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A B S T R A C T

Background: Progressive weight gain and changes in its distribution following pregnancy may be challenging for
the gravidas’ ability to move in a stable way.
Research question: How is gait kinematics changing throughout pregnancy and to what extend is it affected by
physical activity level and energy balance?
Methods: 30 women were enrolled. Three experimental sessions were arranged according to the same protocol in
the first, second and third trimesters of pregnancy. Walking kinematics at a self-selected speed was registered.
The total physical activity (TPA) was assessed from the subjects’ questionnaires. Energy balance (‘positive’,
‘balanced’ or ‘negative’) was estimated as the difference between dietary energy intake and energy expenditure
during 7 days.
Results: No significant differences were found in the spatiotemporal variables between experimental sessions.
However, the gait analysis revealed significant increments in the single support and base of support (BoS)
measures. Generally, the sagittal plane mobility of the lower limb joints did not differ, however, the pelvic tilt
increased in late pregnancy. The hip and pelvis angles were significantly different over the gait cycle throughout
gestation. The ‘balanced’ energy was dominant in the first trimester although the relative number of participants
with negative balance increased over pregnancy. Overall, gait parameters were independent of the energy
balance. However, significant correlation was found between gait parameters, such as BoS, velocity, stride
length, and TPA in the advanced pregnancy.
Significance: The longitudinal assessment of walking kinematics demonstrates few changes adopted to accom-
modate for pregnancy. The enlargement of BoS is considered as a strategy to provide safety and stability. The
increased pelvic tilt is likely to compensate for changes in the body mass distribution. The physical activity
correlates with the BoS measures and stride length and thus may be important for enhancing gait stability.

1. Introduction

Stability is one of three major objectives recognized as driving lo-
comotor adaptation during human walking [1]. Weight gain in com-
bination with ligamentous laxity may increase joint discomfort and,
consequently, affect the manner of walking. Bipedalism poses a unique

challenge to pregnant females because the progressive weight gain and
changes in its distribution shift the trunk’s center of mass anterior to the
hips [2]. A 20% weight gain during pregnancy may increase the force
on weight-bearing joint by 50% to 100% [3]. Gravidas are reported to
be at high risk of falling (28%) [4], therefore, they enhance a more
tentative walking pattern with a reduced velocity, cadence and a wider
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step [5–7]. As Maki [8] suggested, these fear-related gait changes de-
monstrated also by elderly increase stability and help reduce the like-
lihood of falling. The link between exercise and decreased falls in older
people is well-established. McCrory et al. [9] found that regular ex-
ercises during pregnancy were associated with a reduced number of
falls. Despite the benefits of exercise, gravidas decrease their level of
activity [10]. It results from the concerns for their unborn child [11]
and increased risk of maternal falls and injuries [12].

Lifestyle interventions (appropriate nutrition and regular physical
activity) are critical mediators of weight gain during pregnancy. Many
women gain more weight than is recommended during pregnancy.
Excessive weight gain increases the risk of complications for both the
mother and her infant: fetal over- and under-nutrition are both asso-
ciated with impaired health in adult life [13], then it often leads to
increased lower back, pelvis, and/or joint pain. Musculoskeletal pain
can be attenuated with physical activity in women with mild pelvic and
lumbar discomfort [14].

Although within the last years a growth of interest in the adjustment
mechanisms of gait during pregnancy has been observed, there is no
consistency in the study protocols [15]. Furthermore, there are only few
longitudinal studies on pregnancy effect on the pattern of walking
[16–18]. Thus, in the present paper a longitudinal perspective was
accepted to study gravid women in the first, second and third trime-
sters. A kinematic analysis of pregnant walking was carried out with the
focus on the dynamics of changes within the main load-bearing joints
(ankle, knee, hip) and pelvis. In addition, we examined how women
change their foot placement strategy in the course of pregnancy. Con-
sidering individual differences and relationships between the move-
ment pattern and a lifestyle, we integrated the longitudinal analysis of
gait kinematics, physical activity level and energy balance during
pregnancy.

2. Material and methods

2.1. Subjects and protocol

The study was carried out in the Biomechanics Laboratory at
University of Physical Education in Krakow. The recruitment process
took 3 years (2015–2018). The participants were recruited via direct
contact and fliers placed in hospitals or gynecological clinics and they
volunteered to participate in the study. Inclusion criteria aimed to in-
volve healthy 20–40 year-old women in the first trimester of gestation.
The exclusion criteria included a medical history related to previous
orthopedic or neurological injuries. All subjects gave signed and in-
formed consent. The study received the Ethics Committee approval and
the researches were conducted according to the ethics principles stated
in the Helsinki Declaration. The sample consisted of 36 subjects who
participated in the first experimental session. However, because of
medical contraindications 6 women resigned from further participation.
Thus, 30 women were enrolled to the second examination: 19 - pri-
migravid, 8 - second pregnancy and 3 - third pregnancy. The average
age in the group, at the time when the study started, was 30.3 ± 3.4
years. All pregnancies were singletons.

