Supplement 2 – Musculoskeletal Maternal Posture-Physiology Interactions
The musculoskeletal system performs several vital functions. One vital function of the musculoskeletal system is to withstand gravitational force, and at the same time, gravitational force is critical for the development and maintenance of the musculoskeletal system. Hence, pregnancy-induced changes in mass and moment arms portend posture-physiology interactions between pregnancy and the musculoskeletal system from head to toe.
[bookmark: _uw5wnrgf5z6p]Head
In healthy pregnancies, the position of the head changes during standing. However, the direction and magnitude of the position change is not consistently reported in the literature. While Franklin and Conner-Kerr demonstrated a more posterior displacement of head position as pregnancy advances,(1) Silveira et al. demonstrated anterior protrusion of the head as a result of the forward shift in the center of gravity.(2) Head protrusion can affect the resting posture of the mandible, and increased mechanical loading along with hormonal changes of pregnancy can affect connective tissue laxity. Indeed, the authors observed mild mandibular hypermobility (MHM) in about 45% of pregnancies for jaw opening and lateralization to the left and right.(2) They also reported mild systemic joint hypermobility (SJH) in 50% of pregnancies in the second and third trimesters, but no association between SJH and MHM was consistently observed.(2)
[bookmark: _vxb8fq1xoycy]Low Back and Pelvic Girdle
As pregnancy progresses, low back pain (LBP) and pelvic girdle pain (PGP) become increasingly common with a prevalence of around 40%.(3–5) Despite its high prevalence, the pathophysiology is not well understood. Several factors have been associated with increased risk of LBP during pregnancy, including low socioeconomic status, LBP prior to the pregnancy, LBP in a previous pregnancy or between pregnancies.(4,6) Studies have demonstrated the rate and severity of LBP and PGP increases with gestational age suggesting that asymmetrical forces exerted by the gravid uterus play a role in the development of LBP.(3–5) Other risk factors include placental location – particularly, incidence of LBP increases when the placenta is in a posterior-fundal location,(6) but a mechanistic link remains elusive. Regardless, the role of asymmetrical forces in LBP is further reinforced by studies which have not found an association between BMI and the prevalence of LBP.(4,6)

In the third trimester of pregnancy, both sitting and standing become challenging and are associated with LBP.(4,7) Prolonged standing is also associated with increased PGP.(3) Sipko et al. found that due to increased pain, up to 40% of pregnant people are unable to sit for more than an hour, and many (36%) are unable to stand for more than half an hour.(8) Fung et al. also found posture impacted the severity of pain in pregnancy, with some patients finding relief by pacing (92%), assuming the decubitus (48.6%), supine (14.7%), or sitting (12.8%) posture, and placing a pillow under the low back (11.0%).(5) On the other hand, supine (30.3%), standing (16.5%), and sitting (14.7%) posture were found to be aggravating factors for some patients. Ronchetti et al. found that there is a progression of difficulties with daily activities in PGP (least to most difficult): lying, sitting, walking, cycling, standing still.(9)

The study by Fung et al. also found that this pain resolves spontaneously in 62.4% of patients within the first 48 hours postpartum.(5) In the immediate postpartum period, pain triggered by sitting is likely coccydynia, which is often accompanied by dislocation of the sacrococcygeal joint and is more prevalent in forceps- and vacuum-assisted births alongside spontaneous vaginal births described as “difficult”.(10) New onset of long-term backache lasting more than six months postpartum tends to be postural, not severe, and more common in those who received epidural anesthesia in labor.(11) Prenatal risk factors for development of postpartum LBP include more sitting time and less physical activity.(12)

A meta-analysis of interventions for preventing and treating pelvic and back pain in pregnancy did not find any studies for pain prevention;(13) however, of interest to a postural and gravitational lens, they found benefit of strengthening exercises, stretching exercises, sitting pelvic tilt exercises, and water gymnastics for reducing pain intensity and pain-related sick leave compared to usual prenatal care alone. They also reported in one study (14) that found that a wedge-shaped pillow used to support the pregnant abdomen while lying on the side was more effective in relieving pain compared to a standard pillow.It is controversial whether postural adaptations of pregnancy contribute to pain.(1) It is also controversial what postural adaptations occur in pregnancy, which we will discuss below. 
[bookmark: _lzwk91t0co4b]Vertebral Column and Spine
Two groups investigating the lumbar spine curvature failed to confirm any changes in pregnancy.(7,15) However, other groups have demonstrated that spinal posture changes toward a tendency for decreased spinal curvature manifested as lumbar kyphosis (i.e., a decrease in lumbar lordosis) and sacral posterior inclination.(1,16) In addition, Betsch and colleagues reported a significant increase in thoracic kyphosis and significant decrease in lateral deviation of the spine throughout the course of pregnancy.(15)

Pregnancy has been associated with large changes in mass distribution, specifically in the lower trunk mass.(17) These changes affect a variety of biomechanical properties, including moment of inertia, posture, center of gravity, and gait. Jensen et al. found that during sit to stand movement, increases in the lower trunk mass, which primarily act through the gravitational moment, impact the hip intersegmental moment.(17) Changes in forward flexion were both greater and occurred earlier in the pregnancy in the seated position compared to the standing position.

