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Differences in Balance and Limb Loading Symmetry in Postpartum and Nulliparous Women
During Childcare Related Activities

Theresa L. Libera
Abstract

Each year approximately 2.5 million women give birth vaginally, yet postpartum (PP) health
often receives minimal attention beyond six weeks.!*? About 20% of postpartum women report
chronic pain 3 years postpartum, with common complaints in the pelvis, lower back, hips, an
legs.>* This chronic pain not only impairs quality of life but also triples the risk of developing
depression.* Postpartum asymmetrical instability and weakness in the lumbopelvic area are
significant contributors to pain, differing notably from nulliparous (NP) women.? Lumbopelvic
stability and strength are essential for maintaining balance and controlling the trunk while
handling external loads in reducing the risk of injury from deleterious loading in the spine and
pelvis.? >7 The first purpose of this study was to investigate the effect of holding a car seat (no
holding, symmetrically, asymmetrically) and the effect of group (PP, NP) on balance and limb
loading symmetry during quiet standing. The second purpose of this study was to investigate the
effect of group (PP, NP) and lifting a car seat (symmetrically, asymmetrically) on center of
pressure (COP) movement and limb loading symmetry. Force plates were used to collect vertical
ground reaction forces (VGRFs) and COP during the holding and lifting conditions. To assess
balance, the COP root-mean-square (RMS) amplitude and velocity in the medial-lateral (ML)
and anterior-posterior (AP) directions were calculated. To assess peak vGRF limb loading
symmetry, the Symmetry Index (SI) was used. A linear mixed effects model was used to
determine main effect and interactions of group and condition on outcome measures. When
holding a car seat, the main effect of condition was found in RMS AP velocity (p < 0.001) with
interactions between group and condition found in RMS ML velocity (p = 0.005), RMS ML (p =
0.032), and RMS AP (p = 0.002) amplitudes. Significant differences between groups during
asymmetrical holding (p = 0.009) were also found in AP amplitude. Main effect of condition (p
<0.001) and group (p = 0.05) were found with peak vGRF SI. During lifting, interactions were
found in RMS AP velocity (p < 0.001) and main effects of conditions in RMS ML velocity (p <
0.001), RMS ML (p < 0.001) and AP (p <0.001) amplitude, and peak vGRF SI (p < 0.001). Our
results indicate that PP women may be at higher risk of developing pain and injury due to the
observed challenges of postural stability and control during the more strenuous asymmetric car
seat holding. This may be related to pelvic asymmetries and musculoskeletal weaknesses that
influence how PP respond to holding conditions compared to NP women. Additionally, our
results indicate that holding and lifting result in increased challenges related to PP balance.
These findings inform advice given when navigating childcare related tasks involving a car seat.
Our results indicate the need to continue to understand how PP and NP women differ during
childcare related tasks to further understand differences between groups and the risk factors
associated with chronic pain in this population.
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General Audience Abstract

Every year, over 3.5 million women give birth in the United States, with about 67.9% delivering
vaginally.! Over 80% of postpartum (PP) women experience chronic pain in the pelvis, lower
back, hip, and legs at 24 weeks after birth, and 20% continue to experience these issues 3 years
later.* PP women often face pelvic instability and weakness, which disturb balance and lead to
asymmetric loading in the pelvis and legs.” This imbalance makes daily tasks, such as lifting and
carrying a car seat during childcare, more difficult, and increase the risk of chronic pain and
injury. 27 This study aimed to explore how different groups — PP and nulliparous (NP) women
— and different ways of holding a car seat while standing — no holding, symmetrical holding with
two hands in front, and asymmetrical holding with one arm by the side — affect balance and limb
loading symmetry. Results showed that postpartum women struggled more with balance as the
task became more challenging, with asymmetrical holding showing large differences between
groups. PP women also exhibited greater asymmetric limb loading compared to NP women with
asymmetrical holding creating the greatest level asymmetric limb loading. The study also aimed
to explore how the two groups — PP and NP — and the different ways of lifting a car seat —
symmetrically and asymmetrically — affect balance and limb loading. Both groups had more
asymmetric limb loading and worse balance with asymmetrical lifting, though NP women
showed larger movements during asymmetrical lifting, likely reflecting the movement of the
body during the condition. These results highlight the importance to further research balance and
limb loading in PP compared to NP women. Understanding whether pelvic instability and
weakness may contribute to differences in balance and limb loading is crucial as it may help
explain how and why postpartum women face higher risk of injury and chronic pain. Ultimately,
such work may find ways to improve postpartum health during daily activities.
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Chapter 1: Introduction

Motivation

Every year, up to 3.6 million women enter the postpartum (PP) stage, believed to last up to 6
months after childbirth.®” The postpartum period is associated with prolonged musculoskeletal
weakness, in and around the lumbopelvic area, and low back pain.® Changes during pregnancy
have lasting effects throughout the postpartum period, commonly appearing as musculoskeletal
weakness and pelvic asymmetries that contribute to chronic pain in the lumbopelvic area.” '
Musculoskeletal weakness and chronic pain are associated with a decline in balance ability.!!
Research in postpartum women has found decreased balance performance during quiet standing,
based on changes in various center of pressure (COP) measures.'> 1> Additionally, research
examining dynamic balance while standing on a moving surface has reported a decrease in
balance performance that persists up to 6 weeks postpartum.'* During natural standing, the body
relies on the dynamic coordination of the pelvis and the spine to maintain an upright posture. '°
This can be of major concern during both lifting and holding conditions, a daily occurrence for

postpartum women.

Repetitive child-care-related lifting of a car seat can cause asymmetrical spinal loading and lead
to the development of chronic low back pain.'® During child-care-related lifting tasks, the trunk
extension strength in postpartum women is significantly reduced when compared to nulliparous
(NP) controls.!” 18 In addition, postpartum women had significantly lower paraspinal muscle
responsiveness during symmetrical and asymmetrical lifting tasks.> !” These findings also
indicate reduced spinal strength, which is necessary when ensuring the pelvis and spine can act

as a stabilized and coordinated structure between the upper and lower extremities.



In addition to lifting, external symmetrical and asymmetrical infant holding is a common daily
task for postpartum women and there is a lack of research relating to the biomechanical response
to this exposure.” !® This study serves as an exploratory pilot study to assess (1) holding a car
seat during quiet standing and (2) lifting of a car seat in PP women, compared to NP controls.
Specifically, holding and lifting tasks will be evaluated in symmetrical (i.e., holding and lifting
with both hands) and asymmetrical (i.e., holding and lifting with one hand) conditions? as both
are common daily tasks within the PP population. Additionally, limb loading symmetry will be
examined, as asymmetry is related to mobility impairment and overuse injury.?' The central

hypothesis is that postpartum women will exhibit reduced postural control and higher limb

loading asymmetry. This hypothesis will be assessed through the following aims.

Aim 1: Determine the effects of loading condition (no load, symmetrical, asymmetrical) and

group (PP, NP) on postural control and limb loading during quiet standing.

H1a) PP women will experience poorer postural control as demonstrated by an increase in COP
RMS amplitude and velocity, in all directions, as the condition becomes more difficult with

asymmetric holding.

H1b) PP women will have a higher limb loading asymmetry, as defined by the Symmetry Index
(SI) of the vertical ground reaction forces (GRF), compared to controls, with an increase in

asymmetry transitioning from no load to asymmetric loading.

Aim 2: Determine the effects of loading condition (symmetrical, asymmetrical) and group
(PP, NP) on postural control and limb loading during lifting.

8



H2a) PP women will experience poorer postural control as demonstrated by an increase in COP
RMS amplitude and velocity, in all directions, during symmetrical and asymmetrical lifting

compared to controls.

H2b) PP women will have a higher limb loading asymmetry, as defined by the Symmetry Index
(SD) of the vertical ground reaction force (GRF), with an increase in asymmetry transitioning

from symmetrical to asymmetrical lifting.



Background

Every year, more than 3 million women give birth annually, with the most common form of child
birth being a vaginal delivery.?? Despite this large number, postpartum (PP) health is widely
neglected, with one general medical assessment confined to 6 weeks after delivery and no set
guidelines given to mothers on how to safely navigate their new daily tasks involving infant
care.>?* Throughout pregnancy, the musculoskeletal system undergoes significant changes in
preparation for birth, which can have lasting effects on women during the postpartum period.
Hormonal shifts, including elevated levels of estradiol, progesterone, and relaxin, lead to reduced
collagen density and increased ligament laxity throughout the pelvis and the entire body.>*2°
These hormonal changes soften and widen connective tissue in the pelvis and surrounding
musculoskeletal structures.?’*” From this wide neglect in PP health, many PP women report a
range of issues including rectus abdominis separation, hip and leg pain, pubic symphysis pain,
urinary and anal incontinence, and pelvic organ prolapse.***® Notably, 74% of women report
persistent back and pelvic pain within the first year after a vaginal birth, affecting daily activities,
sleep, quality of life, and emotional well-being.** Additionally, 67% of postpartum women

experience pain at 6 weeks postpartum, with up to 20% suffering from chronic pain 3 years after

birth. >3°

Common musculoskeletal disorders include pelvic girdle pain (PGP), low back pain, pelvic pain,
pubic symphysis pain, and peripheral nerve injuries.>® Of these disorders, pelvic girdle pain is
the most common in up to 41% of postpartum women and is associated with a threefold increase
risk of developing depression.* PGP is characterized by pain between the posterior iliac crests

and the gluteal fold, often radiating to the thighs and pubic symphysis and can include pain in the
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pelvis, lower back, hips, and legs.* ***? This condition is associated with abnormal motor
control and malalignment of the pelvis and surrounding joints and ligaments. ** Women with
PGP often experience greater disability in daily activities compared to those with lumbar pain
alone.® PGP is also associated with impaired weight transfer and functional limitations in
walking, sitting, lifting, lowering, and standing.***® PGP has also been associated with abnormal
pressure distribution in the lumbopelvic area, resulting from asymmetries and malalignment in
the pelvis and lumbar spine that occur due to ligament laxity initially occurring during

pregnancy.*’->°

Ligament laxity is an increase in the flexibility of ligaments and is caused by hormonal shifts,
including elevated levels of estradiol, progesterone, and relaxin, Increased ligamentous laxity can
have systemic impacts throughout the body.?*% In pregnant women, however, these hormonal
changes tend to soften and widen connective tissue in the pelvis at the sacroiliac joint (S1J) and
pubic symphysis (Figure 1), in preparation for childbirth.? 2% 47-3! Although hormone levels
generally return to pre-pregnancy levels within a few days following birth, decreased collagen
integrity persist, increasing ligament laxity and contributing to various musculoskeletal issues
that persist into the postpartum period.?> 2332 For example, past research has found a persistent
pubic symphysis diastasis known as a persistent widening of the pubic symphysis. In postpartum
women who had this persistent widening, 48.5% of them had widening greater than 2 cm.>?
Ligament laxity also contributes to an increase in abnormal pressure distribution in the

lumbopelvic area, created from the restructuring of the pelvis and in the lumbar spine.*”3% 3
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Throughout pregnancy, the lumbar spine increases in curvature following the anterior pressure of
the fetus as it grows. As the curvature increases over the approximate 9 months, the paraspinal
muscles exist in a continued state of activation in an attempt to stabilize the spine, which has
lasting effects of reduced paraspinal muscle activity that persists in postpartum women.'® In
addition to this, this prolonged change in shape changes how load is transferred through the spine
down to the pelvis and lower extremities.* This redistribution in weight as well as the altered
structure facilitates asymmetries in the pelvis that are seen to persist during the postpartum

period.’

