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A B S T R A C T

Background: Pregnant women experience numerous physiological and biomechanical alterations which may be
associated with their increased risk of experiencing a fall. Gait alterations in other populations who fall include
increased step width and mediolateral trunk motion. It is not known if pregnant women who have fallen exhibit
these alterations.
Research question: Our purpose was to examine torso kinematics and step width during gait in pregnant fallers,
pregnant non-fallers and non-pregnant controls. We also examined trunk anthropometry in the pregnant groups
to determine if pregnant fallers have different trunk physiques than pregnant non-fallers.
Methods: 3D kinematic data were collected on 14 pregnant fallers, 15 pregnant non-fallers and 40 non-pregnant
controls. Pregnant women were in their second or third trimester of pregnancy. Frontal plane translations of C7
and L4, step width, stride length, walking velocity, and 3D thoracic and pelvic kinematics were determined.
Anthropometric torso measurements were obtained on the pregnant women. A series of MANCOVAs was per-
formed (covariate: walking velocity, α=0.05) to compare the dependent variables between pregnant fallers,
pregnant non-fallers, and controls. Tukey post-hoc analyses were performed when appropriate (α=0.05). A
MANOVA compared anthropometric variables between pregnant fallers and non-fallers (α=0.05).
Results: Pregnant non-fallers exhibited greater step width and frontal and transverse plane angles at heel contact
and range of motion over the gait cycle when compared to the fallers. Trunk anthropometry did not differ
between pregnant fallers and non-fallers.
Significance: Pregnancy-associated gait alterations differed between fallers and non-fallers. Greater step width of
the pregnant non-fallers increased the base of support, thus increasing stability. Exercise participation may allow
pregnant women to better adapt to their altered physiques and be more able to prevent a fall should a trip or slip
occur.

1. Introduction

Pregnant women are at increased risk of falling, as more than 27 %
of pregnant women fall [1]. Falls are a primary cause of trauma-related
hospital admissions during pregnancy [1], resulting in bone fractures,
lacerations, joint sprains, muscle strains, head injury, placental rupture,
and in severe cases, maternal and/or fetal death [2,3]. Anatomical and

physiological alterations associated with pregnancy, such as weight
gain [4], increased laxity in the peripheral joints in the arms and legs
[5], increased thoracic curvature [6], increased spinal lordosis [7] de-
creased abdominal muscle strength [8], and decreased thoracopelvic
coordination [9] may contribute to this increased fall risk.

The gait of pregnant women is characterized as having a wider
stance-width [4,10], shorter stride length [11], increased anterior
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pelvic tilt [12], decreased pelvic obliquity [13], and increased exten-
sion of the thorax [10,13]. Additionally, pregnant women have been
reported to demonstrate either a greater lateral translation of the trunk
[10] or lateral trunk lean [14] during gait. Wu et al. [9] and Gilleard
[4] reported reductions in thoracopelvic ranges of motion (ROMs) in
late-stage pregnancy. Sawa et al. [15] purported that in late pregnancy,
women exhibit a decreased ability to control trunk movement in the
anteroposterior direction. Gilleard et al. reported notable intersubject
variability in trunk position in quiet stance [16] and biomechanics
during gait [4]. These individual adaptations to the marked changes in
trunk anthropometry during pregnancy have made generalizations
challenging [4].

Several differences have already been noted between pregnant
women who fell while pregnant and those who did not. Pregnant fallers
exhibited a truncated response of the center of pressure in response to a
fore-aft perturbation to quite stance [17], increased anteroposterior
braking impulse during stair ascent, and a decreased propulsive peak
force and propulsive impulse during descent [18]. It is notable that
women who reported being sedentary while pregnant were significantly
more likely to experience a fall compared to women who participated in
some form of exercise [17]. Forczek et al. [11] noted beneficial lower
extremity kinematic gait alterations in pregnant exercisers compared to
sedentary women.

Other populations who fall, such as the elderly and individuals with
neurological pathologies, demonstrate altered gait kinematics when
compared to non-fallers. Elderly fallers exhibit greater step width
[19,20] as well as greater mediolateral displacement of the trunk [21].
It is unknown if these changes are related to the cause of a fall or are
adaptations made by the individuals to try to reduce fall-risk.

