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Abstract: Pregnancy induces numerous modifications in the musculoskeletal system of the female
body. Since one of the essential roles of the lumbopelvic structure is to support mechanical loads
in the upright position, this study was designed to simulate the response of this complex to the
growing foetus in pregnant women. The authors hypothesized that posture (i.e., lordosis and
muscle involvement) under pregnancy conditions might be adjusted to minimize the demands of
the obstetrical load. The analysis of the load on the musculoskeletal system during gestation was
made based on numerical simulations carried out in the AnyBody Modeling System. The pregnancy-
related adjustments such as increased pelvic anteversion and increased lumbar lordosis enhance the
reduction of muscle activation (e.g., erector spinae, transversus abdominis or iliopsoas), muscle fatigue
and spinal load (reaction force). The results may help develop antenatal exercise programs targeting
core strength and pelvic stability.
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1. Introduction

Pregnancy induces numerous modifications in the musculoskeletal system of the
female body to ensure a favourable environment for the developing foetus and its placenta.
Some of these changes, including a considerable increase in abdominal volume, breast
volume, and ligamentous laxity due to hormonal actions [1], lead to increased mobility
of the pelvic segment and peripheral joints [2,3] and contribute to postural adaptations
to maintain sagittal balance and better joint load distributions [4]. The lumbopelvic com-
plex plays an essential role in maintaining vertical posture [5]. Its stability is aimed at
bearing physical loading without uncontrolled displacements to damaged structures and
preventing pain due to structural changes [6]. However, during pregnancy, the growth of
the anterior body mass and hormonal changes increase the overload of joints and muscles,
reducing the stability of the lower lumbar region and the pelvis [7,8]. These potential factors
make pregnant women more prone to experiencing low back pain [9-11]. Additionally, the
abdominal muscles weaken due to the growing uterus [12]. Abdominal muscles lengthen
and change their muscle insertions [13] while preserving force development [14]. How-
ever, some results following gravid state are equivocal (e.g., centre of body mass (COM)
displacements [15-18]) or different postural strategies [19,20], so it is argued that two
positional adjustments in lumbar lordosis and anterior pelvic tilt provide the upper body
with stability by ensuring a proper position of the maternal COM [18,21]. Whitcome [18]
revealed that gravidas self-positioned in the natural stance maintained an almost constant
center of mass position (0.3 cm). Lumbar lordosis is the curve where the lumbar spine

Appl. Sci. 2022, 12, 4330. https:/ /doi.org/10.3390/app12094330

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12094330
https://doi.org/10.3390/app12094330
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5286-6055
https://orcid.org/0000-0002-2416-6852
https://orcid.org/0000-0002-3686-6338
https://orcid.org/0000-0002-6890-2823
https://doi.org/10.3390/app12094330
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12094330?type=check_update&version=1

Appl. Sci. 2022,12, 4330

20f12

forms an anterior convexity [22]. One of the most important significant skeletal adaptations
following bipedalism relates to maternal health and the accommodation of fetal load [23].
However, a change in lumbar lordosis does not always occur during pregnancy [6,24].
While still an option, taller women may merely not employ the unnecessary angulation
due to greater vertical abdominal space [25].

Over the last years, pregnancy-related alterations in female postural stability [26-28]
and the pattern of walking [29-34] have gained growing attention. Knowledge regarding
the loading conditions during pregnancy is scarce. The only non-invasive method enabling
the determination of the loads mentioned earlier is mathematical modeling involving
optimization methods [35-38]. There are only a few works concerning this issue [39—41]. In
addition, the aforesaid models do not take into account changes in the pelvic inclination
in the sagittal plane. Moreover, the models lack information concerning changes in the
lumbar spine in the sagittal plane. To our knowledge, this is the first study where both
postural adaptations are considered. We focused on the simulation of the response of the
lumbopelvic complex to the growing fetus as the pregnancy progressed.

The authors hypothesized that the posture (i.e., lordosis and muscle involvement) under
pregnancy conditions might be adjusted to minimize the demands of the obstetrical load.