The asymmetries In the pelvis that are due to ligament laxity, skeletal restructuring, and the
growth of the fetus target the connections in the pelvis that are meant to restrict movement
between bones and have weight bearing purposes, as well as organ support. >4’ Past research
has found persistent bilateral anterior tilting of the pelvis that wassignificantly present in
postpartum women, 1 to 6 months postpartum, compared to nulliparous women.>* Past research
has also found a persistent asymmetric external rotation that was significantly different in

postpartum levels compared to pre-pregnancy levels.>®
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Figure 1: Anterior view of the female pelvis 5’

In addition to skeletal restructuring, changes that may require healing time following birth also
occur at the muscular level. Excessive activation of the paraspinal muscles, as well as excessive
stretching of the abdominal and pelvic floor muscles during pregnancy and childbirth can lead to
persistent weakness and asymmetry that persist postpartum. %37 For example, past research has
found a significant reduction in paraspinal muscle activity as well as asymmetric activation in
postpartum women when compared to nulliparous women during car seat lifting.'* Additionally,
postpartum women also exhibit a reduction in trunk extension strength compared to nulliparous
women.!” This is particularly concerning given the heightened need for muscle activation and
skeletal stability in the lumbopelvic area in maintaining balance and load transfer through the
pelvis and in the lower extremities.” - 13 Such postural control and limb loading help ensure that
daily activities are performed efficiently and safely, reducing the likelihood of movements that

can create deleterious loading.®

While little research has been done on how limb loading or balance changes in postpartum

women during childcare related activities, there has been some research related to balance
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performance in postpartum women during quiet standing. In particular, examination of overall
dynamic postural stability, a metric determined from a moving base of support measured by the
Biodex Balance System, found a reduction in overall stability that declined during pregnancy and
remained diminished at 6 weeks postpartum.'* In addition, during quiet standing, center of
pressure assessment has found elevated path length and average radial distance in postpartum
women at 8§ weeks compared to controls'?; decreases in anterior-posterior (AP) path length and
velocity that persisted 6 months in postpartum women'?; and an increase in medial-lateral (ML)
sway that increased in women 6 months postpartum?®. This past research implies that postpartum
postural stability and control is elevated due to pregnancy and does not always return to pre-
pregnancy levels. However, there is still little research that has explored balance and limb
loading in postpartum women during strenuous daily tasks such as car seat handling, as well as

how these levels differ compared to nulliparous women.

Car seat use is the most common form of transportation for an infant under 1 year of age.”® A
previous study that asked mothers how they generally navigate car seat handling found that
women generally do not take into account their own musculoskeletal health and safety during
these tasks and tend to focus only on infant safety and convenience.’” Car seat handling can be
done symmetrically or asymmetrically. Both modes of handling can depend on where the car
seat is placed relative to the midline of the body. Symmetrical holding or lifting orients the load
relative to the front of the body using both hands to essentially distribute load evenly in the body.
Asymmetrical lifting or holding can be accomplished using one hand and orienting the car seat at
the side of the body, thereby introducing uneven body loading. Regardless of the load placement,

the handling of an external load of this size and weight increases the reliance on paraspinal
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muscle activation as well as skeletal stability.*? In addition to this, both handling types increase
the amount of asymmetrical shear and compressive forces at the lumbar spine and can contribute
to injury and chronic pain, especially in individuals exhibiting lumbopelvic weakness or skeletal
malalignments.%*-%? Past research that has specifically examined car seat lifting has found that
this activity increases paraspinal muscle activation significantly more than any other childcare
handling activity involving lifting.®> When such research has investigated car seat handling,
however, it was done through the perspective of muscle activation and extension strength. No
research has examined car seat handling practices specifically in the postpartum population and
particularly with respect to how it may impact balance and limb loading through the lens of

injury risk and chronic pain when compared to nulliparous women.

In addition to car seat handling, it is important to note that repetitive strain can disrupt postural
balance, leading to uneven lower extremity force distribution and exacerbating pelvic
malalignments and overall musculoskeletal damage. >% % Additionally, asymmetrical loading,
seen during gait, has been identified as a risk factor for chronic pain and injury due to the
unequal loading imposed along the lower extremities.®> ®® For postpartum women, in particular,
the frequent and heavy lifting involved in infant care can intensify existing musculoskeletal
problems and increase the risk of injury and chronic pain.®*-** Therefore, it is essential to
understand how balance and limb loading symmetry differ between postpartum women and
nulliparous women during common postpartum daily tasks of lifting and holding of a car seat to
further understand how prolonged effects of pregnancy may effect postpartum women and if it

may put them at a greater risk of injury and chronic pain.
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When evaluating balance, metrics derived from the center of pressure (COP) can provide
valuable insights. This research focuses on time-domain distance measures of COP amplitude
and velocity, commonly used to assess postural control.®”-®® The commonly used metrics of COP
amplitude and velocity offer context on specific aspects of balance. The COP amplitude reflects
stability by understanding the amount of movement that is made in either the AP or ML axis
away from the center of support while the COP velocity reflects the amount of movements made
in maintaining control of an upright posture in the AP and ML directions.®”- ®® These two
measures allow for analysis of balance from two different perspectives related to COP control
and stability. Using the root-mean-square (RMS) with the COP amplitude and velocity allows for
a way to quantify these measures while accounting for magnitude and variance.® The RMS is
the quadratic mean of the COP magnitude from the center point. A decrease in RMS amplitude
and velocity suggests improvement in postural equilibrium maintenance and an increase
indicates a decline.®’” The RMS is calculated using the standard method, which involves taking

the square root of the mean of squared magnitudes, denoted as x (Eq. 1).%®

RMS = \/%Z,"l’:l(x)z (Eq. 1)

For COP velocity, the instantaneous velocity for the anterior-posterior (AP) and medial-lateral

(ML) axes are calculated by the change in position over the change in time (Eq. 2).6% 7
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COP4p[n+1]-CO 4p[n]
t[n+1]-t[n]

COP velocity = x = (Eq. 2)

For COP amplitude, positional values at each instance are used for the AP and ML axes,

following a method demonstrated by Quijox et al. (Eq. 3).”!

AP COP amplitude = x = COP,p[n] (Eq. 3)

Our second type of outcome measures relating to limb loading symmetry is assessed using
vertical ground reaction forces (VGRFs). Common symmetry indices include the Ratio Index
(RI)”?, Limb Symmetry Index (LSI)”?, Normalized Symmetry Index (NSI)’*, the Absolute
Symmetry Index (ASI)”°, and the Symmetry Index (SI)’¢. These indices have been used in
surgical populations, denoting metrics associated with the surgical limb as S and the non-surgical

limb as NS.

The RI calculates the ratio of metrics between the non-surgical and surgical limbs, with values
exceeding 100% indicating full asymmetry and 0% indicating perfect symmetry (Eq. 4).”* "7 The

index calculates values that are positive when the value for the Xus is greater than Xs.
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Xs

RI = ll — ] X 100% (Eq. 4)

XNs

The LSI, used to assess athletes post-ACL reconstruction, compares the metrics of the dominant

and non-dominant limbs, with values outside the 90%-110% indicating asymmetry (Eq. 5).”% 7

This metric has primarily been used for assessing when athletes are ready to return to sport

following ACL reconstruction surgery using distance measures.’® 7

Xs

LSI = X 100% (Eq. 5)
s

XNs

The NSI measures the difference between limbs and normalizes it by the range of values
between the maximum and minimum measurements, requiring a minimum of 3 trials (Eq. 6).7*

The NSI has bounded results meaning values range from 0 to +/-100%, indicating full symmetry

to full asymmetry, respectively.”

NSI = XnDt=XDyt X 100% (Eq.6)

maxi=1.n(max(0,XNp,t,Xp,¢))—Ming=1.n(min (0,XNp £.Xp t))
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The ASI calculates the absolute difference between limbs divided by the average of the two
values, with a threshold of 10% indicating asymmetry. It uses the left (L) and right I legs as

variable references.®’

| Xr—Xy|

ASl = 0.5(Xgp+X1)

X 100% (Eq. 7)

The SI, unlike the ASI, indicates direction in terms of sign. Values greater than 10% or less than
-10% can suggest levels of asymmetry (Eq. 8).7% 3 When the SI produces negative values, the
left side is larger than the right, and when positive the right side is larger than the left. The SI is
the most commonly used symmetry metric and was chosen due to its proven reliability and

consistency in measuring symmetry across different tasks.”® %

Xp+X],

= stk

X 100% (Eq. 8)

In this study, we assessed lower extremity symmetry using the SI with vGRFs and evaluated
balance performance by measuring the RMS of COP amplitude and velocity in the ML and AP
axes. This helps determine postural control and stability, and limb loading during lifting and
holding with both symmetrically and asymmetrically positioned loads. Postural control

abnormalities and asymmetrical limb loading in postpartum women, compared to controls,
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would be identified through these metrics, and they are associated with musculoskeletal
disorders and injury that are more prevalent in the postpartum population.®!- ¥ By determining
differences in these metrics between postpartum and nulliparous women we can better
understand differences that may put postpartum at a higher risk of developing chronic pain and
injury during daily tasks involving lifting and holding a car seat. This information can be used to
better understand postpartum biomechanics as well as understand ways that we may be able

inform postpartum health and safety during daily activities.
Motivation, Purpose, and Hypothesis

Following birth, 74% of women experience chronic pain, negatively impacting their quality of
life, likely resulting from musculoskeletal adaptations developed during pregnancy that did not
resolve postpartum.** This pain may arise from malalignment and weakness in the
lumbopelvic area.>? Investigation of differences in limb loading symmetry and balance between
postpartum and nulliparous women may allow us to understand if there are factors related to the
PP musculoskeletal system that may contribute to an increased risk of chronic pain and injury in

postpartum women during child care related activities.