Three experimental sessions (P1-P3) were arranged according to the
same protocol: P1 - in the first trimester (12 gestation week), P2 - in the
second trimester (25 gestation week) and P3 - in the third trimester of
pregnancy (36 gestation week). First, the anthropometric measures
were taken. Then, walking trials along a 12-m walkway were registered.
Each woman was wearing a tight-fitting t-shirt and shorts. After the
experiment, the subjects were asked to fill out a questionnaire on
physical activity level. Finally, the energy balance was assessed using a
measurement of energy intake: weekly food diary and measurements of
energy expenditure.

2.2. Data collection and analysis

2.2.1. Anthropometric measurements
The following anthropometric measures were taken: BH - body

height, BM - body mass, BMI - body mass index, IS-IS – interspinous
diameter.

2.2.2. Gait analysis
Gait recordings were performed using a 5-camera video-based

(120 Hz sampling rate) motion capture system (Vicon 250; Oxford
Metrics Ltd.; Oxford, UK). Thirty nine infra-red reflective markers were
attached to the subject's body according to the Golem set-up [5]. The
participants walked barefoot at a self-selected speed. Overall, during
one session, women covered the distance of ˜50m with short intervals
(˜1min) between trials. Gait initiation and termination strides were
excluded from the analysis. At least 10 gait cycles for each lower limb
(20 steps) were analyzed. The gait cycle was defined as an interval
between two successive heel strikes based on the vertical component of
the ankle joint velocity and the data for both lower limbs were pooled
together and averaged across strides for each subject.

The following general spatiotemporal parameters were calculated:
walking velocity (V), cadence (Cad), single support duration (SS) and
stride length (SL). The range of motion (RoM) at the ankle, knee, hip
and pelvis joints (in the sagittal plane) was also calculated. The size of
the base of support (BoS) was assessed as the mediolateral distance
between 1) the ankle markers (IAD, inter-ankle distance between lateral
malleolus), and 2) the 5th metatarsal markers (IMD, inter-metatarsal
distance) during the double support phase. The former parameter (IAD)
was also normalized to the pelvic width (NIAD).

2.2.3. Energy balance assessment
The energy balance was calculated on the basis of the difference

between the energy supply, assessed on the basis of the analysis of food
intake in daily food rations (Weekly Food Diary) and energy ex-
penditure derived from triaxial accelerometers (ActiTrainer by
ActiGraph, USA). Energy intake was analyzed using local food tables
and software. Accelerometry-based energy expenditure has been vali-
dated and previously used to assess women’s physical activity during
pregnancy [19]. The device was clipped to the belt of the trousers or
skirt, since caloric burn estimation is more accurate when the device is
worn on the waist (closer to the center-of-body-mass). Accelerometers
were programmed to capture data from the first midnight after de-
ployment to midnight 7 days after the walking session. Individual data
were entered into the device's memory before they were used for the
first time, such as gender, age, height and weight, included in the en-
ergy expenditure designations [19]. Because of difficulties of everyday
recordings, we performed these measures only in 20 women. The par-
ticipants were requested to carry on with their routine lifestyle while
wearing the ActiTrainer activity monitor.

2.2.4. Physical activity assessment
Since energy expenditure assessment derived from accelerometer

has some limitations (influenced by the positioning of the device,
duration of assessment, participant characteristics [19]), we also used
the Pregnancy Physical Activity Questionnaire (PPAQ) to assess phy-
sical activity during pregnancy [20]. On its basis, the total physical
activity (TPA) expressed in MET hour/week was calculated. Self-report
has the advantage over accelerometry of providing detailed information
on the types and duration of specific activities [21].

2.3. Statistical analyses

Descriptive statistics and repeated measures ANOVA for multiple
measurements were used for evaluating changes through pregnancy
(the effect of trimester). When significant differences were detected,
post-hoc tests and multiple comparisons analyses were performed by
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means of the Bonferroni's test. A Pearson correlation coefficient was
used to analyze the relationship between gait parameters and the in-
dividual total physical activity (TPA). Reported results are considered
significant for p < 0.05.

3. Results

3.1. Anthropometric measurements and spatiotemporal gait parameters

Table 1 shows the basic anthropometric measurements. All vari-
ables increased from the 1st trimester to the 3rd one, except for the body
height.

