrae. The pelvis was modeled by markers on the
bilateral anterior and posterior superior iliac crests (ASIS and PSIS, respectively).
Additionally, a marker was placed on the L4 vertebra. To determine step width, one
marker was placed on the posterior aspect of each heel. A static calibration trial was
collected with the subject standing with her feet shoulder width apart and
shoulders abducted to 901.

The coordinate systems for the thorax and pelvis were defined according to the
modified Helen Hayes method. Specifically, the origin of the thorax coordinate
system was the marker on the manubrium of the sternum. The z-axis, pointing
upward, was calculated as the midpoint of the xyphoid process and T10 markers to
the midpoint of the manubrium and C7 markers. The x-axis, pointing forward, was
calculated as the midpoint of the C7 and T10 markers to the midpoint of the
manubrium and xyphoid process markers. The y-axis was defined as the cross-
product of the z-axis and x-axis. The origin of the pelvis coordinate system was the
midpoint of the left and right ASIS markers. The y-axis was determined from the
right ASIS to the left ASIS. The x-axis was calculated as the midpoint of the bilateral
PSIS markers to the midpoint of the ASIS markers. The z-axis, which pointed
superiorly, was the cross-product of the x-axis and the y-axis.

Each subject practiced walking along the 8-m runway in the laboratory to
establish her freely chosen walking speed. An 8-camera motion capture systemwas
used to collect 3D kinematic data (Version: Workstation, VICON Corp., Centennial,
CO, USA). Kinematic data were collected at 120 Hz and filtered using a Woltring
Filter with a MSE of 20. Two force plates concealed within the laboratory floor
(Type 4060, Bertec Corp, Columbus, OH, 1080 Hz) were used to collect the
sequential right foot then left foot ground reaction forces. From these forces, the
times of right foot heel strike (RHS) and left foot toe off (LTO) were determined.
At least five good trials were collected of each subject. A trial was termed “good” if
the subject struck the force plates with no visible alteration to gait mechanics.

The following variables were calculated from each trial: frontal, sagittal, and
transverse positions of the thorax and pelvis with respect to the laboratory
coordinate system at RHS, frontal, sagittal, and transverse plane ROMs of the
thorax and pelvis between RHS and LTO, and frontal plane ROM only of the C7 and
L4 markers between RHS and LTO. Sagittal plane thoracic and pelvic orientations
with respect to the lab coordinate system were termed thoracic flexion/extension
and anterior/posterior pelvic tilt, respectively. Frontal plane thoracic and pelvic
orientations with respect to the lab coordinate system were termed thoracic lean
and pelvic obliquity. Transverse plane orientations of the thorax and pelvis with
respect to the lab coordinate system were called thoracic and pelvic rotations.
Orientations of the thorax and pelvis were calculated with respect to the static trial.
Step width was calculated as the mediolateral distance between the heel markers
at RHS. Walking velocity was calculated as the average velocity of the L4 marker
between RHS and LTO. Each of the calculated variables from the five trials per
subject were averaged to yield a representative value for each subject.

The results for walking velocity between the trimesters were reported in a previous
article (McCrory et al., 2011). Control subjects (1.4770.13 m/s) walked faster than
subjects in their second trimester (1.3470.15 m/s), who in turn walked faster than
women in their third trimester (1.2870.16 m/s) (po0.05, (McCrory et al., 2011)).

2.3. Statistical analyses

An ANOVA was used to analyze the demographic variables of age, height, mass,
and walking velocity. The independent variable in our statistical analyses was
trimester (control, second trimester, third trimester). The 3D kinematic variables

Table 1
Subject demographics (mean7standard deviation).