The purpose of this study was to Investigate postural control and limb loading symmetry
differences during different childcare related lifting and holding conditions between postpartum
and nulliparous controls. The first hypothesis was that postpartum women will have reduced
postural control, with increase in RMS amplitude and velocity (AP and ML) as the condition
becomes harder with asymmetrical holding. The second hypothesis was that PP women,

compared to NP, would have greater values of peak vGRF SI, with an increase in the SI
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changing from the no hold to asymmetric hold. The third hypothesis was that postpartum women
would have an increase in the RMS AP and ML amplitude and velocity as the condition becomes
more difficult with asymmetrical lifting, compared to NP women. The fourth hypothesis was that
PP women would have a higher vGRF SI asymmetry transitioning from symmetric to
asymmetric lifting, compared to the NP women. Differences between groups in these metrics
during childcare related tasks may indicate possible factors that put postpartum women more at

risk of developing chronic pain or injury.
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Chapter Two: Differences in Static Balance and Limb Loading Symmetry between
Postpartum and Nulliparous Women during Three Car Seat Holding Conditions

Abstract

Understanding the postpartum (PP) response to daily childcare related activities can provide
insights into how the PP musculoskeletal system manages everyday challenges. This knowledge
can help identify challenges in maintaining balance®* % and limb loading symmetry that has been
associated with musculoskeletal weakness®* 5 and malalignment®* 5 as well as chronic pain and
injury.56-%8 Investigating whether PP women experience impairments in postural balance and
asymmetrical limb loading compared to nulliparous (NP) women during daily childcare activities
may reveal how PP women may be more at risk for developing chronic pain and injury. The
purpose of this study was to analyze the effect of group (PP, NP) and the effect of loading
conditions (no load, symmetrical, asymmetrical) on balance and limb loading symmetry. PP
women were expected to have poorer balance, compared to NP, as it becomes more difficult with
asymmetric holding. PP women were also expected to have higher vertical ground reaction force
(vGRF) limb loading asymmetry, using the Symmetry Index (SI), with an increase as the
conditions become harder from no hold to asymmetric hold. 36 participants were included, with
18 in each group. Each participant did 6 trials of each holding condition. The Center of pressure
(COP) was used to calculate the root-mean-square (RMS) of the amplitude and velocity in the
anterior-posterior (AP) and medial-lateral (ML) axes as well as the peak vGRF SI using a
custom-built code using force plate data. Interaction and main effects were determined using a
linear mixed effects model. A significant interaction was found in RMS ML velocity (p = 0.005)
and amplitude (p = 0.032) showing an increase in measures across conditions for both groups. In
RMS AP amplitude, an interaction was found (p = 0.002) with larger values in the PP group
during the asymmetric hold (p = 0.009). A main effect of condition was found in AP RMS
velocity with values increasing from no hold to asymmetric holding. In peak vGRF SI, main
effect of group (p = 0.05), showing PP women were significantly greater than NP, and condition
(p <0.001), showing a significant increase in metrics from no hold to asymmetric holding, were
found. These results show that PP women have differing responses to car seat holding conditions
and demonstrate challenges in maintaining balance and higher levels of asymmetrical loading.
This research indicates the need to further determine possible factors that may contribute to the
interactions found. However, it is possible that effects of pelvic asymmetries and
musculoskeletal weakness may be a contributing factor to the differences in balance and load
distribution found in this study and may put PP women at a higher risk of developing pain during
childcare holding tasks.
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Introduction

In the United States, approximately 3.6 million women give birth annually as of 2021.' Research
indicates that 81% of postpartum (PP) women experience persistent health issues such as
perineal pain, backache, and urinary problems at 24 weeks after giving birth.2 Moreover, up to
20% of PP women report chronic back and pelvic pain lasting up to 3 years postpartum, with
these conditions significantly impairing daily activities.> Many postpartum women also
experience prolonged lower extremity pain and musculoskeletal weakness and asymmetries.> % 8
Asymmetric pelvic anterior tilt and external rotation have been seen to persist in postpartum
women.’* %® Pelvic malalignments are known to increase the risk of low back”® and pelvic pain®!,

both conditions that are common in the postpartum population. > *>%4

Pelvic tilting and rotation also increases the curvature of the lower spine, affecting how weight is
distributed through the lumbopelvic region and can alter paraspinal musculature.’> * Postpartum
women have exhibited paraspinal muscle activity reduction and trunk strength weakness when
compared to nulliparous women.'”- '® Strength and stability in the lumbopelvic region are
essential in being able to control the trunk, especially when holding an external load due to the
increases in strain on the spine and asymmetrical load distribution in the pelvis and lower
extremities.’® °- % Managing postural demands, especially while holding an external load, may
be challenging for postpartum women when experiencing musculoskeletal dysfunction and
balance impairments.”® This is especially due to the increase in trunk extensor muscular demand

during conditions involving holding an external load.!%% 10!
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Postpartum women commonly use car seats as a mode of transportation for their child and there
are currently no guidelines for new mothers on how to safely navigate infant care related daily
tasks to avoid loading related injuries and chronic pain.'® 12 Transporting infants using car seats
introduces asymmetrical loading in the pelvis and lower extremities, especially depending on if
the car seat is held symmetrically or asymmetrically.'® 19319 As a child begins to grow and
becomes heavier, repetitively holding them in a car seat puts a mother at increased risk of injury
and pain.> > From past literature, repetitive loading of this type can delay the resolution of post-
pregnancy musculoskeletal healing due to the shear and compressive forces imposed at the spine
and pelvis, further contributing to chronic pain.®*-*? Additionally, holding an external load can
also increase asymmetrical limb loading, seen in healthy adults during gait, and has been
determined to be significantly related to chronic pain in the lumbopelvic area and lower
extremities.”® 19 However, holding an external load, specifically a car seat, has not been
examined in postpartum women. Nor has their postural response and limb loading response to

this type of holding activity.

The aim of this research study was to determine the effects of both postpartum (PP) and
nulliparous (NP) women, as well as three distinct car seat holding conditions: no holding
(baseline), symmetrical holding, and asymmetrical holding on balance and limb loading
symmetry. This study hypothesized that PP women, compared to NP women, would demonstrate
worse balance characterized by an increase in root mean square (RMS) amplitude and velocity in
the anterior-posterior (AP) and medial-lateral (ML) axes. This effect is expected to be
exacerbated under conditions involving asymmetric holding, due to the possible influence of

lumbopelvic asymmetries and muscular weakness, impairing the ability to respond effectively to
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external loads. The study also hypothesized that PP women would have greater limb loading
asymmetry, defined by the Symmetry Index (SI) of the vertical ground reaction forces (VGRF),
compared to NP women, with an increase in asymmetry transitioning from no holding to the

asymmetric holding condition.

Materials and Methods

Participants

Thirty-six participants were recruited, including 18 postpartum women and 18 nulliparous
women for the study approved by Virginia Tech Institutional Review Board (IRB #20-1085).
The exclusion criteria for both groups included having a musculoskeletal or neurologic disorder
or any other medical condition that affects postural stability, potential pregnancy, history of a
lower limb injury that has limited activity for more than 2 days, a prior serious lower limb injury
or surgery, and an inability to perform daily tasks requiring holding an external load. For
postpartum women specifically, additional exclusion criteria were having had a caesarean
delivery'%, having experienced a grade four perineal tear'%. The additional exclusion criteria for
the postpartum group were included to reflect current knowledge on safe activities for

106, 107

postpartum women , and having given birth less than 6 months ago or more than 1 year ago.

Testing Protocol

At the beginning of all data collection sessions, participants signed a Virginia Tech Institutional
Review Board approved consent form. Participant demographic data was collected and managed
using REDCap (Research Electronic Data Capture) electronic data capture tools hosted at

Virginia Tech.!% 1% Demographic information included self-reported age, sex assigned at birth,
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and which hand they use to write with, to determine their upper limb dominance.!'® Additionally,
the preferred limb for asymmetrical holding was recorded from asking postpartum women which
arm they prefer to use when holding or lifting with one hand, to determine the arm the
postpartum participants would naturally carry a car seat on. This preferred limb was
subsequently used for asymmetrical holding in postpartum participants, whereas in the
nulliparous group, the dominant limb was used. Identifying the dominant limb as the preferred
limb in the nulliparous group was done due to the idea that this population does not generally
participate in childcare holding tasks involving a car seat. Using the dominant arm for
asymmetrical holding helped standardize the condition to provide a consistent basis of
comparison against postpartum women. Additional questions were asked of the postpartum
participants including the number of children they had given birth to, the weight of their

youngest child, and the number of months since they recently gave birth.

Two AMTI force plates (BP600- 600, AMTI, Watertown, MA, USA) were used to collect
ground reaction forces and center of pressure, collected at 1190 Hz. Each participant stood in a
standardized stance, feet shoulder-width apart, and with each bare foot placed on a single force
plate with the two plates located side-by-side. A 10kg loaded car seat was placed on the floor,
sitting between two additional force plates in front of the participant. The participant’s feet were
positioned at 20% of the dominant/preferred limb length away from the load in front of them.
The car seat was loaded with 10kgs of ankle weights, to simulate the approximate weight of a
95 percentile nine month old male and female infant.® The total weight of the car seat and
added ankle weights was 13.5 kgs. The positions of both feet and the car seat were marked with

tape to ensure consistent foot and car seat placement between trials. Participants completed 3
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different holding conditions that included a no holding trial, symmetrical holding, and
asymmetrical holding. The ordering of symmetrical and asymmetrical conditions was
randomized following the no holding condition using the MATLAB random number generator of
zeros (that were associated with asymmetrical holding) and ones (associated with symmetrical
holding). In both groups, 8 participants performed symmetrical holding before asymmetrical, and
10 participants performed asymmetrical holding before they performed symmetrical holding.
Each holding condition trial was 30 seconds long, collected for a total of 6 trials. A rest period of
1 minute was provided between trials and 2 minutes between conditions to decrease the potential
impact of fatigue. During the no holding condition, participants stood on the force plates with
their eyes open looking at the wall in front of them, approximately 5 meters away, with their
hands by their sides, standing as still as possible for 30 seconds (Figure 1A). Participants were
not given a target for eyesight maintenance and were instructed on the requirements once before

every condition with one study personnel present intended to monitor task performance.

During symmetrical holding, participants held the 13.5kg (car seat plus ankle weights) car seat
with both hands placed at the widest parts of the car seat at approximately hip height.
Participants were instructed to hold the car seat in this position for 30 seconds while standing as
still as possible (Figure 1B). During asymmetrical holding, participants held the car seat handle
with the inner elbow of their dominant arm, or preferred limb for postpartum women, at
approximately hip height for 30 seconds. Participants were instructed to hold the car seat in this
position for 30 seconds while standing as still as possible (Figure 2C). While the shape and

weight of the car seat and ankle weights were not considered a true symmetrical load, the
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asymmetrical and symmetrical naming conventions were used to differentiate the use of one or

two hands, as well as the placement of the car seat, relative to the midline of the body.

Figure 2: Demonstration of a control participant performing A) No Holding Condition B)
Symmetric Holding Condition and C) Asymmetric Holding using their Dominant Limb

Among the 36 total participants, 1 postpartum and 1 nulliparous participant were excluded only
from the symmetrical condition. Additionally, one other nulliparous participant had one trial
excluded from the symmetrical condition, with all other 5 trials included. Outliers in the data
were first identified using box and whiskers plots in JMP and flagging any observations that
exceeded 1.5 times the length of the interquartile range in both directions from the 75™ and 25%
quartiles of the data. COP amplitude and velocity trajectories were then observed for potential
outliers to identify areas of the signal that fluctuated. In addition to this, video recordings that
occurred alongside the force plate data collection, associated with a different research project,
were observed to understand reasoning for fluctuations that occurred in the data. Outliers were

excluded if there were significant distractions during the task that included head movements that
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were 45 degrees or greater from their original line of sight at the beginning of the trial, including
head movement from side to side or up and down. Outliers were also removed if the movement
involved adjusting the car seat during the trial, characterized by readjustment of the car seat from
its original position at the beginning of the trial. Data was not recollected due to the
identification occurring after data collection, ultimately due to improper data collection
techniques. While removing conditions from subjects reduces consistencies in the samples
included during condition comparisons within groups and during between group comparisons,

exclusion of such trials was done so to ensure quality of the data used for analysis.