In studying standing and recumbent lumbar lordosis in pregnancies with preeclampsia, Kanayama et al. found significantly more hypolumbarlordosis compared to controls without preeclampsia.(18) With the roll-over test mentioned in the Renal section (a positive result occurs when there is a 20 mmHg or higher diastolic arterial pressure when supine compared to the lateral recumbent posture), hypolumbarlordosis was significantly correlated to the increase in diastolic pressure, and hypolumbarlordosis was associated with increased peripheral vascular resistance.(18) The underlying mechanism of hypersympathetic activation is thought to be compression of the mesenteric ganglia, the aortic plexus, and the lumbar sympathetic trunks between the gravid uterus and the more anteriorly protruded L1-L3 lumbar vertebrae in hypolumbarlordosis.

In the third trimester of pregnancy, for the L1-2, L2-3, L3-4, and L4-5 intervertebral disc levels, Xu and colleagues showed that the axial cross-sectional area and transverse maximum diameter of the dural sac is significantly greater in the lateral posture compared to supine.(19) The anteroposterior maximum diameter of the dural sac at the L4-5 level is greater in the lateral posture compared to supine; however, there are no significant differences in this dimension at the other lumbar levels. On MRI, the cross-section of the dural sac appears oval in the lateral posture (longest dimension oriented mediolateral); however, when supine, the cross-section becomes compressed in the mediolateral direction and appears near circular. Accompanying this change in cross-sectional shape, and possibly causative of the change, are bilateral shrunken-appearing epidural venous plexus in the lateral posture and bilateral engorged epidural venous plexus in the supine posture. This effect may have implications for nocturnal, centrally-mediated, radicular, low back pain when supine as numerous studies have shown compression of the dural sac by the engorged epidural venous plexus when supine in late pregnancy and have attributed this engorgement to downstream occlusion of the IVC by the gravid uterus in this position.(20–26) While awake, this LBP can occur within 20 minutes of assuming the supine position as noted by Aluş et al. who found backache to be a complaint in over 60% of their third-trimester participants.(27)

In the postpartum period, the body center of mass changes in the lateral and anterior, but not vertical, directions. While abdominal mass and fluid retention regress quickly, breast tissue and other fat deposits persist, and it is thought that increased postpartum breast mass may contribute to persistent lumbar lordotic posture.(28) It is thought that anthropometry, standing posture, and body center of mass continue to change for up to 28 weeks postpartum.(28) The immediate reversal of pregnancy-related spine changes along with a change in activity (caring for the infant) have been postulated in a rare case to have triggered a spinal intradural hematoma from a previously undiagnosed neuroma two days following an uncomplicated vaginal delivery.(29) 