Pregnant women experience pronounced anthropometric changes to
the trunk, including rapid increases in abdominal volume and weight,
which may contribute to the increased fall-risk during pregnancy.
Because there are limited data on pregnant fallers, studies on obese
fallers may provide insight on alterations during pregnancy that place
these women at an increased risk of falling, as healthy non-elderly, non-
diabetic obese adults have a 20 % higher risk of experiencing a fall, and
a 32 % higher risk of falling multiple times, compared to non-obese
adults [22]. Older adults who reported falling within the past year had
a significantly greater waist circumference than those who did not fall
[23]. It is not known if physical parameters differ between pregnant
fallers and non-fallers; thus, an examination of trunk anthropometry is
warranted.

The purpose of our study was to determine if pregnant fallers exhibit
altered thoracopelvic kinematics and step width during gait compared
to pregnant non-fallers and non-pregnant women. A secondary purpose
was to compare trunk anthropometry between pregnant fallers and
non-fallers to examine if physical trunk characteristics help explain any
movement patterns differences noted between these two groups. Given
that we have previously found increased mediolateral trunk translation
with advanced pregnancy [10] and that other populations who fall
exhibit increased frontal plane movement of the torso and greater step
width [19,21], we hypothesized pregnant fallers would demonstrate

increased mediolateral motion of the C7 and L4 vertebrae, greater
frontal plane angular thoracic and pelvic ROMs and a greater step
width. Additionally, we hypothesized that pregnant fallers would ex-
hibit greater mass gain in pregnancy and greater waist circumference
compared to pregnant non-fallers.

2. Methods

2.1. Subjects

Forty one pregnant women and 40 non-pregnant controls partici-
pated. Data were collected on the pregnant women in their second
(n= 41) and third trimesters (n= 29) and on the control women im-
mediately following menses. Twelve pregnant subjects withdrew from
the study prior to their third trimester visit for the following reasons:
pregnancy complications (n= 2), preterm delivery (n=4), decision to
not participate (n=4), relocation away from area (n=1), and com-
plications from a fall required bed-rest (n= 1). Their data are not in-
cluded in this analysis. Control women were matched to pregnant
women based on self-reported pre-pregnancy BMI ± 2 kg/m2. Subject
demographics are shown in Table 1.

Potential participants were excluded if they were not between ages
18 and 45 years, were a current smoker, experienced a lower extremity
sprain within the past year or fracture within the last five years, or if
they had a history of lower extremity ligament rupture. Other exclusion
criteria included history of neuropathy, current use of any medication
which could alter gait or balance, or consuming more than one alco-
holic drink per day. Pregnant participants were also excluded if they
were multigravidas, were beyond the 20th week of pregnancy, had
delivered an older child prior to 36 weeks gestation, or if their physi-
cian considered their pregnancy to be high-risk.

2.2. Procedures

Data collection took place in the Human Movement and Balance
Laboratory at the University of Pittsburgh. On each participant’s initial
visit, experimental procedures were explained. Each participant read
and signed an informed consent document that was approved by the
university IRB. Following this, she was supplied with a close-fitting t-
shirt and spandex shorts. Subjects wore lace-up athletic shoes during
the testing. Height and mass were obtained using a standard medical
scale and stadiometer. To obtain mass, the subject stood barefoot facing
away from the scale while mass to the closest 0.1 kg was recorded with
the balance bar centered between the upper and lower guides. Height to
the nearest 0.1 cm was taken with the stadiometer arm in a level po-
sition and in contact with the superior posterior portion of the skull.

At each study visit, pregnant subjects were surveyed about their
history of falls during this pregnancy. Pregnant subjects were also
contacted to determine if they fell after their third trimester study visit
prior to giving birth. A fall was defined as a loss of balance such that
another part of the body other than a foot touched the ground.
Additional details about the falls reported by the pregnant fallers are

Table 1
Subject Demographics (mean (standard deviation)).