Data Analysis

Ground reaction forces (GRFs) were filtered using a fourth-order recursive low-pass Butterworth
digital filter with a cutoff 10 Hz.!'! To determine optimal cutoff frequency, a power spectral
density was calculated from the ground reaction forces during quiet standing. The quiet standing
holding tasks involved little movement and the cutoff frequency was used to reduce the influence
of higher frequency noise. GRF measures were normalized to body weight following phase
identification for symmetry calculations. Only for the no holding trials, a custom-built MATLAB
code extracted data points during the last 25 seconds of a trial to exclude the initial transient
oscillatory state that is seen to occur in the COP during bipedal stance within the first 5 seconds
of quiet standing trials.!!! The symmetrical and asymmetrical holding conditions were collected
following a lifting phase that was included in a larger study, therefore a custom-built MATLAB
code used the following steps to isolate the 25 second holding phase: (1) the end of the lifting
phase was identified when, from the start of the lift, the combined vGRFs from the left and right
legs remain within +/- 1% of the bodyweight and car seat load for 20 consecutive data samples

(body weight for each trial was determined by the stable signal from the participant standing

29



quietly before the start of the trial); (2) from the end of the lifting trial, the holding trial began 5
seconds later; and (3) from the first point where the holding phase begins, 25 seconds later was
identified as the end of the holding phase (Figure 3). The signal included in the holding phase

was used to calculate outcomes measures.
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Figure 3: vGRF (N) vs. Time (s) graph with holding phase identification

For the outcome measures, the center of pressure (COP) was calculated by combining the vVGRF
and COP from the 2 separately loaded force plates where the subscript L indicates the signal
taken from the force plate under the left foot and R for the adjacent force plate, under the right
foot (Eq. 9).!'?

cOp — (COPLXVGRFL)+(COPRXVGRFR) o)
YGRF+VGRFR 1

The medio-lateral (ML) and anterior-posterior (AP) COP was calculated and then demeaned.
The COP instantaneous velocity in the ML and AP axes was calculated (Eq. 10), using every

sample of the COP signal identified as 7 in either direction.”®
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COP[n+1]-C0 [n]
tin+1]-t[n]

(Eq. 10)

COP Velocity = x =

For the COP amplitude, positional data was used from the demeaned COP signal for the AP and
ML axes (Eq. 11), following a similar method demonstrated in past literature.”! Every sample of

the COP signal, in both axes, were then used to calculate the RMS, demonstrated below.®®
COP Amplitude = x = COP|n]| (Eq. 1)

The root-mean-square of the velocity and amplitude is then calculated by taking the square root
of the average of the squared values of data in a signal. The RMS calculation is demonstrated
below where x represents amplitude and velocity in AP and ML axes used to calculate the RMS

COP amplitude and RMS COP velocity for analyses.® 71 113

RMS = \/% >N [x]? (Eq. 12)

The SI was used to assess VGRF symmetry.!'* The SI was chosen because it is has been proven
to be a reliable and repeatable symmetry metric between different types of tasks.?% !'* An SI
value of zero indicates perfect symmetry between the two limbs while the outer bounds are
unbounded, with a general threshold of +/- 10% used to determine asymmetry.’® The SI equation
references the non-preferred limb (NPL) and preferred limb (PL) for postpartum participants
with corresponding metrics for the non-dominant (VD) and dominant (D) limbs for nulliparous
participants. The SI was calculated using the vGRF from both limbs during every sample within
a trial. The peak of the absolute values of the SI was used to indicate the peak symmetry
experienced during a trial. While a value of 0 indicates perfect symmetry, a greater value in
either direction indicates greater asymmetry. A positive value for SI indicates a larger vGRF for

31



the NPL or ND while a negative value indicates a larger vVGRF for the PL or D that were present
at the time the peak SI occurred. In this study, the absolute value of the SI was used when

comparing the degree of symmetry during conditions and between groups.

XNpL—XPpL
= X 0 .
SI 05X (Xnprt KoL) 100% (Eq. 13)

The COP RMS velocity and amplitude in the ML and AP directions and the peak vGRF SI were
calculated for every trial of each condition for both groups and included in our statistical

analysis.

Statistical Analysis

Demographic data (age, height, weight, and BMI) was compared between the NP and PP group
using an independent t-test to determine if differences in these measures existed that may impact
results (Table 1). Age was included as a covariate in our analysis because it was significantly
different between groups and to control for its possible influence on balance between our age
groups (p < 0.001).!"5 A linear mixed effects model (LMEM) was selected for its ability to
account for both fixed and random effects, while addressing correlations with repeated measures.
The outcome measures of ML and AP RMS COP velocity and amplitude, and peak vGRF SI
were used in the LMEM, performed in JMP (SAS, Cary, NC), to determine interactions and
main effects. In the LMEM participants were included as a random effect, condition and group
were included as fixed effects.!'® When considering the COP related outcomes measures, age
was included as an additional fixed effect to account for its influence on outcome measures. The
model was performed using an alpha level of 0.05. If an interaction, or a main effect of
condition, was detected the Tukey HSD was used for post-hoc pairwise comparisons. If a main

effect of group was detected, an LS Means student t-test was used for post hoc analysis. To
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interpret the meaningful relationships between holding conditions, effect sizes were calculated
using Cohen’s d. The levels of effect were classified using the following indices: 0.2 for small,

0.5 for medium, and 0.8 for large.'"”

Results

The nulliparous and postpartum demographics of average age (years), height (m), weight (kg),
and BMI (kg/m?) are included in Table 1. Seventeen of the participants in the NP group and PP

group had right-hand dominance while only 1 had left-hand dominance.

Table 1: Differences in demographics between groups, mean £ SD

Demographics  Nulliparous (n=18) Postpartum (n=18)  p-value

Age (years) 26.8+3.10 30.5 +3.52 0.001*
Height (m) 1.65+0.07 1.64+0.07 0.319
Weight (kg) 70.86 + 13.33 71.27 + 11.21 0.461
BMI (kg/m?) 26.02 + 4.18 26.55+4.31 0.365

*p-value < 0.001, difference between nulliparous and postpartum groups

Of the 18 postpartum women, 14 of them used their dominant arm to hold the car seat
asymmetrically, while 4 used their non-dominant arm (Table 2). Postpartum demographics of
months post-birth, number of children, and weight of youngest child are included in Table 2. Of
all the mothers, 8 of them were primiparous, having given birth once, while the other 10 were
multiparous, having given birth multiple times.

Table 2: Postpartum demographics, mean = SD

Postpartum  children young ryme
(kg)
Postpartum Dom: 14 Right: 17
8.56+2.23 1.72+£0.75 8.83+£2.52
(n=18) Non-dom: 4 Left: 1
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Consolidated results for all outcome measures are shown in Table 3 with the breakdown of

results for each measure following.

Table 3: Interaction and Main Effect Result for all Outcome Measures

Measurement Holding Effect Size | Effect Size
Type Group Condition Mean £ 5D p-value —no hold | — symmetric
No Hold 7.14 £ 1.94 - - -
PP -
.69 £ 3. . * . -
ML COP RMS Symmetric 11.69 £3.92 z 8 881* 1.47
Velocity Asymmetric | 12.79 +£4.64 0 0'3 S 1.59 0.26
(mm/s) Np |_NoHold [ 7.12£2.0 - - -
Symmetric | 10.27 £2.51 <0.001* 1.34 -
Asymmetric | 11.14+1.14 <0.001* 2.29 -
AP COP RMS No Hold 6.06 +1.29 - - -
Velocity - Symmetric 7.90 +2.67 <0.001* - -
(mm/s) Asymmetric | 13.23 +4.88 | <0.001* ** - -
PP No Hold 4.12+1.70 - - -
Symmetric 5.78 £2.22 <0.001* 0.84 -
Mkfiolilﬁz’ls Asymmetric | 594+2.05 | <0.001* 0.96 :
(rflm) Np |_NoHold | 3.97:1.80 - - -
Symmetric 4.68 +1.47 0.006* 0.43 -
Asymmetric | 4.95 +1.61 <0.001 0.57 -
No Hold 1.28 +£0.56 - - -
PP Symmetric 245+£1.52 <0.001* 1.03 -
AP COP RMS . <0.001%*, **
:t 2
Amplitude Asymmetric | 4.24 +2.32 0.009 # 1.75 0.91
(mm) NP No Hold 1.15+0.52 - - -
Symmetric 1.83 £ 0.82 <0.001 0.99 -
Asymmetric | 3.07+1.14 | <0.001%*** 2.17 1.25
No Hold 14.18 £ 8.27 - - -
- Symmetric | 24.89 + 14.41 <0.001* - -
Peak ZS)RF SI Asymmetric | 86.33 £ 28.99 | <0.001* ** _ ;
° PP i 44.82 +£20.11 0.046 # - -
NP 39.16 + 18.43 - - -

*p-value, compared to no holding condition

**p-value, compared to symmetric holding condition

#p-value, compared to NP group
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ML COP RMS velocity

An interaction of group and condition was found (p = 0.005), with no significance associated
with age (p = 0.61). For the PP group, significant differences appeared between the asymmetric
holding and no holding condition (Asymmetric: 12.79 + 4.64 mm/s; No holding: 7.14 = 1.94
mm/s; p <0.001), symmetric and no hold (Symmetric: 11.69 £+ 3.92 mm/s; No holding: 7.14 +
1.94 mm/s; p < 0.001), and between asymmetric and symmetric holding (p = 0.035). Of these
comparisons the metric increases from no holding to the asymmetrical holding condition. In the
NP group, significant differences appeared between asymmetric holding and the no holding
condition (Asymmetric: 11.14 = 1.14 mm/s; No holding: 7.12 £ 2.20 mm/s; p < 0.001) and
between symmetric holding and no holding (Symmetric: 10.27 = 2.51 mm/s; No holding: 7.12 +
2.20 mm/s; p < 0.001). In both groups, a large effect size is calculated between no hold and
symmetrical hold, with NP showing and effect size of 1.34 and PP having 1.47, and between no
hold and asymmetrical hold, with NP having an effect size of 2.29 and PP having 1.59.!'7 The PP
group showed a small effect size, 0.26, between symmetrical and asymmetrical holding.'"’
Though not statistically significant, the postpartum group exhibited large magnitudes of change
in this metric transitioning from no load to symmetrical and to asymmetrical, as well as from
symmetrical to asymmetrical. Though not significantly different, the PP group also had larger
values in comparison to the NP group during symmetric holding, with a medium effect size of

0.43 (p = 0.34), and asymmetric holding, with a medium effect size of 0.49 (p = 0.27). The two

35



groups, in comparison to one another, showed similar values during the no holding condition,

lacking a significant difference (p = 0.99).
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Figure 4: Group*Condition interaction plot for ML RMS velocity; **p-value < 0.001, *p = 0.035