Overall, there are interactions between gravity, posture, and the vertebral column in pregnancy. Areas for future research include how changes in spine curvature and mechanics might impact blood pressure and pain modulation in pregnancy.
[bookmark: _biiq8lgbdt7n]Pelvis
In the third trimester, Sipko et al. found that up to 70% and 46% of pregnant individuals have static alterations in alignment of the pelvis (specifically, the posterior superior iliac spines are not symmetrical) when standing and sitting, respectively.(8) Furthermore, they found that 36% of pregnancies have disorders of the sacroiliac or hip joints, and this prevalence increases depending on which position (e.g., sitting, standing, recumbent) the joint is assessed in and which clinical test is used, which may have practical implications for pregnancy physiotherapists and other clinicians.(8) Contrariwise, Betsch et al. did not find significant changes in pelvic position during pregnancy.(15) An MRI-based study by Eshed et al. suggests that the mechanical forces and hormones during pregnancy may induce acute inflammation, including bone marrow edema, joint fluid, enthesitis, and capsulitis, surrounding and within the sacroiliac joints of pregnant individuals experiencing LBP and PGP, which highlights the anatomic and physiologic impact mechanical forces during pregnancy may have on the low back and pelvic region.(30) Eshed et al. hypothesize that pregnancy may induce chronic sacroiliitis in those genetically prone to spondyloarthritis. Further research is needed to confirm or refute this.
[bookmark: _ju0eok4die79]Maternal Support Garments
Several studies have investigated maternal support garments to support the abdomen and low back to counter the physical changes during pregnancy that may contribute to the development of LBP and PGP. Several forms of maternal support garments have been created, including panties/briefs, belts or girdles, cradle, and torso supports. In pregnancies with LBP, using a lumbar and abdominal support while sitting and standing may reduce this pain after two weeks of use and does not appear to acutely affect maternal or fetal hemodynamics during late pregnancy.(31) Quintero-Rodriguez and Troynikov systematically reviewed studies investigating maternal support garments and concluded there is strong evidence for these garments reducing pain in the low back, pelvic girdle, posterior pelvis, pubic symphysis, and sacroiliac joints.(32) Additionally, improvements were seen in functionality and mobility, as well as a reduction in risk of falling during pregnancy. The garments are thought to act by stabilizing the pelvic area or by increasing body proprioception; however, the exact mechanism of action of these garments has yet to be elucidated and should be a focus of future work. In passing, note that at least two professional societies recommend that, due to the postural changes in pregnancy, physiotherapist-guided core stability training should be implemented to prevent and treat back and pelvic pain during and following pregnancy.(33,34) In the majority of patients with postpartum PGP, a pelvic belt improves the ability to perform the active straight leg raise test.(35)
[bookmark: _f83jmnh5pg26]Bone Mineral Density
During pregnancy, bone mineral density (BMD) in the femoral neck, radial shaft, and lumbar spine decrease; however, BMD in the tibia increases.(36) These changes may be as a result of changing mechanical stress, hormones, postures, activity level, and calcium and vitamin D supply and demand during pregnancy and breastfeeding postpartum. Two distinct clinical entities in pregnancy related to bone metabolism are transient osteoporosis of the hip (TOH) and pregnancy-associated osteoporosis (PAO). While TOH, characterized by hip pain and fracture, is associated with immobility during pregnancy (up to three-fold more frequent immobilization compared with healthy controls), severe dental problems, and lack of exercise in childhood, the etiology and underlying pathophysiological mechanisms of TOH are still unclear, and it is likely a multifactorial disease.(36) PAO is more severe than TOH and is characterized by low BMD and significant height loss from fragility fractures of thoracic or lumbar vertebrae (particularly T11 through L2) during pregnancy.(37,38) The etiology and underlying pathophysiological mechanisms of PAO also remain enigmatic.(36)
[bookmark: _sx7sy2hfwykt]Feet
In a study of the effect of pregnancy on the feet, Vico Pardo et al. reported that height and foot size remains unchanged with advancing pregnancy.(39) In contrast, Alcahuz-Griñan et al. reported an increase in foot length in the third trimester, flattening of the plantar arch, and significantly increased incidence of cavus in the third trimester.(40) These changes, combined with hormonal changes that affect the ligaments of the foot, result in a gradual increase in left and right foot pronation (left greater than right), especially toward the end of pregnancy and returning to neutrality postpartum, as reflected by the foot posture index (FPI, a six-item clinical assessment tool that evaluates the multisegmental nature of foot posture in all three planes).(39,40) However, while the FPI for the right foot approached statistical significance for an association with onset of low back pain, these changes were otherwise not associated with onset of pain in the lower extremities according to Vico Pardo et al.(39) In contrast, Vitor de Sousa Oliveira et al. have found significant and positive correlation between hindfoot pressure and functional disability, a significant and negative correlation between plantar pressure in the forefoot of the right foot and functional disability, and a significant and positive correlation between the contact area on the left foot and right foot and low back pain intensity.(41) These findings are partially corroborated by Karadag-Saygi et al. who reported that in addition to increased anterior-posterior direction postural sway, there is an increase in forefoot pressure in the right foot with standing and walking in the third trimester (compared to overweight controls), both floor contact time and forefoot contact time are increased during walking, and the latter is correlated with foot pain.(42)

In a controlled trial that randomized first trimester participants to self-selected usual footwear versus their self-selected usual footwear with custom-molded arch-supportive orthoses, Segal et al. found no significant difference between groups at baseline or follow-up (8 weeks postpartum) in static arch height index while sitting or standing, arch drop, arch rigidity, or center of pressure excursion index.(43) However, note that while the intraclass correlation coefficient (ICC) for sitting arch height index has been found reasonable for clinical use during pregnancy, Harrison and McCrory’s investigation has cast doubt on the clinical utility of the arch height index while standing given a lower than adequate ICC for this measure, which may partially explain Segal et al.’s null findings.(44) In patients who lost arch height during a previous pregnancy, Rabe and colleagues demonstrated that this results in internal tibial rotation, a shift in the tibiofemoral articulation, increased stress on the anterior cruciate ligament and menisci, but no change in tibiofemoral contact stress.(45)
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