Control Group (n= 40) Pregnant Group (n= 29)

Non-fallers (n= 15) Fallers (n= 14)

Age (yrs) 26.5 (6.4) 29.6 (5.1) 29.1 (4.9)
Height (cm) 165.8 (5.6) 165.9 (6.5) 165.8 (6.2)

Second Trimester Third Trimester Second Trimester Third Trimester
Weeks Pregnant 20.9 (1.4) 35.9 (1.7) 20.9 (1.1) 35.5 (1.3)
Mass (kg) 64.7 (8.8) 76.0 (13.6) 81.5 (11.0) 72.8 (9.9) 83.4 (11.6)

*Subject mass was significantly different between the control group and each of the trimesters (p < 0.001). Subject mass was not significantly different between
pregnant fallers and non-fallers (p= 0.421). Age and height were also not significantly different between trimesters or fall group (p > 0.05).
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provided in [17]. Controls were not asked about falls.
Spherical retroreflective markers were placed in accordance with a

modified Helen Hayes (i.e. Plug-In Gait) marker configuration [24].
Specifically, to examine torso kinematics, markers were placed on the
posterior aspects of the 7th cervical (C7) and 4th lumbar (L4) vertebrae,
acromion processes, manubrium, xiphoid process, 10th thoracic ver-
tebrae, and bilateral anterior and posterior iliac spines (Fig. 1). Details
on the definitions of the 3D thoracic and pelvic coordinate systems are
provided in [10].

A static calibration trial was collected with the subject standing with
feet shoulder-width apart and shoulders abducted to 90°. Subjects
practiced walking along the 8m laboratory runway until walking ve-
locity stabilized. Kinematic data were recorded (120 Hz) with an eight
camera movement analysis system (VICON Workstation, VICON Inc.,
Oxford, UK). Two force plates hidden in the runway (Type 4060, Bertec
Corp., Columbus, OH, USA; 1080 Hz) assessed sequential right foot then
left foot reaction forces. Right foot heel contact and left foot toe off
were determined from force data (1080 Hz). At least five trials were
collected of each subject. A trial was considered ‘good’ if the subject
contacted the force plates without any visible alteration in gait me-
chanics.

Kinematic data were filtered using a Woltring filter (MSE=20).
The 3D angles of the thorax and pelvis were calculated with respect to
the lab coordinate system using the standard Plug-In Gait conventions
[24]. Angular position of the thorax and pelvis were determined at right
foot heel contact. These angles include thoracic flexion/extension and
pelvic anterior/posterior tilt (i.e. sagittal plane), thoracic lateral lean
and pelvic obliquity (i.e. frontal plane), and thoracic and pelvic rotation
(i.e. transverse plane). Mediolateral translation C7 and L4 markers and
3D ROMs of the thorax and pelvis during gait were determined between
right foot heel contact and left foot toe off. Step width was calculated as
the mediolateral distance between the heel markers at right foot heel
contact in the lab-referenced frontal plane. Stride length was de-
termined from the displacement of the right toe marker between two
consecutive stance phases. Average walking velocity was calculated
from the marker on the L4 spinous process during the stride.

We have previously reported that control subjects walked faster
than pregnant subjects in either trimester, with no differences between
trimesters [25]. An analysis of torso kinematics in advancing pregnancy
was presented in [10]; therefore, the current data were pooled across
trimesters in order to compare pregnant fallers and non-fallers.

To better understand the mechanisms behind differences in torso
kinematics between pregnant fallers and non-fallers, we measured
several anthropometric variables of the trunk of the pregnant women. A
cloth tape was used to measure waist and hip circumference. The tester
stood in front of the subject. Waist circumference was measured at the
level of the umbilicus. Hip circumference was measured around the
widest part, in accordance with the WHO guidelines [26]. Waist-to-hip
ratio was then calculated. To estimate torso length, the distance be-
tween each pregnant subject’s acromion process and greater trochanter
on her right side was measured using an anthropometer. Additionally,
we calculated weight gained during pregnancy by subtracting her self-
reported pre-pregnancy weight from her measured weight at each visit.

2.3. Statistical analyses

Statistical analyses were performed with SPSS software (version 24,
IBM SPSS Statistics, Armonk, NY, USA). Kinematic variables were or-
ganized into three categories for statistical analysis: (1) mediolateral
translations of the C7 and L4 markers (2) 3D angular positions of the
thorax and pelvis at right heel contact, and (3) 3D angular ROMs of the
thorax and pelvis during the stride.