Control group (n¼40) Pregnant group (n¼29)

Age (yrs) 26.576.4 29.574.9
Height (cm) 165.875.6 166.176.6

Second trimester Third trimester

Weeks pregnant 20.971.2 35.871.5
Mass (kg)a 64.778.8 73.979.9 81.3711.1

a Subject mass was significantly different between the control group and each
of the trimesters (po0.001). Age and height were also not significantly different
between groups (p40.05).
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were collected in the same trials and were not considered statistically indepen-
dent; therefore, a multivariate analysis of covariance (MANCOVA) was performed.
Because walking velocity was significantly different between trimesters and
because it can affect trunk mechanics (Wu et al., 2004a), it was a covariate in each
analysis. First, a MANCOVA was performed to compare frontal plane translation of
the C7 and L4 markers as well as step width between trimesters. Secondly, frontal,
sagittal, and transverse plane positions of the thorax and pelvis at RHS were
compared between trimesters with a MANCOVA. Finally, MANCOVAwas performed
to compare frontal, sagittal, and transverse plane ROMs of the thorax and pelvis
between RHS and LTO between trimesters. The alpha-value for each comparison
was 0.05. Tukey post-hoc analyses were performed when appropriate (α¼0.05).

3. Results

Frontal plane translations of the C7 and L4 markers were
significantly different between trimesters (both p values¼0.001),
with post-hoc analyses revealing that the motion was greater
during the third trimester than during the second trimester, which
was in turn greater than in controls (Fig. 1). Step width was greater
(p¼0.03) in the third trimester (9.773.9 cm) compared to the
second trimester (8.473.4 cm) and the controls (8.773.5 cm).
Step width was not different between the second trimester and
controls.

At heel contact, the thorax was more extended during the third
trimester compared to the second trimester (p¼0.001). In addi-
tion, it was more extended in the second trimester compared the
controls (p¼0.01; Fig. 2). The pelvis was more anteriorly tilted at
heel strike in the third trimester when compared to controls
(p¼0.049), although the position of the pelvis at heel strike in the
second trimester was not different from the third trimester or
controls. No other variables at the thorax or pelvis were different
at heel strike between trimesters (Table 2).

The sagittal plane ROM of the thorax during the gait cycle was
less in the third trimester than in the controls or in the second

trimester (Table 2, p¼0.009). The sagittal ROM of the thorax was
not different between controls and pregnant women in their
second trimester. There were no other differences in the thorax
or pelvis 3D ROMs during the gait cycle between trimesters
(Table 2). Walking velocity was a significant covariate in thoracic
frontal plane ROM during the gait cycle (p¼0.001).

4. Discussion

The purpose of this study was to examine the effects of
advancing pregnancy on thorax (i.e. upper torso) and pelvis (i.e.
lower torso) kinematics during gait. We hypothesized that frontal
plane angular ROMs of the thorax and pelvis and that lateral
translation of the C7 vertebra would be increased in the third
trimester. Our results partially support these hypotheses. We
found greater lateral movement of the trunk during each stride,
but not greater angular rotation in the frontal plane.

Specifically, pregnant women in their third trimester demon-
strated greater lateral translation of the trunk, as evidenced by
greater side-to-side motion of markers placed on the C7 and L4
vertebrae during each stride. This greater trunk movement was
accompanied by a greater step width in the third trimester.
However, the frontal plane angular rotations, or lateral lean, of
the thorax and pelvis during gait was not affected by pregnancy.
Others have reported on pregnancy-related alterations to anterior
pelvic tilt, axial rotation of the thorax and pelvis, and decreased
pelvic obliquity during gait (Foti et al., 2000; Gilleard, 2013);
however, to our knowledge, alterations to translational movements
of the trunk, such as this side-to-side movement, have not previously
been reported.
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Fig. 1. Frontal plane range of motion of (a) C7 and (b) L4 during the gait cycle
(po0.01). Post-hoc analyses revealed significant differences were noted between
each of the trimesters and controls (po0.05).