In this study, models of a woman’s musculoskeletal system during successive trimesters
of pregnancy were developed. The models were created based on experimental studies
of pregnant women available in the literature [18,30,31,42]. The simulations made it pos-
sible to determine the effect of the growing fetus on the changes in loads affecting the
lumbopelvic region.

2. Materials and Methods
2.1. Musculoskeletal Model of a Pregnant Woman and Simulation

The musculoskeletal system during pregnancy was developed using the AnyBody
Modeling System environment (AnyBody Technology Inc., Aalborg, Denmark), containing
the entire body model (Standing Model). The model comprises 69 rigid bodies representing
the skeletal system, connected using kinematic pairs having the number of degrees of
freedom corresponding to the mobility of individual joints. The muscular system is repre-
sented by 1000 linear elements reflecting muscular actions. The multisegment model of
the lumbar spine is composed of the model of intra-abdominal pressure and 7 rigid bodies,
i.e., 5 lumbar vertebrae L1-L5, pelvis and a part of the thorax; the model has 18 degrees of
freedom [43]. In the AnyBody Modeling System software, the identification of loads in the
musculoskeletal system consists of solving the inverse dynamic problem and, next, using
static optimisation, estimating individual muscular forces [36,43].

The applied model of the musculoskeletal system (Standing Model) has been validated
many times by the authors of other works [44-46].

The pregnant female model (Figure 1) was developed by providing the Standing
Model with changes in mass distribution and the position of the pelvis due to pregnancy
found in the literature [18,30,31,42].

The model in subsequent trimesters of pregnancy took into account: anthropometric
data (body height, body mass, BMI, pelvic width), the distribution of masses of individual
body segments, the additional mass appearing within the abdomen during pregnancy,
change in the circumference of the abdomen, and the arrangement of individual body
segments, especially the position of the pelvis in the sagittal plane. Considering the
above-mentioned data, a model was developed for a woman before pregnancy and during
subsequent trimesters of pregnancy, i.e., for the following weeks of pregnancy: 12, 25, 36.

As pregnancy entails a non-uniform increase in body mass, the developed model
included a method enabling the scaling of masses of body segments based on works
by Catena et al. [42]. The functions which scale masses of individual segments during
successive weeks of pregnancy were defined.
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Figure 1. Musculoskeletal model of a pregnant woman in AnyBody Modeling System. Blue dots on
the pelvis indicate: ASIS points—anterior superior iliac spine, SACR point—sacrum, which defines
the angle of the pelvis tilt. The arrow marks the vector of force, representing the mass of the extra
kilograms appearing in the abdominal-pelvic cavity during pregnancy.

Based on data by Whitcome [18], modeling the additional mass appearing within
the abdomen during pregnancy, i.e., fetus mass (25% of additional mass), placenta mass
(5.5% of additional mass), the mass of amniotic fluids (6.5% of additional mass) and the
uterus mass (8% of additional mass) (Figure 1), a force vector corresponding to additional
kilograms “generated” in given trimesters of pregnancy was applied to the centre of the
rigid buckle segment [47]. The study takes into account that the center of mass of the
extra pounds is approximately in the center of the abdominopelvic cavity. Therefore, the
magnitude of the applied force is reduced proportionally to the increasing arm of the
acting force (the distance from the center of the abdominal-pelvic cavity to the position of
the buckle segment) with an increased abdominal circumference in subsequent trimesters
of pregnancy.

An increase in the midabdominal circumference during pregnancy was modeled by
extending the length of the transverse abdominal muscle. The midabdominal circumference
in the 2nd trimester of pregnancy was increased by 8% and in the 3rd trimester by 20% in
relation to the initial data (after Whitcome [18]).