A multivariate analysis of covariance (MANCOVA) was performed
on each category of kinematic data (α=0.05). The independent vari-
able was fall group (i.e. pregnant faller, pregnant non-faller, and con-
trol). Walking velocity was the covariate in each analysis. If significant
differences were found between fall groups, a Tukey post-hoc analysis
was performed (α=0.05). An ANOVA examined between group dif-
ferences in the space-time gait parameters of step width, stride length,
and walking velocity (α=0.05). If significant differences were found
between fall groups, a Tukey post-hoc analysis was performed
(α=0.05).

For the torso anthropometry measures of waist and hip circumfer-
ences, waist-to-hip ratio, mass gained in pregnancy, and torso length in
the pregnant subjects, we performed a MANOVA between pregnant
fallers and non-fallers (α=0.05). As with the kinematic variables, the
waist and hip circumferences and the waist-to-hip ratios are averaged
across the second and third trimesters.

3. Results

Pregnant fallers exhibited altered thoracic, but not pelvic,

Fig. 1. Marker locations from the Plug-In Gait marker
configuration. a) Anterior view: manubrium, xyphoid
process, bilateral ASIS. b) Posterior view: C7, T10, L4,
bilateral PSIS. Bilateral acromion processes are ap-
parent in both views. Other markers can be seen in the
photographs that are part of the Plug-In Gait set but
not used in determination of thorax and pelvic kine-
matics. The subject is wearing a harness which was
connected to a gantry system to prevent a fall during
trials of staircase locomotion, as presented in [18].
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kinematics when compared to pregnant non-fallers and controls.
Specifically, pregnant fallers demonstrated less thoracic lateral lean in
the frontal plane at heel contact when compared to pregnant non-fallers
and controls (P=0.01). Pregnant fallers also demonstrated less thor-
acic rotational ROM (P=0.036) during the gait cycle when compared
to pregnant non-fallers, although neither group was different from the
controls (Table 2).

Pregnant non-fallers had greater step width during gait compared to
pregnant fallers and controls (P=0.001), who did not differ from each
other. Controls had greater stride length and walking velocity than did
the pregnant non-fallers, who in turn demonstrated greater values than
the pregnant fallers (P=0.006 and 0.009, respectively) (Table 2).

Pregnant non-fallers had greater thoracic rotation at heel strike than
pregnant fallers and controls (P=0.001). Additionally, compared to
pregnant fallers and controls, pregnant non-fallers exhibited greater
frontal plane ROM of the thorax throughout the stride (P=0.03). No
other differences were noted between pregnant fallers, non-fallers, and
controls (Table 2). No anthropometric differences were noted between
pregnant fallers and non-fallers (Table 3).

4. Discussion

The purpose of this study was to examine thoracic and pelvic ki-
nematics during gait in pregnant fallers, pregnant non-fallers, and a
BMI and parity-matched non-pregnant control group. We hypothesized
that frontal plane mediolateral translation of the trunk and angular

motion of the thorax and pelvis would be greatest in pregnant fallers.
Although we found significant differences between pregnant fallers

and non-fallers, our results do not support these hypotheses. Pregnant
fallers demonstrated smaller frontal and transverse plane angles at heel
strike and ROMs throughout the stride as well as a smaller step width.
In each of these variables, the magnitude was greater in pregnant non-
fallers, implying that pregnant non-fallers demonstrate greater thoracic
movement than pregnant fallers. The larger amount of torso movement
may also be indicative of less torso rigidity or greater adaptability that
would allow pregnant non-fallers to be more likely to successfully
overcome a trip, slip, or mediolateral fall. An alternate theory for why
the pregnant non-fallers demonstrated greater transverse plane thoracic
motion could be that it is due to the increased stride length compared to
the pregnant fallers. Sawa et al. [15] reported that women in their third
trimester have a decreased anteroposterior control of trunk movement.
However, as they did not compare fallers vs non-fallers, their results
have limited applicability to the current study. Also, the greater step
width of the pregnant non-fallers indicates a larger base of support, and
thus increased stability. Increased step width was also noted by Foti
et al. [12]. Pregnant non-fallers may have used this greater step width
to accommodate their greater thoracic ROM in the frontal plane. Al-
ternatively, the greater thoracic frontal plane thoracic ROM could
simply be due to the wider step width, rather than the converse of this.