AP COP RMS velocity

There was no significant interaction (p = 0.48), main effect of group (p = 0.83), or effect of age
(» = 0.72). However, a main effect of condition was detected (p <0.001). AP RMS velocity
significantly increases from the no hold (6.06 + 1.29 mm/s) to symmetric hold (7.90 &+ 2.67
mm/s, p <0.001), and to asymmetric hold (13.23 £ 4.88 mm/s, p < 0.001). There was also a

significant increase from no hold to symmetric (p <0.001).
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Figure 5: Main Effect of condition for AP RMS velocity; **p-value < 0.001

ML COP RMS amplitude

An interaction of group and condition was found (p = 0.032) with no significance associated with
age (p = 0.5687). For the PP group significant differences appeared between no hold (4.12 + 1.70
mm) and symmetric hold (5.78 + 2.22 mm, p < 0.001) and asymmetric hold (5.94 + 2.05 mm, p
< 0.001). For the NP group, significant increases appeared from no load (3.97 = 1.80 mm) to
symmetric (4.68 = 1.47 mm, p = 0.006) and to asymmetric (4.95 £ 1.61 mm, p <0.001). For the
PP group, a large effect size is shown for the differences between no hold and symmetrical hold,
with PP showing 0.84, and between no hold and asymmetrical hold, with PP showing 0.96.'
For the NP group, medium effect sizes were calculated for condition differences with 0.43 for no
hold to symmetric, and 0.57 for no hold to asymmetric.!!” Though not statistically significant, the
postpartum group exhibited greater magnitudes of change in this metric transitioning from no
hold to symmetrical and to asymmetrical. The PP group also had larger values in comparison to

the NP group during symmetric (p = 0.09), with a medium effect size of 0.58, and asymmetric
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holding (p = 0.11), with a medium effect size of 0.53, although they were not significantly
different. The two groups also showed very similar values during the no holding, also not

showing a significant difference (p = 0.93).
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Figure 6: Group*Condition interaction for ML RMS amplitude; **p < 0.001, *p = 0.006

AP COP RMS amplitude

An interaction of group and condition was found (p = 0.002) with no significant effect of age (p
=0.89). For the PP group significant increases appeared from no hold (1.28 + 0.56 mm/s) to
symmetric (2.45 + 1.52 mm, p < 0.001) and to asymmetric (4.24 £ 2.32 mm, p < 0.001), as well
as from symmetric to asymmetric (p < 0.001). The largest values occurred during asymmetric
holding and the smallest during the no holding condition. In the NP group, significant increases
occurred from no hold (1.15 £ 0.52 mm) to symmetric (1.83 + 0.82 mm, p <0.001) and to
asymmetric (3.07 = 1.14 mm, p < 0.001) and from symmetric to asymmetric holding (p < 0.001).
For both groups, a large effect size was found in three comparisons. First, between no hold and
symmetrical, NP had an effect size of 0.99 and PP had an effect size of 1.03.!!7 Second, between
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no hold and asymmetrical hold, NP had an effect size of 2.17 while PP had 1.75.'"” Third,
between symmetric and asymmetric, NP had an effect size of 1.25 and PP had an effect size of
0.91.'7 A significant larger value (p = 0.009) was found in the PP compared to the NP group
during asymmetric holding. While not significantly different, the PP group showed larger
magnitudes of change in this metric transitioning across conditions from no hold to asymmetric
holding. Additionally, while not significantly different, the PP group showed greater values
compared to the NP group during symmetric (p = 0.23), with a medium effect size of 0.51, with a

slightly larger value during the no holding condition (p = 0.93).
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Figure 7: Group*Condition interaction plot for AP RMS amplitude; **p < 0.001, *p = 0.009

Peak vGRF SI
No interaction was detected (p = 0.32), although the main effects of group (p = 0.05) and
condition (p < 0.001) were found to be significant. Main effect of group shows significantly

larger values (p = 0.046) in the PP group (44.82 = 20.11 %) compared to the NP group (39.16 +
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18.43 %). Main effect of condition shows a significant comparison between all conditions (p <
0.001) with the smallest peak vGRF SI during no holding (14.18 + 8.27 %), increasing with
symmetric holding (24.89 + 14.41 %) and the largest values during asymmetric holding (86.33 +

28.99 %).
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Figure 8: Main effect of condition for Peak vGRF SI; **p < 0.001
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Discussion

The purpose of this study was to determine the effect of group (NP, PP) and condition (no load,
asymmetric, symmetric) on balance and load symmetry. All but one of our balance related COP
metric results support our first hypothesis stating that PP women will exhibit poorer postural
control, compared to NP women, as demonstrated through a decrease in COP RMS amplitude
and velocity in the AP and ML axes, as the condition becomes more difficult with asymmetric

holding.

There was a significant interaction in the RMS velocity and amplitude, showing that PP and NP
women responded differently to the holding conditions with greatest values present in
asymmetric holding. The increase across holding conditions for both groups are consistent with
existing literature that shows conditions of holding symmetrical and asymmetrical loads cause an
increase in COP measures in the ML direction. ''% '8 Specifically, in ML RMS velocity, both
groups showed large effects between no holding and holding conditions. For the PP and NP
groups, the transition between no holding to asymmetrical had magnitude changes that were
greater than the minimally important difference (MID) of 4.3 mm/s in COP velocity, determined
from a balance impaired population.!'” From this, the change in RMS velocity between
conditions might be interpreted as meaningful, though further evaluation is needed to confirm its
relevance from a clinical perspective. Between no holding and symmetric holding, only the PP
group had a change greater than the MID. Additionally, the small effect between symmetric and
asymmetric holding in PP women were below the MID. In the ML amplitude, while the PP
group had large effect sizes between no holding and holding conditions, none of the differences

between conditions surpassed the MID of 2.3 mm.!"” The interactions in ML RMS velocity and
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amplitude suggest that PP women respond differently under holding conditions with the largest

values appearing in asymmetrical holding.

In the AP amplitude, a significant interaction between group and condition was observed. The
increase in measures across holding condition in both groups, align with previous literature that
found an increase in COP metrics in the AP direction with symmetric and asymmetric holding
positions.!!% ¥ The significant difference between the PP and NP women during asymmetrical
holding has a small effect with magnitude differences between groups that do not surpass the
MID associated with RMS amplitude.!!” The only increase that surpassed the MID occurred
between no holding and asymmetrical holding in PP women.!!® Past research has found a
relationship between pelvic asymmetries and chronic pain with a reduction in COP control and
stability during quiet standing, which may indicate a possible factor associated with the observed

differences between groups in response to holding positions in postpartum women.>% %37

Our study was adequately powered to detect the MID between groups using the effect size of 0.4
for COP velocity when accounting for group variance from the data collected in this study.!"”
The minimal number of significant differences between the PP and NP groups in all COP
measures suggests that the anticipated differences in COP metrics were not as large as expected.
However, due to our abundance of significant interactions, indicating differences in holding
responses between groups, the MID threshold in the context of PP and NP comparisons during
holding conditions may need to be reevaluated to determine if there may be more appropriate

levels of change in COP measures between groups that may be considered clinically meaningful.
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Additionally, during the no holding condition, there were no significant differences in COP
measures between PP and NP groups, which contrasts with past literature finding reduced COP
metrics in postpartum women compared to nulliparous women.'> 13 This discrepancy may be due
to our study including women with an average 8.5 months postpartum, whereas past studies
included women up to 6 months postpartum, suggesting a possible return to baseline balance
levels in postpartum women after 6 months.'? !> Additionally, variables related to history of pain,
number of births, weight of the youngest child, and physical activity, may be related to the
minimal differences between groups that were initially expected to appear both during the no

holding and symmetric and asymmetric holding conditions.

In addition to this observation, while not significantly different, the PP group did exhibit larger
values in outcome measures, compared to the NP group, during symmetric and asymmetric
holding conditions. With the inclusion of additional participants we may find that an element of
the postpartum group contributes to the decrease in COP control and stability specifically during
car seat holding. Possible factors that may contribute to the larger values in the PP group during
holding conditions may be related to the skeletal instability and muscular weakness associated
with the postpartum population. While our study was adequately powered when anticipating the
MID levels of difference in outcome measures, a larger sample size may reveal more pronounced

differences between groups given possible large levels of variance that may be present in either

group.

When interpreting COP measures, an increase in either the RMS COP velocity or RMS COP

amplitude indicate a decrease in balance.®”- 12 More specifically, COP amplitude reflects the
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ability to maintain a stable posture, an increase amplitude suggests instability because the COP
travels a greater distance from the center of support, approaching the edge of the base of
support.®® 62121 The COP velocity measures the control of these movements, while an increase in
this metric can indicate difficulty in maintaining control of movements during quiet standing. %"
62,121,122 While holding a load, shear forces and asymmetrical loading along the spine increase,
demanding greater muscle activation, and significantly heightens postural demands as well as
increasing asymmetrical loading to the lower extremities. Asymmetrical lumbopelvic alignment,
paraspinal responsiveness, and weakened trunk strength, and chronic pain seen to persist
postpartum, may possibly be related to the differences in COP responses during holding
conditions, and the group differences in vVGRF symmetry we see in our study.>® *>7 Our results
indicate that the PP group responds differently to holding conditions compared to the NP group.
The PP group experienced greater decreases in COP control and stability in the ML direction,
with the most pronounced reductions occurring during asymmetric holding. Additionally, PP
women showed different responses in COP stability in the AP direction compared to the NP

group with significant reductions in the asymmetric holding condition.

We found significant main effects of both condition and group on peak vGRF SI. The main
effect of condition is consistent with past literature showing that limb loading asymmetry
increases in response to holding conditions including symmetrical and asymmetrical holding,
seen in healthy adults.”® 12> 124 The main effect of group indicates that postpartum women
experience greater asymmetry. This partially aligns with our second hypothesis that postpartum
group would show significantly larger peak vGRF SI compared to NP women, with the greatest

asymmetry in asymmetric holding. Past literature has determined a relationship between
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asymmetrical limb loading, pelvic asymmetries, and chronic pain, which may be related to the
increase asymmetry observed in postpartum women.”” 12> Additionally, the main effect of
condition highlights the risk of increased limb loading asymmetry, potentially related to chronic
pain associated with childcare related activities.’¢® The levels of the SI can also give context
into how to interpret possible risks associated with conditions or differences between groups.
Our average vGRF Sl values are non-zero in both groups during the no holding condition,
agreeing with past literature finding a high percentage of non-zero SI values in healthy adult
women.”” However, our results surpass the 10% threshold used to define SI asymmetry,
previously used when assessing asymmetry during walking, suggesting a possible need to revise
the baseline threshold in the context of postpartum and nulliparous comparisons while holding a

car seat.