Only a few studies were found that analyzed the changes in the body’s posture in the
standing position during pregnancy [18,48,49]. Still, their results do not indicate a clear
change in the position of the body segments. More often, scientists analyzed the change in
gait of pregnant women in subsequent trimesters of pregnancy [18,30,31]. The results of
their research are similar. Due to the lack of studies showing unequivocal changes in the
position of body segments in a standing position during pregnancy, it was decided to use
the data from the gait tests of women in subsequent trimesters of pregnancy. According to
Otayek et al. [50], the pelvic tilt while standing corresponds to average pelvic inclination
during walking. Anthropometric data (body height, body mass, BMI, pelvic width) and
information on the alignment of body segments, mainly pelvic tilt in the sagittal plane,
were taken from the study by Forczek et al. [30,31] and presented in Table 1. We used the
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averaged anthropometric data and averaged maximal pelvic tilt in the sagittal plane from
the experimental gait study to develop our model. During gait trial registration, three
markers were placed on the pelvis at the right and left anterior superior iliac spine (ASIS)
and sacrum (SACR) to determine its spatial position [30,31].

Table 1. Anthropometric data of women: PO—before pregnancy, P1—in the first trimester, P2—in the
second trimester, P3—in the third trimester [30,31].

Mean + SD
Po P1 P2 P3
Pregnancy week 12.00 £ 0.78 24.86 4+ 1.03 35.46 + 0.66
Body height (m) 1.67 £ 0.04 1.67 £ 0.04 1.67 £ 0.04 1.67 £ 0.04
Body mass (kg) 59.30 £ 7.72 60.42 +6.73 66.39 £+ 7.96 70.99 +9.14
BMI (kg/m?) 21.31 £2.24 21.68 £ 2.01 23.72 £2.32 25.57 £ 2.88
Pelvic tilt (deg) 9.90 £ 2.86 9.85 £ 3.54 12.03 + 3.69 14.52 +3.77
Pelvic width (cm) 24.84 +1.27 24.96 £ 1.31 26.61 £1.95 27.69 £2.23
Pelvic width in
relation to the 100% 100.5% 107.1% 111.5%

width in PO (%)

The simulations were performed in relation to two female body models:

e  VARIANT I—taking into account a change in the body mass in the following trimesters
of pregnancy;

e  VARIANT II—taking into account a change in the body mass and alignment of indi-
vidual body segments as a consequence of changing the angle of pelvic inclination in
the sagittal plane in the following trimesters of pregnancy.

The use of computational modelling and static optimisation made it possible to de-
termine the loads on the musculoskeletal system in the lumbopelvic area. The adopted
optimization criterion was the criterion of movement control, assuming the minimisation
of the cubic sum of the proportion of the muscular force to the maximum force. As a
limiting condition, it was assumed that the resultant moments of external forces were
counterbalanced by the sum of moments of muscle forces having an impact on a given
joint. An assumption was made that muscular forces may range from zero to the maximum
value possible for a certain muscle [35].

2.2. Data Analysis
The simulations provided information concerning:

e Lordosis in the lumbar spine—defined as the angle of the bending of the lumbar
lordosis between the line located parallel to the upper vertebral body L1, and the line
of extension of the lower edge of vertebral body L5;

e  Muscular forces generated in the locomotor system during the adoption of a standing
position by the female (i.e., erector spinae, transverse abdominal muscle, as well as the
group of the flexors and extensors of the hip joint);

e  Muscular fatigue expressed by the value of the optimisation task objective function;
the higher the function value, the higher the muscular fatigue [51];

e  Resultant reaction forces generated in the intervertebral joints of the lumbar spine,
resultant force, compression and shear force in segment L5-51 and the resultant force
in the hip joint.

3. Results

The simulation performed in the AnyBody Modeling System environment enabled the
analysis of the female musculoskeletal system in pregnant and non-pregnant conditions.
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Muscle forces [N]

The obtained values of the lordosis angle in successive trimesters of pregnancy are presented
in Table 2.

Table 2. The values of the lumbar lordosis angle in measurement sessions: P0—before pregnancy,
P1—in the first trimester, P2—in the second trimester, and P3—in the third trimester of pregnancy.

Lumbar Lordosis Angle (Deg)

PO P1 P2 P3
Variant I 42.03 4191 40.79 40.12
Variant IT 42.03 41.87 43.49 46.20

3.1. Muscle Forces

Figure 2 presents the values of the analysed muscular forces generated within the
lumbopelvic complex.
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Figure 2. Muscle forces generated within the lumbopelvic complex. (a) Erector spinae, (b) transversus
abdominis, (c) biceps femoris longum, (d) iliopsoas.
3.2. Muscle Fatigue

The values of the objective functions reflecting muscular fatigue in variants subjected
to analysis are presented in Table 3.
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Table 3. Changes in the muscle fatigue function during measurement sessions: PO—before pregnancy,
P1—in the first trimester, P2—in the second trimester, P3—in the third trimester of pregnancy.