There were not anthropometric differences of the torso between
pregnant fallers and non-fallers. Our hypothesis that anthropometrics
may explain kinematic differences seen between the groups was based
upon research showing obese individuals have a increased fall-risk
[22]. However, this hypothesis was not supported, suggesting that
differences were rather due to postural stability or locomotor changes
rather than torso anthropometry. We did not have pre-pregnancy an-
thropometric data on these women, so we cannot ascertain how much
waist and hip circumference had changed during pregnancy. Perhaps it
is not the absolute value of the circumference, but rather the change
during pregnancy that affected fall risk more. However, mass gain
during pregnancy was not different between the groups.

Differences in other biomechanical parameters have been noted
between the fallers and non-fallers in our cohort of pregnant women.
Specifically, these pregnant fallers have demonstrated less center of
pressure movement in reaction to a translational perturbation to quiet
stance [17], as well as altered ground reaction forces during staircase
ascent and descent [18]. If the falls experienced by pregnant women
were caused by random environmental factors, then we would not have
seen differences between fallers and non-fallers in our laboratory as-
sessments; however, the fact that biomechanical differences exist be-
tween groups indicates that the falls were not due to random occur-
rences, but rather they were due, in part, to intrinsic factors within
these women. There is no evidence that anthropometric factors con-
tribute to these intrinsic differences between pregnant fallers and non-
fallers, as we did not find differences between pregnant fallers and non-
fallers in any of the anthropometric variables assessed. Rather, we
propose that exercise participation may be an important contributing
factor in the prevention of falls.

In a previous publication on this same cohort, we surveyed the 29
pregnant women about their exercise habits during this pregnancy

Table 2
3D kinematic variables (mean (standard deviation)) between pregnant fallers,
pregnant non-fallers, and controls during the gait cycle. PF is the p-value for the
between pregnant fallers, non-fallers, and controls comparison. Pv is the p-value
for velocity, the covariate in the analysis.

Control Pregnant
Non-Fallers

Pregnant
Fallers

p-value

Frontal plane translations
C7 (cm) 4.7 (1.8) 6.1 (2.5) 5.8 (2.0) PF= 0.11

PV= 0.01
L4 (cm) 4.6 (1.9) 5.8 (2.0) 5.5 (1.6) PF= 0.38

PV= 0.10
Position at Heel Contact
Thorax Sagittal Plane

(°)
1.3 (5.2) −4.9 (5.8) −4.9 (4.2) PF= 0.71

PV= 0.12
Frontal Plane
(°)

1.4 (2.4) 1.6 (2.7) −0.1 (2.3) PF= 0.01
PV= 0.01

Transverse
Plane (°)

0.9 (3.4) 2.8 (3.7) 0.6 (3.9) PF= 0.01
PV= 0.60

Pelvis Sagittal Plane
(°)

11.0
(18.3)

15.5 (16.9) 15.5 (6.1) PF= 0.97
PV= 0.73

Frontal Plane
(°)

4.1
(16.7)

2.9 (7.2) 2.4 (3.6) PF= 0.77
PV= 0.75

Transverse
Plane (°)

−3.2
(17.0)

−1.7 (14.3) −4.4 (4.4) PF= 0.15
PV= 0.54

ROM during the gait cycle
Thorax Sagittal Plane

(°)
5.8 (2.2) 5.5 (2.8) 5.4 (2.1) PF= 0.87

PV= 0.46
Frontal Plane
(°)

4.1 (1.9) 4.8 (2.8) 4.2 (2.6) PF= 0.03
PV= 0.01

Transverse
Plane(°)

7.5 (2.4) 7.8 (2.9) 7.0 (2.4) PF= 0.04
PV= 0.31

Pelvis Sagittal Plane
(°)

8.2 (3.5) 11.1 (19.1) 9.2 (11.0) PF= 0.22
PV= 0.23

Frontal Plane
(°)

12.9
(3.8)

13.8 (22.7) 11.7 (3.5) PF= 0.30
PV= 0.87

Transverse
Plane (°)

14.0
(8.1)

14.8 (18.5) 11.1 (4.2) PF= 0.10
PV= 0.10

Space-time Gait Parameters
Step width (cm) 8.7 (3.4) 9.9 (4.0) 8.1 (2.9) PF= 0.001
Stride length (cm) 149.3

(10.5)
140.3 (10.5) 135.9 (13.9) PF= 0.006

Walking velocity (m/s) 1.47
(0.16)

1.33 (0.13) 1.28 (0.16) PF= 0.009

Table 3
Anthropometric measures (mean (standard deviation)) between pregnant
fallers and non-fallers, collapsed across trimesters.