Despite these findings, the study has limitations. The removal of the symmetrical condition for
two subjects (one PP and one NP) and one symmetrical trial from one other NP subject
introduces inconsistencies in sample sizes included for the holding conditions. This reduction in
data may affect the accuracy of condition comparisons by decreasing the amount of data used to
calculate the means for each group. The current research study also did not account for factors
such as the number of births or weight of youngest child, which might influence musculoskeletal
health associated through cumulative degradation of stability that could be associated with
multiple births or the increased level of experience with infants that are the approximate weight
of the weight used in our study. and ultimately the outcome measure differences between
groups. The included sample sizes for both PP and NP groups may not fully represent the general

population due to small sample size and lack of diversity, as well as varying levels of
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physiological health, physical activity, or sleep not accounted for in this study. Given that this
was a pilot study with significant interactions, further research with larger and more diverse
samples is needed to clarify these findings and better understand the impact of these factors on
outcomes measures. In addition, physiological health encompasses several aspects that are
crucial for balance, including muscle activity and pelvic stability. In the postpartum period, many
women experience changes in muscle tone and stability that are variable from person to person
and can result in altered movement patterns and decreased postural control and stability. Physical
activity levels are also crucial; regular exercise enhances muscle tone, improves coordination,
and increases body awareness, all of which contribute to better balance. Sleep also plays a vital
role in cognitive and motor functions. Insufficient or poor-quality sleep can impair reaction times
and coordination, which are essential for maintaining balance.!?> 26 Additionally, there may be
other factors related to kinematic compensations taking place during the holding conditions that
could explain changes in the COP that were not addressed in this study. For example, during
quiet standing, the body primarily relies on the ankle for small movements, while the hips
manage larger adjustments related to the body’s center of mass. In asymmetric car seat holding,
individuals can compensate through lateral trunk flexion when holding the car seat at their side.
This position may limit hip movement in the AP direction, relying more on the smaller ankle
muscles to control AP movements. As a result, the differences observed between the PP and NP
groups during the asymmetric holding condition may stem from this reliance on the smaller

muscle group around the ankle, compared to the hips, in the AP direction. !¢

Despite these limitations, our results indicate that postpartum and nulliparous women respond

differently to car seat holding conditions, with a decrease in COP control and stability as holding
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condition becomes most difficult with asymmetrical holding. Our results indicate that there is an
additional factor causing these different responses that may be linked to musculoskeletal health
in postpartum women as well as possibly putting them at an increased risk of developing chronic
pain and injury during these tasks. Additionally, our results indicate that postpartum women
exhibit greater levels of asymmetrical limb loading during all holding conditions. Asymmetrical
holding diminished postural control and stability in both groups, while symmetric holding
resulted in a moderate decline. Asymmetric holding also induced the highest peak vGRF SI,
whereas symmetric holding showed moderate values, with postpartum women exhibiting greater
asymmetry compared to controls indicating possibly deleterious asymmetrical loading in the PP
population and tasks that may be linked to chronic pain.® Further research is required to better
evaluate these risks in the postpartum population during holding a car seat. Additionally, it is
important to understand the differences between PP and NP women that may contribute to their
varying responses to different holding conditions, contributing factors related to group
demographics, and underlying movement mechanics during the holding conditions. Gaining
insight into these differences could help identify factors that put the PP population at a greater
risk for developing chronic pain, ultimately aiding in the improvement of postpartum healing and

health.
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Chapter Three: Differences in Center of Pressure Movement and Limb Loading Symmetry
between Postpartum and Nulliparous Women during Car Seat Lifting

Abstract

Each year, over 3 million women give birth, yet postpartum (PP) health often receives minimal
attention beyond the first 6 weeks. Immediately following childbirth, PP women engage in
frequent childcare related lifting tasks, such as lifting a car seat, which can impede post-
pregnancy healing.’ Studies show that PP women often experience reduced paraspinal muscle
activity!® and trunk extension strength!” compared to nulliparous (NP) women, which is
associated with decreased postural control and stability. 8 35127 Additionally, asymmetrical
pelvic tilting can contribute to chronic pain and increase shear forces in the pelvis and lower
extremities during lifting tasks.®® Understanding PP responses, compared to NP, to daily
childcare activities involving lifting a car seat may be able to reveal differences in postural
challenges and limb loading that may be related to chronic pain in the PP population. The
purpose of this study was to analyze the effect of group (PP and NP) and the effect of lifting
condition (symmetric and asymmetric) on center of pressure (COP) movement and limb loading
symmetry. It was hypothesized that PP women would experience poorer postural control,
compared to NP, with the more difficult asymmetrical lift. It was also hypothesized that PP
women, compared to NP, will have a higher vertical ground reaction force (vGRF) limb loading
asymmetry, using the Symmetry Index (SI), with the larger values seen during asymmetric
lifting. Eighteen participants were collected for each group, with a total of 36 participants. A
total of 6 trials per symmetric and asymmetric lifting was collected from each participant. Using
4 force plates, a custom-built code was used to calculate the root-mean-square (RMS) COP
amplitude and velocity in the medial-lateral (ML) and anterior-posterior (AP) axes, as well as the
peak vGRF SI. A linear mixed effects model was used to determine interactions and effects. Our
results show an interaction in AP RMS velocity (p < 0.001) showing a significant increase from
symmetric to asymmetric and a significantly larger metric in NP compared to PP during
asymmetric lifting, likely reflecting lifting technique in NP women. Our results also show main
effects of condition in ML RMS amplitude (p < 0.001), ML (p <0.001) and AP RMS amplitude
(p <0.001), and peak vGRF SI (p <0.001). Overall, our results indicate that the more
challenging condition of asymmetrical lifting increases COP movement and asymmetrical
loading and may contribute to chronic pain and injury. However, further research is needed to
investigate differences between PP ad NP women during car seat lifting conditions.
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Introduction

Each year, more than 3 million women give birth in the United States, with vaginal delivery
being the most common method as of 2022.?> However, postpartum (PP) health often receives
minimal attention, usually confined to a single medical assessment 6 weeks after delivery.> 3
Approximately 81% of PP women experience chronic perineal pain, backaches, and urinary
incontinence at 24 months postpartum.’:? Postpartum women frequently report musculoskeletal
complaints such as lumbopelvic pain and lower extremity pain.> % 128 Furthermore, 20% of

women continue to suffer from chronic back and pelvic pain 3 years after childbirth.?

Pelvic asymmetries are closely associated with low back and pelvic pain. Persistent
asymmetrical anterior pelvic tilt and external rotation have been identified in postpartum women
and can contribute to reduced postural control and stability and increase abnormal limb loading.>
5456 Asymmetries in the pelvis can lead to asymmetrical loading of the pelvis and lower
extremities, which can result in a challenges when maintaining postural stability and control and
can increase the risk of chronic pain and spinal injury during lifting tasks.!? 1319 During lifting,
monitoring COP is crucial for understanding how effectively an individual is adjusting their
body to manage the load. Excessive or irregular COP movement during lifting can indicate
suboptimal lifting techniques or difficulties in controlling the load. Postpartum women may be
particularly vulnerable to these issues due to changes in pelvic alignment and muscle strength. %
Compared to nulliparous women, postpartum women exhibit trunk extension weakness and
reduced paraspinal muscle responsiveness during childcare related tasks, such as lifting a car

seat.!”- 18 Paraspinal muscles and trunk extension strength are crucial for maintaining spinal
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stability during lifting tasks.'% 13 Weakness in these muscles can lead to increased lumbopelvic

pain and a greater risk of injury.!® 3!

Immediately following childbirth, postpartum women engage in lifting tasks, such as handling a
car seat, without adequate guidance on safe techniques.'® 3% 1% Many mothers prioritize their
children’s needs over their own health, especially when it comes to convenience and safety
during childcare related lifting.> As their child grows, the increasing weight and frequency of
lifting elevate the risk of developing spinal injuries and chronic pain. '* Lifting of a car seat can
include twisting or bending of the back, which increases shear strain and injury, contributing to
the development of chronic pain.'** The repetitive nature of these lifting tasks delays post-
pregnancy musculoskeletal healing and can contribute to deficits in postpartum musculoskeletal
function.®%-2 Postpartum women may face greater challenges and risks due to delayed healing
and decreased support of the spine and pelvis during lifting tasks of a car seat. ' 134135
However, there is limited research that investigates childcare related car seat lifting methods in
postpartum women that includes understanding COP movement and limb loading symmetry.

Examining these in postpartum women, compared to nulliparous women, can identify specific

biomechanical challenges in this population during daily tasks involving car seat lifting.

The aim of this research was to determine the effect of two different lifting conditions
(symmetrical and asymmetrical) and group (postpartum and nulliparous) on balance and limb
loading symmetry. This study hypothesized that PP women would experience poorer postural

control, demonstrated by an increase in center of pressure (COP) root-mean-square (RMS)
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amplitude and velocity in the anterior-posterior (AP) and medial-lateral (ML) axes, with the
greatest difficulty occurring during asymmetrical lifting due to challenges in responding to
asymmetrical loads and the possible influence of pelvic and spinal instability. Additionally, this
study hypothesized that PP women, compared to NP women, would experience a greater limb
loading asymmetry, as measured by the Symmetry Index (SI) from vertical ground reaction

forces (VGRFs).

Materials and Methods

Participants

A total of 36 participants consisting of 18 postpartum women and 18 nulliparous controls were
recruited and consented through the Virginia Tech Institutional Review Board approved research
study (IRB #20-1085). Participants were included if they did not have any musculoskeletal,
neurological disorders, or medical conditions that affect balance, were not currently pregnant,
had never sustained an injury in the leg that limited their physical activity for more than 48
hours, had no history of a serious injury or surgery in one or more lower extremities, and were
able to perform daily tasks involving lifting of an external weight. Additional inclusion criteria
included for postpartum participants involved having a vaginal delivery'®, having never had
grade 4 perineal tearing'%, and having given birth in the last 6 to 12 months. The inclusion
criteria related to vaginal delivery and perineal tearing were included to reflect safe child-care-
related activity guidelines for women having experience a caesarean delivery and high grade

tearing.!%% 107

Testing Protocol
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Prior to any testing, all participants signed a consent form approved by the Virginia Tech
Institutional Review Board. Participant demographic information was collected and stored using
REDCap (Research Electronic Data Capture) electronic data capture tools hosted by Virginia
Tech.!%% 1% Demographic information included self-reported age, sex assigned at birth, upper
limb dominance determined by the hand used to write with!'°, as well as the preferred limb used
for asymmetrical lifting and holding. For the NP group, the dominant arm was used as the
preferred limb. This was selected because NP women typically do not engage in car seat lifting
tasks. Utilizing the dominant arm ensured standardization and consistencies in comparisons with
natural lifting patterns in PP women. Additional demographic information recorded from
postpartum participants included number of months postpartum, number of children they had

given birth too, and their youngest child’s weight.

Four in-ground AMTI force plates (BP600- 600, AMTI, Watertown, MA, USA) collected
ground reaction forces and center of pressure at 1190 Hz. Participants stood barefoot on two in-
ground force plates. They stood feet shoulder-width apart at a distance equal to 20% of their
dominant limb or preferred limb away from a car seat on the floor in front of them, sitting on top
of two additional in-ground force plates. The car seat was loaded with 10kg of additional weight
to simulate the average weight of a nine month old infant (approximately 10kg represents the
95 percentile weight for a nine month old male and female infant).® With the added ankle
weights, the total weight of the car seat was 13.5 kgs. Tape was used to ensure consistent foot
placement placed at the forefoot, hindfoot, and lateral sides of the feet. Tape was also used to
ensure consistent placement of the external weight during every trial for each participant.