Table 2 shows changes in the spatiotemporal gait parameters. No
significant differences were found in walking speed, cadence and stride
length. However, the single support duration (SS), inter-ankle distance
(IAD) and inter 5th metatarsal distance (IMD) significantly differed
between trimesters (p < 0.05). Both IAD and IMD increased from P1 to
P3 though the normalized inter ankle distance (NIAD) did not show
significant changes. Post-hoc analyses revealed significant differences
in the foot placements (IAD, IMD) between each pair of 1–3 trimesters
(p= 0.01).

All pregnancies were singletons and the newborn’s weight at birth
ranged from 2.62 to 3.92 kg. No significant correlation was found be-
tween gait parameters in all trimesters and the newborn’s weight. Also,
we verified whether spatiotemporal gait parameters might correlate
with the gestational weight gain between trimesters, however, corre-
lations were generally low and not significant (r2< 0.1).

3.2. Kinematic data

Ensemble-averaged (across subjects) joint angular movements are
plotted in Fig. 1B. Generally, the patterns were consistent across ses-
sions, with some significant differences in the hip joint and pelvis
segment angular movements. Both the differences in the joint angles
during the gait cycle (Fig. 1B) and the total range of angular motion
(Table 3) were analyzed.

As for the joint angles, the hip showed significantly higher values
over the whole gait cycle (p < 0.05) in the 2nd and 3rd trimesters
compared to the 1st one. The hip angle also significantly increased in P3
compared to P2 (p < 0.05) during the period of 23–100% gait cycle
(corresponding to late stance and swing). The pelvis was more ante-
riorly tilted in P2 and P3 compared to P1 over the whole gait cycle
(p < 0.05 for both comparisons) (Fig. 1B). We also noted slight dif-
ferences in the ankle and knee joint angles during the gait cycle
(Fig. 1B, upper panels).

As for the range of angular motion, most variables were not sig-
nificantly different (p > 0.05), except for the pelvis RoM that re-
markably increased between trimesters (Table 3). In particular, post
hoc analyses revealed significant differences for P2 and P3 relative to
P1 (p=0.01 for both comparisons).

3.3. Energy balance

The average daily energy intake and expenditure were found to be
2022 ± 360 kcal and 2025 ± 222 kcal in the 1st trimester,
2187 ± 305 kcal and 2479 ± 237 kcal in the 2nd trimester and
2283 ± 244 kcal and 2655 ± 247 kcal in the 3rd one. In the 1st tri-
mester, energy balance ranged from a 775 kcal deficit to a 698 kcal
surplus with an average energy deficit of 3 ± 303 kcal. In the 2nd tri-
mester, energy balance ranged from a 1061 kcal deficit to a 413 kcal
surplus with an average energy deficit of 292 ± 305 kcal. In the 3rd

trimester, energy balance ranged from a 1240 kcal deficit to a 205 kcal
surplus with an average energy deficit of 372 ± 324 kcal. Overall,
there was a trend of increasing the relative number of women with
‘negative’ balance in the course of pregnancy though we did not find
significant correlations between gait parameters and the energy bal-
ance.

3.4. Spatiotemporal gait parameters and TPA

Overall, the level of physical activity tended to decrease throughout
pregnancy (246 ± 74 MET hour/week in P1, 227 ± 76 MET hour/
week in P2 and 206 ± 84 MET hour/week in P3) though the changes
were not significant. Nevertheless, there were considerable variations
in the individual TPAs (ranged from ˜50 to 500 MET hour/week) and
therefore potential correlations between gait parameters and TPA were
examined (Fig. 2).

No significant correlations were found in the 1st trimester. However,
in the 2nd trimester, a significant and negative correlation was found
between IMD and TPA (p= 0.001) (Fig. 2, lower middle panel). In the
3rd trimester, significant positive correlations were found between gait
velocity (p= 0.029), stride length (p=0.023) and TPA and negative
correlation between IMD and TPA (p=0.004) (Fig. 2, right column).

4. Discussion

This study aimed at examining the effects of pregnancy on

Table 1
Anthropometric characteristics of women in the 1st (P1), 2nd (P2) and 3rd (P3)
trimesters of gestation.

Variable Trimester Mean ± SD CV

BH [cm] 167.1 ± 4.4 2.6
P1 61.5 ± 6.8 11.1

BM [kg] P2 67.4 ± 7.4 11.0
P3 72.6 ± 8.2 11.3
P1 25.4 ± 1.9 7.3

IS - IS [cm] P2 26.7 ± 1.7 6.4
P3 27.4 ± 2.0 7.3
P1 21.9 ± 2.0 9.3

BMI [kg/ m2] P2 24.0 ± 2.2 9.3
P3 25.9 ± 2.7 10.55

BH - body height, BM - body mass, BMI - body mass index, IS-IS – interspinous
diameter (pelvic width), SD – standard deviation, CV – coefficient of variation.