Pregnant Non-
Fallers

Pregnant
Fallers

p-value

Waist Circumference (cm) 98.4 (13.5) 99.6 (10.7) P = 0.69
Hip Circumference (cm) 108.2 (9.1) 109.8 (8.1) P = 0.41
Waist to Hip Ratio 0.91 (0.10) 0.91 (0.06) P = 0.72
Mass gain in pregnancy (kg) 10.3 (6.8) 10.4 (6.1) P = 0.86
Acromion to Hip length (cm) 52.7 (4.6) 53.2 (6.0) P = 0.15
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[17]. The data revealed that sedentary pregnant women were sig-
nificantly more likely to fall than those who participated in regular
exercise (P=0.005) [17]. Therefore, we suggest that exercise during
pregnancy enables a woman to better adapt to her rapidly changing
body. This idea is supported by the research of Forczek and colleagues
[11] which determined that pregnant women who exercise demonstrate
beneficial adaptations to lower limb kinematics during gait. Specifically
related to this study, they noted a positive correlation between physical
activity and walking velocity and stride length and a negative corre-
lation between physical activity and step width [11]. In our current
study, the pregnant non-fallers adapted by increasing step width, and
thus base of support, compared to pregnant fallers, who did not increase
step width in pregnancy. The pregnant non-fallers also had more
thoracic frontal plane lean and transverse plane rotation at heel contact
as well as greater ROM of these parameters during the gait cycle
compared to pregnant fallers. Greater torso movement may have al-
lowed the center of mass to move closer toward the base of support
during single stance phase. Also, a less rigid, more flexible and adaptive
torso may be better able to react to a fall perturbation, such as a trip or
slip. Exercise may enable a woman to learn how her body moves as her
pregnancy advances, so that she may develop strategies to stabilize her
body and recover from a perturbation during gait. These conclusions
are supported by the results of Krkeljas [14], who asserted that more
pregnant women should be given exercise programs targeting core
strength and pelvic stability in order to prevent falls. Our previous
study on this same cohort of pregnant women revealed that pregnant
fallers had a smaller response of the center of pressure to a four-aft
perturbation to quiet stance [17]. This is also suggestive of a stiffer,
more rigid, body [17].

There are a number of limitations to this study. We did not assess
static ROM of the thorax or pelvis of the pregnant women, so we do not
know if pregnant non-fallers have a greater flexibility of the torso than
do pregnant fallers. Because our pregnant fallers reported falling in
each of the three trimesters, and because some fell in multiple trime-
sters, we are not able to determine if torso biomechanics are altered
once a fall has occurred. We did not assess kinesthetic awareness or
proprioception, so we do not know if these parameters are better in the
pregnant non-fallers. We did not assess pre-pregnancy waist and hip
circumference so we do not know if the change in these variables af-
fected movement during pregnancy. However, the absolute cir-
cumference did not differ between the fallers and non-fallers.

Future studies should examine if the coordination pattern between
the thorax and pelvis during gait differs between pregnant fallers and
non-fallers. The smaller movement of the thorax in pregnant fallers may
point toward altered coordination of movement that may indicate
greater torso rigidity in women who fall while pregnant. There is also a
need for further investigation of the efficacy of exercise in fall pre-
vention in pregnant women.

5. Conclusions

Pregnant fallers and non-fallers differ in how their gait adapts to the
anatomical and physiological changes associated with pregnancy.
Pregnant fallers display less frontal and transverse plane movement of
the thorax at heel strike and over the course of the gait cycle. Pregnant
fallers also do not exhibit the increased step width seen in the pregnant
non-fallers. Anthropometric measures of the torso do not differ between
groups. Exercise participation may allow pregnant women to better
adapt to their rapidly changing physiques and be more adept at re-
covering their balance should a trip or slip occur.
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