Participants completed 6 trials of 2 lifting conditions each: symmetrical and asymmetrical.

52



Lifting condition ordering was randomized per participant using the random number generator in
MATLAB. In the NP and PP groups, 8 women performed the symmetrical lifting first with 10
participants performed the asymmetrical lift first. To minimize the potential influence of fatigue,
a 1-minute rest period was provided between trials with a 2 minute rest period provided between
conditions. During symmetrical lifting, participants lifted the car seat with both hands, placed at
the widest parts of the car seat (Figure 10). From floor level, participants lifted to approximately

hip height.

3 o |
Figure 10: Demonstration of a symmetrical lift (A) From the floor, (B) To hip height

During asymmetrical lifting, participants lifted the car seat with their preferred limb in
postpartum women, dominant limb in nulliparous women, using their inner elbow in a scooping
like motion lifting from floor level to approximately hip height (Figure 11). Participants were
asked to keep their feet in place during each lifting condition. Due to the fact that the shape and
weight distribution of the ankle weights and the car seat do not create a truly symmetrical load,

the naming conventions of symmetrical (using two hands) and asymmetrical (using one arm)
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were used to differentiate between the position of the car seat relative to the middle of the body

during the lifting conditions.

Figure 11: Demonstration of an asymmetric lift (A) From the floor, (B) To hip height

Data Analysis

Filtering of GRF data used a cutoff frequency of 20 Hz using a fourth-order recursive low-pass
Butterworth filter.!!! This cutoff frequency was determined using a power spectral density graph
from the GRF data during a lifting condition. The 20 Hz cutoff was selected to include higher
frequency signals produced by rapid movements during lifting trials while reducing the influence
of higher frequency noise.!!! A custom MATLAB script was used to first detect when the
combined force readings from the two force plates, where the car seat was sitting on initially,
dropped below 10% of the total weight of the loaded car seat. At this instance, using the 4 time-
synced force plates, all connected through Qualisys during data collection, the beginning of the

lifting trial was identified (Figure 12).
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During the lifting motion, the ground reaction forces measured by the two force plates the
participants stood on increased rapidly, reaching a peak approximately 1.25 times the total
weight of the body plus car seat. After this peak, the rate at which the force changed decreased,
and the forces began to stabilize around the combined weight of the body plus the car seat. This
stabilization began to occur as the participant neared full hip extension and slowed down to
achieve a stable upright posture. To analyze this, the total vVGRF was examined in groups of 20
data points at a time. The end of the lifting phase was identified when all 20 data points fell
within +/- 1% range of the combined body weight and car seat. The first data point within this
stable range was used to mark the end of the lifting phase. After reaching the upright posture,
participants often adjusted the car seat for comfort, which caused additional fluctuations in the
vGRFs. These post lifting adjustments were not considered part of the lifting phase analysis
since the participant was already upright. By analyzing data in 20-point segments, we could
clearly differentiate between the lift phase and subsequent slower adjustments, as faster
movements caused a wider range of point values within each 20-point segment compared to the

slower movements of weight adjustment (Figure 12).
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Figure 12: vGRF (N) vs Time (s) graph with lifting phase identification

The center of pressure was calculated between the two force plates that the participants stood on.
Using the methods adopted from Winter!!?, the net COP was calculated by combining the vGRF
and COP from the force plates. This calculation followed the same methods demonstrated
chapter 2 equation 1. ''?> The COP was calculated in the medio-lateral (ML) and anterior-
posterior (AP) directions and demeaned. The instantaneous velocity in the ML and AP directions
was calculated following the method demonstrated in chapter 2 equation 2. "° Every sample of
the COP amplitude signal was used when calculating the RMS amplitude demonstrated in
chapter 2 equation 3. ’! The RMS COP velocity and amplitude were calculated using the

methods of demonstrated in chapter 2 equation 4.6% 71 113

To assess vertical ground reaction force (vVGRF) symmetry, the Symmetry Index (SI) was
used.'* The SI, adopted by Robinson et al.!!*, has proven to be a dependable and consistent
measure of symmetry across different tasks.% !1* The SI was calculated using similar methods to

Robinson et al., demonstrated with chapter 2 equation 5. The NPL refers to the non-preferred
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limb, or the non-dominant limb in controls, while the PL refers to the preferred limb, or the
dominant limb in controls. The SI is unbounded meaning there is no limit to the maximum value
that can be obtained from the calculation. A calculation of 0 indicates perfect symmetry with a
threshold of +/- 10% that is generally used to determine when values can be determined as
asymmetric.’® Using the vVGRFs from both limbs, the SI was calculated from every sample
during a lifting trial. The peak SI was determined by taking the maximum of the absolute values
of the SI, during a trial. While a value of 0 indicates perfect symmetry, a greater value in either
direction indicates greater asymmetry. Positive values mean that the non-preferred limb or non-
dominant limb experienced a higher vGRF at the instance of peak symmetry, while negative
values mean the preferred or dominant limb experienced a larger vGRF. For statistical analysis,
the absolute value of the SI was used. The outcomes measures of COP RMS velocity and
amplitude in the ML and AP directions and the peak vGRF SI were calculated for all conditions

and all trials and were included in our statistical analyses.

Statistical Analysis

The NP and PP demographics of age, height, weight, and BMI were compared using an
independent t-test, included in Table 3. The outcome measures of COP RMS velocity and
amplitude in the ML and AP axes were included in a linear mixed effects (LMEM) model that
identified the fixed effects as group and condition and random effects as participants. The
LMEM was performed in JMP (SAS, Cary, NC), with an alpha level of 0.05, to determine
interactions and main effects.!'® Upon detecting an interaction, the Tukey HSD was used to
interpret pairwise post-hoc pairwise comparisons. When a main effect of lifting condition or

group was detected, an LS Means student t-test post-hoc testing was performed. Effect size
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levels were used to interpret magnitudes of difference between conditions using the standard

indices of 0.2 identified as a small effect, 0.5 as medium, and 0.8 as large.!!’

Results

Demographic comparisons between groups are included in Table 1. A total of 17 NP women
(94.4%) were right-hand dominant while only one participant (5.6%) was left-hand dominant.
Averages of postpartum specific demographics including the number of children, weight of

youngest child, and months postpartum are included in Table 5.

Table 4: Group demographics, mean = SD

Age (years)  Height (m)  Weight (kg)  BMI (kg/m?)

Nulliparous (n=18) | 26.8 +3.10 1.65+0.07 70.86+13.33 26.02+4.18

Postpartum (n=18) | 30.5+3.52 1.64+0.07 71.27+11.21 26.55+4.31

p-value <0.001* 0.319 0.461 0.365

*p-value < 0.001, NP and PP group differences

Four PP participants (22.22%) used their non-dominant as their preferred limb during
asymmetrical lifting while 14 participants (77.77%) used their dominant limb. Eight of the PP
women had only given birth once (primiparous) while 10 of them had given birth multiple times

(multiparous).
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Table 5: Demographics of postpartum group, mean = SD

Postpartum (n=18)

Months Postpartum 8.56 +£2.23
Number of children 1.72+0.75
Weight of youngest child (kg) 8.83+£2.52
. . Dom: 14
Preferred Carrying Side Non-dom: 4
. ) Right: 17
Dominant Limb Left: 1

The results for all outcomes measures are consolidated in Table 6.

Table 6: Lifting Condition Results

Effect
Measurement Type Group | Condition Mean £+ SD p-value Size —
symmetric
ML COP RMS Velocity ) Symmetric | 133.04 + 30.25
(mm/s) Asymmetric | 143.39 +32.45 | <0.001*
Symmetric | 81.18 +25.48
PP
i 75 £ 36. <0.001* .
AP COP RMS Velocity Asymmetric | 109.75 +36.55 0.001 1.41
(mm/s) Symmetric | 80.26 +19.01
NP . <0.001*
Asymmetric | 130.62 +34.37 0.002%* 1.61
ML COP RMS Amplitude ] Symmetric 34.16 +£9.59
(mm) Asymmetric | 38.51+8.74 | <0.001*
i +
AP COP RMS Amplitude _ Symmetric 10.04 £3.99
(mm) Asymmetric | 1652+5.64 | ~ 001
Symmetric | 40.24 + 15.79
Peak vGRF SI (%) -
Asymmetric | 72.89 +26.09 | <0.001*

*n < 0.001, difference between symmetric lifting condition
**p = 0.002, significant increase compared to PP group
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ML COP RMS velocity

There was no interaction (p = 0.55), main effect of group (p = 0.97) with a small effect size of
0.07, or effect of age (p = 0.55). A main effect of condition, however, was found (p < 0.001).
The ML RMS velocity was significantly larger (p < 0.001) with asymmetric lifting (143.39 +

32.45 mm/s) compared to symmetric lifting (133.04 + 30.25 mm/s).
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Figure 13: Main effect of task for ML RMS velocity, **p-value < 0.001

AP COP RMS velocity

An interaction was found between group and condition (p < 0.001). The AP RMS velocity for
asymmetric lifting (NP: 130.62 £+ 34.37 mm/s; PP: 109.75 £+ 36.55 mm/s) was significantly larger
(NP: p <0.001; PP: p <0.001) than symmetric lifting (NP: 80.26 = 19.01 mm/s; PP: 81.18 +
25.48 mm/s) in both groups. Both groups showed large effects between conditions with NP
showing an effect of 1.61 and PP showing an effect of 1.41.'"7 Additionally, the NP group was

significantly larger than the PP group in the asymmetric lifting condition (p = 0.002).
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Figure 14. Interaction plot for AP RMS velocity; **p-value < 0.001, *p-value = 0.002

ML COP RMS amplitude

There was no significance found in the interaction (p = 0.51), effect of group (p = 0.34) showing
a small effect size of 0.1, or in the effect of age (p = 0.49). However, there was a main effect of
condition (p < 0.001). The amplitude was significantly larger for asymmetric lifting compared to
symmetric lifting (Asymmetric: 38.51 £ 8.74 mm; Symmetric lifting: 34.16 = 9.59 mm; p <

0.001).
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Figure 15: Main effect of task for ML RMS amplitude; **p < 0.001

AP COP RMS amplitude

There was no significance found in the interaction (p = 0.18), effect of group (p = 0.76) with a
small effect of 0.1, or effect of age (p = 0.53). A main effect of task was found (p <0.001). The
AP RMS amplitude was significantly larger for asymmetric lifting compared to symmetric lifting

(Asymmetric: 16.52 £ 5.64 mm; Symmetric lifting: 10.04 + 3.99 mm; p <0.001).
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Figure 16: Main effect of task for AP RMS amplitude; **p-value < 0.001
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Peak vGRF SI

There was no significance found in the interaction (p = 0.11) or in effect of group (p = 0.52) with
a small effect size of 0.1. Main effect of task (p < 0.001) was detected. The peak SI was larger
for asymmetric compared to symmetric lifting (Asymmetric: 72.89 + 26.09 %; Symmetric: 40.24