Muscle Fatigue Function *

PO P1 P2 P3
Variant I 0.09 0.10 0.17 0.30
Variant II 0.09 0.10 0.14 0.23
Difference in the value of the
muscle fatigue function between 0 0 17.6% 23.3%
Variant I and II

* Muscle fatigue function—expressed by the value of the optimisation task objective function.

3.3. Joint Reaction Forces

The analysis of the resultant, compression, and shear forces in segment L5-51 and the
hip joint are presented in Figure 3.
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Figure 3. Values of loads in the musculoskeletal system generated within the lumbopelvic complex:
(a) resultant forces in lumbar segments, (b) resultant, compression and shear force in segment L5-51,
(c) resultant force in the hip joint.

The detailed analysis of the results is presented in the “Discussion” chapter.

4. Discussion

Under pregnancy conditions, the anteriorly growing fetus puts higher demands on
the musculoskeletal system. Therefore, we compared two variants of simulations to obtain
more insight into how the body copes with pregnancy. Since one of the essential roles of the
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lumbopelvic structure is to support mechanical loads in the upright position, this study was
designed to simulate the response of this complex to the growing fetus in pregnant women.
The authors hypothesized that posture under pregnancy conditions may be adjusted to
minimize the demand following obstetrical load.

Due to an increase in anterior pelvic tilt in the course of gestation, we noted some
reductions in muscle activation (e.g., erector spinae, transversus abdominis or iliopsoas),
muscle fatigue, or spinal loads (reaction forces). Thus, an increased anterior pelvic tilt may
be recognized as a specific defence mechanism optimising the ergonomics of the muscu-
loskeletal system in the gravid females. Our investigations also revealed an increased pelvic
anteversion accompanied by an increased lumbar curve. The study by Forczek et al. [30,31]
revealed an increase in the body mass as pregnancy progresses, reaching ~11.5 kg in late
gestation (Table 1). The increasing weight of the anteriorly growing fetus produces the
anterior tilt of the pelvis, which, in turn, enhances increased lordosis adaptation [21].

According to the simulations, in the first variant, there was a ~2° decrease in lordosis
in late pregnancy (P3) as compared to the pre-pregnancy state (P0). However, considering
both mass gain and an increased anterior pelvic tilt (Variant II), the authors observed a ~4°
increase in the lumbar curve. Our observations confirmed the findings of Franklin and
Conner-Kerr [21], who reported an angular increase of 7° in lumbar lordosis from early to
late pregnancy. However, there is also a documented reduction of lumbar lordosis during
pregnancy [18,52] and the lack of its changes [28,53]. Such inconsistency in the direction of
lordotic change could result from the selection of women at different stages of pregnancy
or from different measurement methods [28].

An increase in lumbar lordosis would generally be considered a biomechanically
preferable accommodation of the spine to assist in absorbing greater vertical shock load-
ing [54]. According to Bailey et al. [55], increased lordosis during advanced pregnancy
stems from a compensatory backward lean to improve balance thanks to increased abdom-
inal mass. As a possible explanation, others identified the muscular imbalance caused
by overstretched weak abdominal muscles and strong back muscles [8,56]. In addition to
these physical changes, the hormonal effects of relaxin, progesterone and oestrogen lead to
increased ligamentous laxity, compromising joint stability [1].