Table 2
Space-time Gait Parameters in 1st (P1), 2nd (P2) and 3rd (P3) trimester of
gestation.

Variable Trimester Mean ± SD F

P1 1.33 ± 0.03 F(2.23)=1.43, p= 0.26
V [m/s] P2 1.36 ± 0.03

P3 1.31 ± 0.03
Cad [step/min] P1 117 ± 2 F(2.23)=0.63, p= 0.54

P2 117 ± 1
P3 116 ± 1
P1 0.41 ± 0.00 F(2.23)=4.79, p= 0.02*

SS [s] P2 0.40 ± 0.00
P3 0.41 ± 0.00
P1 1.36 ± 0.02 F(2.23)=1.08, p= 0.36

SL [m] P2 1.38 ± 0.02
P3 1.35 ± 0.02
P1 158 ± 3 F(2.23)=35.2, p= 0.00*

IAD [mm] P2 166 ± 3
P3 176 ± 3
P1 182 ± 3 F(2.23)=28.3, p= 0.00*

IMD [mm] P2 194 ± 3
P3 207 ± 5
P1 0.63 ± 0.01 F(2.23)=1.84, p= 0.18

NIAD P2 0.63 ± 0.01
P3 0.64 ± 0.01

V – walking velocity, Cad - cadence, SS - single support, SL -stride length, IAD -
inter-ankle distance; IMD - inter 5th metatarsal distance; NIAD - normalized
inter-ankle distance. Asterisks denote significant differences between sessions
(p < 0.05).
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locomotor kinematics. Its novelty is that it has integrated the long-
itudinal analyses of gait kinematics, physical activity level and energy
balance over the whole pregnancy period.

In general, the results showed no significant differences between
trimesters in the speed, cadency or other spatiotemporal parameters.
These results are supported by the findings of Branco et al. [17] though
other researchers [5,6] noted between-terms differences in the self-se-
lected speed and stride length. While walking, stability is related to foot
placement characteristics [1]. A significant increase in the IAD and IMD
measurements was observed. The first measure is more related to the
stride width whereas the second one more accurately reflects functional
BoS, considering the positioning of the whole feet on the ground. Gil-
leard [16] reported, as pregnancy progressed, a decrease in the stride
length and an increase in the step width with no significant trend for
velocity. The enlargement of the area of support may be attributed to
improving lateral gait stability and to changing anthropometry in

Fig. 1. Schematic drawings (A) and ensemble-averaged ankle, knee, hip and pelvis joint angular motion (B) in the 1st (P1), 2nd (P2) and 3rd (P3) trimesters of
gestation. Angular waveforms are plotted as function of gait cycle. flex – flexion, ext – extension.

Table 3
Range of motion (RoM) of the lower limb joints and pelvis (in the sagittal plane)
in the 1st (P1), 2nd (P2) and 3rd (P3) trimesters of pregnancy.

RoM Trimester Mean± SD F

P1 29.9 ± 0.7 F(2.23)= 1.95, p= 0.16
Ankle [deg] P2 30.2 ± 0.7

P3 30.4 ± 0.8
P1 61.5 ± 0.5 F(2.23)= 2.43, p= 0.11

Knee [deg] P2 62.1 ± 0.6
P3 62.4 ± 0.7
P1 46.8 ± 0.7 F(2.23)= 3.01, p= 0.07

Hip [deg] P2 47.2 ± 0.7
P3 45.0 ± 0.8
P1 2.44 ± 0.13 F(2.23)= 5.20, p= 0.01

Pelvis [deg] P2 2.71 ± 0.21
P3 2.83 ± 0.13
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advanced pregnancy [22]. Indeed, normalization of the ankle separa-
tion width to the pelvic width revealed no significant increments
(NIAD, Table 2) being consistent with the findings of Foti et al. [22].
However, a remarkable increase of the IMD was found, which exceeded
the corresponding changes in IAD. There is also pronation and an in-
crease in contact area of the foot as pregnancy advances [23]. Pronation
of foot along with increased foot width as a result of fluid retention and
increased body weight may be the possible reasons for this change.