Fig. 2. Sagittal plane position of the (a) thorax and (b) pelvis at right heel strike.
For the thorax, post-hoc analyses revealed significant differences between every
level of trimester (po0.05). For the pelvis, post-hoc analyses revealed that the
controls are significantly different from the third trimester (po0.01).
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The greater lateral movement of C7 and L4 in pregnancy is
likely related to the concomitant increase in step width, but the
specific mechanism for this change in movement pattern needs
further investigation. It is believed that the increased step width is
a consequence of the biomechanical adaptations to changing
anthropometry during pregnancy, such as in obese individuals
who exhibit increased step width as well as greater mediolateral
displacement of the head during gait (Messier, 1994; Vartiainen
et al. 2012). Alternatively, because 27% of pregnant women fall
(Dunning et al., 2010), this increased step width may be associated
with the increased risk of falling during pregnancy. Maki asserted
that increased step width is predictive of falling in elderly
individuals (Maki, 1997). Increased step width may destabilize
the center of mass (COM) movement in the frontal plane, thus
putting an individual at risk of falling (Rosenblatt and Grabiner,
2010; Singer et al., 2012). Schrager et al. reported concurrent
increases in step width and mediolateral displacement of the COM
in elderly individuals (Schrager et al., 2008), similar to what is
seen in our pregnant population. They assert that this increased
COM mediolateral translation is related to decreased lateral
stability and increased fall risk (Schrager et al., 2008). Thus, the
significantly greater lateral translation of C7 and T10 in the
pregnant women in this study, which is related to the frontal
plane movement of the COM, may be used to distinguish pregnant
women who are at higher risk of falls. Others purport that an
increased step width is a compensatory mechanism used by
individuals at risk of falling to increase frontal plane stability
(Chamberlin et al., 2005). Elderly individuals may increase step
width as a means to increase their base of support and improve
dynamic stability during gait (Chamberlin et al., 2005). Perhaps
this increased step width is an adaptation used by pregnant
women to increase stability during gait.

We hypothesized that the extended thorax that accompanies
pregnancy would result in greater thoracic extension and anterior
pelvic tilt during locomotion. Our results confirm this hypothesis.
At heel strike, the controls were in a position of 1.775.11 thoracic
flexion, while pregnant subjects were in a position of 3.575.11
thoracic extension in their second trimester and 6.674.51 thoracic

extension in the third trimester. Additionally, in their third
trimester, pregnant subjects exhibited approximately 61 more
anterior pelvic tilt at heel strike compared to controls.

These results are supported by the findings of others. Gilleard
et al. stated that pregnant subjects displayed 4.51 greater thoracic
extension and 131 greater anterior pelvic tilt during quiet standing
when compared to post-partum (Gilleard et al., 2002b). In gait,
Foti et al. reported 41 greater maximum anterior pelvic tilt during
pregnancy compared to post-partum (Foti et al., 2000). However,
Gilleard found no change in sagittal plane kinematics during gait
as pregnancy progressed, although she noted large between-
subject variability (Gilleard, 2013).

Large inter-subject variability is a commonly reported in most
studies that assessed the biomechanics of pregnant gait (Bird et al.,
1999; Foti et al., 2000; Gilleard et al., 2008; Gilleard, 2013; Wu
et al., 2008). The gait analyses by Foti et al. (2000), Gilleard (2013),
and Wu et al. (2008) had a much smaller number of subjects than
the current study, with 15, 9, and 12 women participating,
respectively, in each. Our study, which included 29 pregnant
women and 40 controls, also found high levels of variability
across subjects; however, the experiment had sufficient power
to be able to find statistical significance in some variables of
interest.

In our study, the increased variability is most noticeable at the
pelvis. Gilleard reported decreased pelvic rotation during late
pregnancy (Gilleard, 2013), but we did not. This is not surprising
given the large amount of variability in the pelvic rotation across
subjects in our study. This may indicate that adaptations to
pregnancy are unique to each individual (Gilleard, 2013). An
analysis of the within-subject variability in our participants is
provided as Supplementary Data to this manuscript.