Therefore our simulation focused on analyzing the forces of the chosen muscles
stabilizing the lumbopelvic complex. First, the force of the erector spinae, the major extensor
of the spine, was analyzed. The results revealed muscle force increased in the course of
pregnancy in both variants of the simulation. Comparing the values in late gestation to
the pre-pregnancy condition, the changes in body mass required almost double its pre-
pregnancy force (Variant I), while the increased pelvic tilt (Variant II) reduced its demands
by ~12%. An analysis of the erector spinae components revealed that a deeper anterior
pelvic tilt was accompanied by a larger muscular activation of the iliocostalislumborum pars
Iumborum. Finally, a ~5-fold increase in the force of the aforesaid muscle (from 3 N in PO
to ~15 N in P3) was registered. The explanation by Bogduk et al. [57] provides a rationale
for the observation that half or more than half of the extension moment in the upright
position affecting any lumbar segment stems from the thoracic fibres of the (musculus)
longissimus thoracis and the iliac-costal muscle of the loins. The remaining part of the
moment stems in almost equal proportions from the lumbar fibres of these muscles and the
multifidus muscle.

The transversus abdominis, with its more horizontal orientation, is thought to contribute
to spinal stability and increase the stiffness of the lumbar spine [58]. The activation of the
transversus abdominis increased as the pregnancy progressed. Its highest involvement was
registered in P3 for the first and second variant (Figure 2b), respectively: 128 N (0.18 BW)
and 112 N (0.16 BW); pelvic tilt reduced its activation.

The pelvis endeavours to couple lumbar lordosis with hip extension in the upright
position with a minimal expense of energy [59]. Generally, we observed the decreasing
activation of the hip flexors (Figure 2c) and the increased activation of hip extensors
(Figure 2d) in the course of pregnancy. The highest activity of the biceps femoris longum,
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registered in late pregnancy, was almost 3 times higher compared to its pre-pregnancy
activation. An 18% increase in its muscular force was observed in Variant II compared to
Variant I. Simultaneously, the activation of the iliopsoas was reduced in the advanced gravid
state by 17% (Variant I) and 26% (Variant II) when compared to a non-pregnant condition.
Due to a more anteriorly tilted pelvis, the activity of this hip flexor was reduced by 12%
(P2) and 22% (P3).

Knowledge of the myoelectric activity of the muscles helped Bivia-Roig et al. [28]
in the estimation of the loading of the lumbopelvic complex during gestation. Their
results showed a significant increase in the bioelectrical activity of the lumbar and pelvic
extensor muscles (erector spinae and biceps femoris) in the erect position in the third trimester
of pregnancy.

Our simulations of loads affecting the musculoskeletal system aimed to find solutions
enabling the minimisation of muscular fatigue. Generally, in both variants, the results
revealed increased muscular fatigue throughout pregnancy. However, the simulations
related to Variant II showed lower values of the objective function (P2 = 0.14, P3 = 0.23)
than those related to Variant I (P2 = 0.17, P3 = 0.30). The preceding may imply that an
increase in pelvic anteversion reduces muscular fatigue.

The human pelvis with the spine creates mechanisms to modulate posture [59]. In
the erect position, an increase in the anterior pelvic tilt leads to an increase in lumbar
lordosis angle [22]. The enlarged lordosis bends the sacrum forward, thus putting a strain
on the joints, intervertebral discs, and ligaments of the lumbosacral spine. The movements
compensate for the lack of the hyperextension described above in L5-S1 in the sagittal
plane of the pelvis. This leads to the strain of the L5/S1 and L4/L5 segments of the lumbar
spine [52]. The results of our simulations led to the understanding of the pregnancy-
related loading conditions in the lumbar spine. Since the spine’s last lumbar segment (L5)
contributes nearly 40% to overall lordosis [60], a detailed analysis was concerned with
the changes in reaction forces in segment L5-S1. Thus, the advancement of pregnancy
is accompanied by an increase in loads in segment L5-S1. A change in the body mass
distribution makes a load higher by 36%, whereas deeper pelvic anteversion increases the
resultant of the reaction force up to 25%. The highest loads were observed in P3 (Variant
I: 525 N (0.76 BW) and Variant II: 484 N (0.70 BW)). An increase in body mass triggers
an increase in loads. In turn, the increased pelvic anteversion during pregnancy reduces
loads affecting the lumbar spine by approximately 8%. At the same time, in relation to
a compressive force, a pelvic anteversion reduced loads by nearly 8%. Regarding shear
force, the difference amounted to as much as a 20% reduction for the third trimester of
pregnancy. Farfan [61] noted that lumbar extensor musculature could support some of the
“load’ shear force on the intervertebral joint. Erect postures with increased lordosis reduce
loads affecting the spine; they reduce pressure in the intervertebral disc by transmitting
load onto the rear part of the annulus fibrosus and intervertebral joints.