+15.79 %; p < 0.001).
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Figure 17: Main effect of task for Peak SI; **p < 0.001

Discussion

The purpose of this study was to determine the effect of group (NP, PP) and lifting condition
(asymmetric, symmetric) on COP movement and peak vGRF symmetry. Our results do not
support our first hypothesis that PP women would have poorer COP movement, seen through an
increase in COP RMS amplitude and velocity in both AP and ML directions, as the lifting
condition becomes more challenging with asymmetrical lifting. However, our data demonstrates

meaningful results.
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In the AP RMS velocity, an interaction shows an increase in values with asymmetrical lifting in
both groups as well as a significant increase in NP, compared to PP, during asymmetrical lifting.
It is possible that differences in kinematics during the lift may have resulted in the differences in
the magnitude of AP RMS velocity.!*® In our research study, lifting the carrier from the floor
with your elbow requires a larger range of motion, compared to having to lift with just the
hand.®”- 137- 138 Dye to this greater motion, and potential unfamiliarity with lifting a car seat in this
manner, the control group may have performed drastically different lifting techniques compared
to PP women who are believed to perform this task more regularly. Past research has found that
variations in levels of squatting, or bending at the knees, can create changes in the COP
trajectory in the AP axis.!* In addition to this, past literature has also demonstrated that when
incorporating a forward lean into a squat, COP measures increase in the same direction as the
lean and may explain a motion that is leading the group differences we see during asymmetrical

lifting in our study.!3¢

Our findings indicate that lifting conditions influence COP measures. Our findings align with
past literature indicating lateral increases in COP metrics in response to asymmetric lifting due to
the lateral position of the load.!3® When interpreting COP metrics in the context of a lifting task,
COP amplitude reflects how the body shifts during the demands of the lift and the changing
posture, while the COP velocity provides context into how quickly these movements are
occurring during the 1ift.®”> '2° Our results show that asymmetrical lifting increases challenges to
stability in both axes of movement (AP and ML). Our results also show that asymmetrical lifting

increases challenges to control resulting in faster movements in response to controlling the load
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and movement, which may indicate differences in lifting techniques or postures adopted by NP
women compared to PP women, seen in the significantly larger COP RMS velocity in the AP

direction.

The minimal group differences can indicate that postpartum women are not as different from
nulliparous women to the level we initially anticipated. When considering our small differences
in peak vGRF from the data collected, our study is not adequately powered to determine group
differences. Post hoc testing in determining the sample size needed to consider a difference of
about 5% SI in group differences when considering group variance from our data, in generating a
conservative effect size with adequate power, a sample size of approximately 106 would be
required.'* This metric was chosen for sample size determination because vVGRF symmetry
significantly affects spinal loading and injury risk during lifting tasks.®% 4% 14! In our study, it is
possible that group variance may have obscured potential group differences. Additionally,
possible factors may have a contribution to outcome measures like lifting technique, strength, or
postpartum demographics relating to the number of children they have given birth too, months

postpartum, or weight of their youngest child.

In peak vGRF SI, statistical analyses revealed a main effect of condition, with asymmetric lifting
producing the highest level of asymmetry. This finding does not align with our hypothesis that
PP women would exhibit greater vVGRF asymmetry with the transition from symmetric to
asymmetric lifting. The main effect of condition on peak vGRF SI indicates that asymmetrical
lifting elicits greater asymmetrical limb loading which may increase loading imbalances in the

pelvis and spine that contribute to chronic pain.® '?* This information can be used to inform the
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potential risks associated with childcare related lifting of a car seat. Additionally, past literature
has determined a general threshold of determining asymmetry as when greater than 10%. 768
Our results exhibit symmetry levels above 10% for both lifting conditions. This may indicate the

need for changes in interpretation of asymmetry level thresholds, when in the context of car seat

lifting tasks in PP and NP women.

This study has identified an interaction and significant effects of condition, though several
limitations should be addressed. This study did not account for possible influences of postpartum
demographics including number of children, weight of their youngest child, or number of months
postpartum. The sample sizes in both groups limit the possibility of the samples representing the
general population due to a lack of racial diversity present in the surrounding area as well as
other factors related to physical activity, sleep, and physiological health differences between
groups that were not considered. Additionally, the controls were instructed to only use their
dominant hand during the lift while postpartum women used their preferred arm. Not allowing
for the use of the preferred arm in controls may introduce an influence of weakness or
unfamiliarity with using the dominant arm for this type of task in controls. The current research
study also did not account for group differences in movement variability during lifting!'*? as well
as the type of lift performed by each participant. Different lifting types include stoop, squat, or a
combination of both and may influence results. Additionally, the lab environment where the data
was captured may not represent the natural environments and postures encountered by
postpartum participants, particularly considering the potential for distractions and multitasking.
Additionally, the nature of the lifting tasks should be considered. Symmetrical lifting involved

placing two straight arms on either end of the car seat, while asymmetrical lift required a more
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exaggerated motion with one arm under the car seat handle. This difference in lifting technique
may have influenced condition related outcome measures and should be considered for future

studies.

Overall, asymmetric lifting introduced less stability, exhibited by greater distances traveled by
the COP from the center of support, and control of these movements, compared to symmetrical
lifting. Asymmetrical lifting also induced the highest peak vGRF SI, compared to symmetrical

lifting.

These findings suggest that asymmetrically lifting a car seat increases asymmetrical loading on
the body and elevates postural demands, which can contribute to chronic pain and injury.> ¢
Additionally, such lifting types might be particularly problematic for individuals with
compromised balance and musculoskeletal asymmetries due to the increased loading imbalances
and postural challenges. Further research is needed to understand how these risk factors may
vary between postpartum and nulliparous women, and to identify the specific factors that

contribute to these differences during lifting conditions.
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Chapter 4: Conclusion

Pregnancy induces profound changes in the pelvis, lumbar spine, and lower extremities, which
continue to affect postpartum women, often leading to chronic pain that persists up to 3 years
after birth.>3!:3437 Research shows that women with chronic pain frequently experience

111, 143, 144

differences in postural contro , compared to controls, and changes in asymmetrical

pelvic and limb loading!'%

. Altered postural balance reflects the ability to maintain an upright
posture, highlighting potential weaknesses in terms of control and stability of the body during
upright stance.®’- 12° Additionally, changes in asymmetrical limb loading can increase the risk of
joint degradation or injury in the lumbopelvic area and lower extremities.’® '>> Changes in
postural control and limb loading in postpartum women may indicate musculoskeletal challenges
following pregnancy, potentially increasing the risk of injury and chronic pain compared to
women who have never been pregnant during strenuous daily activities including childcare

holding and lifting. 5,90, 91, 96, 105

The first purpose of this study was to examine the effect of group (PP, NP) and holding condition
(no load, symmetrical, asymmetrical) on balance and limb loading. The no holding condition
consists of standing with no load while the symmetrical holding included the use of two hands in
holding the car seat in front of the body while asymmetrical holding required the use of one hand
to hold the car seat at the side of the body. Our results indicate that the PP and NP groups show
different strengths and magnitudes of change in COP metrics across the holding conditions. The
two groups differed in AP RMS amplitude during asymmetrical loading with group differences
in peak vGRF SI overall. Our results also demonstrate that asymmetric holding resulted in the

largest COP values and peak vGRF SI values. Our results indicate the need to continue to
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examine differences in postpartum and nulliparous women during holding conditions to better
understand potential risk factors for musculoskeletal pain and injury. Prolonged ligament laxity,
pelvic misalignment, and muscle weakness may increase the risk of pain and injury in
postpartum women during car seat holding activities.?> 2% >!-52 Impaired resolution of
musculoskeletal changes and pelvic asymmetries, that have been seen to be present in
postpartum women, may be possible contributors to the differences in responses to holding
conditions in the PP women.> >* ¢ There are, however, factors relating to kinematics that may
have influenced results during car seat holding. These factors should be examined in future
research to understand how or if these measures may be explained through lower extremity joint-

specific compensations that may be occuring during a holding task.

The second purpose of this study was to examine the effect of lifting condition (symmetrical,
asymmetrical) and group (PP, NP) on postural control and limb loading symmetry. The lifting
conditions included lifting a weighted car seat from the floor to hip height symmetrically, using
both hands in front of the body, and asymmetrically, using one arm by the side. Our results
indicate that the ML COP velocity, AP and ML amplitude, and peak SI all have a main effect of
condition with asymmetrical lifting having the largest values. Our results also exhibited an
interaction between group and condition for AP COP velocity with asymmetrical lifting
exhibiting greater values, and the NP group exhibiting a greater value during asymmetrical
lifting that may be more representative of the lifting technique used during asymmetrical lifting.
Our results demonstrate that asymmetrical lifting increases COP movement as well as limb load
asymmetry. This is likely due to the increase in postural demands and difficulty during

asymmetrical lifting due to the increase in shear forces and difficulty in the required motion for
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the 1ift.°%6? The limited group specific differences within conditions may emphasize the
possibility that postpartum women do not differ to the magnitude as initially anticipated as well
as the fact that a larger sample size is needed to reliably group differences within conditions
(preliminarily determined using the vGRF SI effect size). In addition, our data exhibits large
standard deviations in all measures for both groups, which further indicates the need to increase
the sample size to better estimate an average for each measure during all conditions and explore
group-specific differences within holding and lifting conditions that may give insight into
biomechanical responses during specific conditions. Regardless of this, these results highlight
the altered balance and limb symmetry patterns associated with lifting conditions with

asymmetrical lifting exhibiting the greatest values.

In the future, it would be beneficial to develop a study that may consider a wider range of group
demographics to provide a more reliable interpretation of how balance and limb loading differ
between postpartum women and nulliparous women and the influence of certain factors, possibly
including postpartum related demographics such as number of children or weight of their
youngest child, as well as physical activity and sleep in the 24 hours. Additional limitations of
this study include the inability to compare the included sample to the general population of
controls and postpartum women due to the small sample included. This lack in diversity is
present in races and in demographics relating to overall health, including both physical and
psychological health. Additional limitations of this study include the lack of control for the use
of a preferred lifting arm in controls during asymmetrical lifting and holding, introducing an

aspect of weakness and unfamiliarity of using this arm for this type of task. Additionally,
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individuals can perform different techniques for lifting depending on how they bend and extend

their body and can influence our results.

Despite limitations, these findings indicate that postpartum women have different levels of
postural challenges and limb loading symmetry responses when it comes to maintaining an
upright posture during car seat holding as well as a changes in these metrics associated with
lifting conditions. The discrepancies in interactions detected for holding and lifting conditions is
likely due to the great influence of the lifting motion on COP movement. During car seat
holding, postpartum related factors of pelvic instability or muscular weakness may contribute to
the differences in balance and limb loading we see during holding positions. This research
indicates the need to continue to examine holding and lifting mechanics in the postpartum
population, compared to nulliparous women, to better identify how the postural challenges and
limb loading asymmetry responses to holding a car seat may be possible risk factors for pain as
well factors that may contribute to these differences. In identifying risk factors,
recommendations for safe techniques and daily task guidelines can be determined and
implemented to improve postpartum health and safety during car seat loading and lifting

conditions of daily life.
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