Assuming that step width variability is the most sensitive descriptor
of locomotion control [24], increased step width is predictive of falling
in elderly [8]. It is generally accepted that a wider stride increases
stability in different populations, e.g., in toddlers at the onset of in-
dependent walking, in different gait pathologies [25] or in elderly [8].
In view of evidence that elderly fallers have difficulty in controlling
lateral stability [8], it may be that they are forced to adopt a wider
stride in order to "recapture" the center of mass as it falls sideways

Fig. 2. Correlations between gait parameters and total physical activity (TPA). Each point represents the stride-averaged value for the individual participant. Linear
regression lines with corresponding r2 values are reported (only significant correlations, with p-values< 0.05, are indicated). V – walking velocity, Cad - cadence, SS
- single support, SL -stride length, IAD - inter-ankle distance; IMD - inter 5th metatarsal distance.
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during single-leg support.
The most visible pregnancy-related anthropometric adjustment is

weight gain and wider pelvis. In our study we noted a 11 kg increase in
late pregnancy. Also, the pelvic width significantly increased in re-
sponse to a growing fetus (by ˜2 cm). Progressive weight gain and
changes in its distribution place an increased demand on the lumbar
spine and the abdominal muscles, causing an anterior pelvic tilt [26].
The gravidas demonstrated the increased anterior pelvic tilt (from ˜10°
in early gestation to 14° in late pregnancy, Fig. 1B) which may create an
increased lumbar lordosis. In other longitudinal studies [16–18], the
authors consistently reported an increase in the anterior pelvic tilt and
lumbar curvature of the spine [7]. These postural changes aimed at
absorbing extra forces and ensuring better postural balance [27]. A
limited hip extension mobility was found to be a possible cause of both
the increased anterior pelvic tilt and subsequent exaggerated lumbar
lordosis during walking (Fig. 1B).

The kinematic parameters were only slightly affected by the pro-
gression of pregnancy (Table 3). However, a longitudinal effect of
pregnancy was observed in the sagittal plane hip and pelvis kinematics
in the study by Branco et al. [17]. In addition to the significant increase
in the anterior tilt, they reported that the increase occurs between the
first and second trimesters and remained similar between the second
and third trimesters [17]. In our study, the dynamics of pelvic tilt
changes was higher in the 3rd trimester compared to the 2nd one than
between the 2nd and 1st trimesters.

We did not find significant correlations between gait parameters
and the energy balance. However, energy expenditure derived from
accelerometers only approximates energy values [28]. Nevertheless,
using these estimates we found that the ‘balanced’ energy was dominant
in the first trimester and the relative number of participants with ne-
gative balance increased over pregnancy.

Foti et al. [22] emphasized the need of the physical training during
pregnancy as a helpful tool to avoid overuse injury to specific muscles.
While the level of physical activity decreased throughout pregnancy,
however, foot placement (IMD) occurred to be significantly and nega-
tively associated with the level of physical activity, which means that
the growth of TPA leads to a decrease of IMD. Furthermore, in the 3rd
trimester, significant and positive correlations were found for TPA and
speed and stride length (Fig. 2), suggesting that TPA enhances the ve-
locity and stride length. McCrory et al. [9] examined the effect of ex-
ercise on fall risk in gravidas and found that participation in regular
exercises during pregnancy was associated with a reduced number of
falls. This finding supports the hypothesis that increased muscle
strength may reduce fall risks and enhance subject's stability.

4.1. Limitations

The current study has some limitations. Majority of recreational
activity during pregnancy relied on questionnaires. Although PPAQ is a
reliable and credible tool for estimating physical activity among preg-
nant women [20], we are aware that it is subject to self-report errors.
That is why we additionally used ActiTrainer activity monitor as an
objective method. However, there was a lack of significant effect of
energy balance on gait parameters throughout pregnancy that could
also be related to the accelerometer limitations for assessing whole
body movements. In addition, 7-days monitoring might be too de-
manding for some subjects. Thus, we performed these measures on only
20 women. In gravidas, activity diaries were shown to overestimate
physical activity, whereas accelerometry underestimated activity com-
pared with heart rate telemetry [29], nevertheless, both self-report
activity and accerelometry are valuable methods for examining within-
subject changes in physical activity. Furthermore, two important
methodological issues arose from the study of Rousham et al. [19].
First, compliance with the accelerometers diminished over pregnancy,
and second, the correlation between physical activity values produced
by the accelerometer and the self-report interview decreased over time.

It is also worth noting that moderate-intensity activities are less well
described by PRAQ than vigorous and structured exercise [30].
Therefore, the fact that we found correlations between gait parameters
and self-reported (not accelerometry-based) TPA might suggest that
structured exercise could be more efficient in affecting gait stability/
performance. Future studies may provide more holistic pregnancy in-
formation on types and duration of specific activities to get further
insights into the role of physical activity in pregnancy.
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