Branco et al. [29] emphasized an increased demand placed on the hip in gravidas. Our
data revealed that the advancement of gestation is accompanied by a 49% (Variant I) and
a 59% (Variant II) increase in loads affecting the hip joint. The highest values of reaction
forces observed in the third trimester of pregnancy amounted to 345 N (0.495 BW) and
365 N (0.52 BW) in relation to variant I and variant II, respectively. The deeper pelvic
anteversion led to an approximate 6% increase in the reaction forces in the hip joint if
compared to variant I. The results of reactions in the hip joint obtained in our model
studies are inconsistent with the considerations of Whitcome [18]. However, Whitcome did
not consider the muscular system, and the action of the muscles will undoubtedly impact
the values of loads on the hip joint.

5. Conclusions

The musculoskeletal system of gravid women is subjected to high demands due to the
anteriorly growing fetus. Therefore, we compared two variants of simulations to get more
insight into how the body copes with pregnancy.
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Our investigations revealed that along with an increase in pelvic anteversion in the
course of gestation, some reductions in muscle activation (e.g., erector spinae, transversus
abdominis or iliopsoas) and muscle fatigue or spinal loads (reaction forces) were observed.
Thus, an increased anterior pelvic tilt may be recognized as a specific defence mechanism
optimising the ergonomics of the musculoskeletal system in pregnant females.

Our results also revealed that an increased anterior pelvic tilt is accompanied by an
increased lumbar curve. The association between the rigid pelvis and the mobile vertebral
column is a critical process of functional integration [62]. Generally, lumbar lordosis
helps the pelvis stabilize and distribute the body weight over the lower limbs. Therefore,
strengthening certain groups of muscles might help control the lumbopelvic complex
to minimize the risk of pregnancy-related pain. It seems reasonable to design antenatal
exercise programs targeting core strength and pelvic stability. A long list of exercises that
meet all the (American College of Obstetricians and Gynecologists (ACOG) and American
College of Sports Medicine (ACSM)) guidelines for training during pregnancy is provided,
e.g., by Piper et al. [63] and Pujol et al. [64].

If the pelvic alignment is not controlled (greater lumbar curvature), it may cause
negative effects on the soft tissues within the spine, especially the intervertebral discs,
which are unevenly loaded. This, in turn, may lead to faster degeneration of the discs.
Greater lumbar curvature should result in more shear force in the thoracolumbar spine [65].
Shear thoracolumbar force is suggested to place more load on the facets and the annulus
fibrosis [66]. This requires further research to assess the stress in the structures of the spine
and intervertebral discs. The results of these future studies should provide an unambiguous
conclusion to what extent the increase in pelvic anteversion is optimal.

Limitation of the Study and Directions for Further Analysis

The current research has some limitations. The input data for the model came from
several literature sources. Unfortunately, there are no experimental studies in the available
literature that would consider the changes in all input parameters to the model in subse-
quent trimesters of pregnancy. The model did not consider changes in thoracic kyphosis
because of the limitations of the standing model adopted in the AnyBody environment.
Another limitation results from not considering the ligaments and passive properties of
intervertebral discs. We believe that the above-named factors do not significantly affect
the analyses of the erect position [35]. In future studies, the authors intend to simulate the
model of a pregnant female considering the ligamentous apparatus of the spine, both in
relation to the erect position and trunk bending. The authors also plan to conduct experi-
mental studies on a group of pregnant women, including measuring all the necessary input
parameters for model studies. The direction of further analysis can also be performing
stress and strain analyses of the anatomical elements of the spine of a pregnant woman
using the finite element method (as in Sulima et al. [67]). Such analyses would undoubt-
edly broaden the knowledge of the loads carried by a woman'’s spine during successive
trimesters of pregnancy.
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