We reported decreased sagittal plane ROM of the thorax over
the gait stride in the women in their third trimester of pregnancy
when compared to their second trimester and to controls. Gilleard
also reported a significantly less thoracic sagittal plane ROM
during gait at 38 weeks compared to 24 and 32 weeks of
pregnancy, as well as compared to post-partum and to nulliparous
controls (Gilleard, 2013). It is likely that sagittal plane ROM is

Table 2
3D kinematic variables (mean7standard deviation) between trimesters during the gait cycle. PT is the p-value for the between
trimesters comparison. Pv is the p-value for velocity, the covariate in the analysis.

Control Second trimester Third trimester p-value

Position at heel contact
Thorax

Frontal plane (deg) 1.472.4 0.872.9 1.072.4 PT¼0.72
PV¼0.05

Transverse plane (deg) 0.973.4 2.073.8 1.974.0 PT¼0.06
PV¼0.17

Pelvis
Frontal plane (deg) 4.1716.7 1.973.1 3.678.0 PT¼0.67

PV¼0.51
Transverse plane (deg) �3.2717.0 �3.774.3 �1.7 716.0 PT¼0.43

PV¼0.77
ROM during the gait cycle
Thorax

Sagittal plane (deg) 5.872.2 6.072.7 5.072.1 PT¼0.01
PV¼ 0.40

Frontal plane (deg) 4.171.9 4.572.7 4.772.7 PT¼0.95
PV¼0.01

Transverse plane (deg) 7.572.4 7.673.2 7.472.2 PT¼0.82
PV¼0.76

Pelvis
Sagittal plane (deg) 8.273.5 8.779.7 11.9712.1 PT¼0.23

PV¼0.18
Frontal plane (deg) 12.973.8 11.273.2 14.8712.5 PT¼0.22

PV¼0.83
Transverse plane (deg) 14.078.1 12.778.2 13.8719.3 PT¼0.72

PV¼0.06
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limited by the increased abdominal volume that occurs in the third
trimester (Loftis et al., 2008).

More than 50% of pregnant women experience low back pain
(Dumas et al., 1995; Ostgaard et al., 1996). Gait analyses on non-
pregnant individuals with back pain reveal increased axial rotation
of the pelvis compared to pain-free controls (Seay et al., 2011).
However, we did not find increased pelvic rotation during preg-
nancy (Table 2). Given that we found increased thoracic extension
and anterior pelvic tilt, pregnancy-associated back pain may
instead be related to sagittal plane alterations. Additionally, we
do not know how many of our subject experienced back pain and
therefore we cannot compare those with back pain and those
without pain.

The current study has some limitations. All of our markers were
placed on bony prominences; however, in late pregnancy, those
prominences were more difficult to palpate. Additionally, in other
studies on gait alterations in pregnancy, pregnant subjects served
as their own control during post-partum (Foti et al., 2000;
Gilleard, 2013). We utilized a separate control group, but we tried
to lessen the differences between the control and pregnant
subjects by matching subjects on age and pre-pregnancy BMI.
Thus, our comparisons within each trimester were between-
subjects designed, while our comparisons between the trimesters
were within-subject designed.

5. Conclusions

Pregnant women exhibit a “waddling” gait. This biomechanical
pattern can be described as increased lateral motion of the trunk
accompanied by a greater step-width in the third trimester, as well
as increased sagittal plane extension of the thorax and increased
anterior pelvic tilt.

These findings may be significant because of their relationship
to back pain in pregnant women as well as the increased risk of
falling during pregnancy. More than 50% of pregnant women
experience back pain (Dumas et al., 1995; Vullo et al., 1996). The
pregnant women in this study did not demonstrate the increased
pelvic rotation exhibited by other populations with back pain;
however, the increased thoracic extension and anterior pelvic tilt
exhibited by our participants may create an increased lumbar
lordosis that is related to back pain. Additionally, 27% of women
fall while pregnant (Dunning et al., 2010). The pregnant women in
this study demonstrated increased step width and lateral transla-
tion of the torso that is noted in other populations at risk of falling.
Further research is necessary to determine if these measures may
be predictive of falls in certain pregnant women.
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