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Mini Abstract

We compared bone outcomes in adolescents with breech and cephalic presentation. Tibia bone
mineral content, density, periosteal circumference and cross-sectional moment of inertia were lower
in breech presentation, and females with breech presentation had lower hip CSA. These findings
suggest that prenatal loading may exert long-lasting influences on skeletal development.
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Abstract

Purpose: Breech position during pregnancy is associated with reduced range of fetal movement, and
with lower limb joint stresses. Breech presentation at birth is associated with lower neonatal bone
mineral content (BMC) and area, but it is unknown whether these associations persist into later life.

Methods: We examined associations between presentation at onset of labour, and tibia and hip bone
outcomes at age 17 years in 1971 participants (1062 females) from a UK prospective birth cohort that
recruited >15,000 pregnant women in 1991-1992. Cortical BMC, cross-sectional area (CSA) and bone
mineral density (BMD), periosteal circumference, and cross-sectional moment of inertia (CSMI) were
measured by peripheral quantitative computed tomography (pQCT) at 50% tibia length. Total hip
BMC, bone area, BMD and CSMI were measured by dual-energy X-ray absorptiometry (DXA).

Results: In models adjusted for sex, age, maternal education, smoking, parity, and age,
singleton/multiple births, breech presentation (n=102) was associated with lower tibial cortical BMC
(-0.14SD, 95%CI -0.29 to 0.00), CSA (-0.12SD, -0.26 to 0.02), BMD (-0.16SD, -0.31 to -0.01), periosteal
circumference (-0.14SD, -0.27 to -0.01) and CSMI (-0.11SD, -0.24 to 0.01). In females only, breech
presentation was associated with lower hip CSA (-0.24SD, -0.43 to 0.00) but not with other hip
outcomes. Additional adjustment for potential mediators (delivery method, birthweight, gestational
age, childhood motor competence and adolescent height and body composition) did not substantially
affect associations with either tibia or hip outcomes.

Conclusions: These findings suggest that prenatal skeletal loading may exert long-lasting influences on
skeletal size and strength but require replication.
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Introduction

Identification of factors influencing bone mass and strength in childhood is important, as peak bone
mass is a major determinant of osteoporosis risk in later life [1]. Skeletal growth is most rapid
prenatally, with the skeleton reaching around 45cm in length by 9 months gestation, a rate unmatched
even during the pubertal growth spurt [2]. Bone mass tracks across childhood [3], therefore it is
unsurprising that key factors influencing perinatal bone mass accrual such as birthweight [4] also
associate with bone mass and strength in adolescence [5]. Gestation length remains positively
associated with bone mass into older age [6], and is inversely associated with fracture risk [7].
Therefore, identifying prenatal factors influencing bone development is important for the
development and maintenance of bone health.

One of the strongest predictors of childhood and adult bone health is skeletal loading via physical
activity [8]. Evidence from in silico [9] and animal [10] models suggests a key role for skeletal loading
in fetal bone and joint development. In humans, neuromuscular diseases causing fetal immobility
result in slender, thin-walled, fracture-prone bones [11], but evidence for effects of prenatal skeletal
loading in healthy individuals is limited. This is likely due to difficulties in measuring components of
movement relevant to bone health in utero, and thereby identifying reduced fetal skeletal loading in
otherwise healthy fetuses.

Babies occupying a breech position during pregnancy have restricted movement of the lower limbs in
the third trimester [12]. Whilst the number of movements does not appear to differ [13], this reduced
range of movement is likely to contribute to reduced skeletal loading of the lower limbs in breech
position [14] during late pregnancy, a period when the stresses placed upon the growing skeleton are
usually greatest [15]. Therefore breech position during pregnancy could be considered as a natural
(non-pathological) model of reduced fetal movement and skeletal loading. The skeletal consequences
of this reduced loading are evident at birth, with a ten-fold increase in the incidence of hip dyplasia
[16], 10° greater femoral anteversion [17] and greater patellofemoral joint dyplasia [18] in babies born
breech than in cephalic or conventional presentation. Bone mass accrual is also affected, with lower
neonatal bone mass and area in breech babies [19]. Postnatally, reduced active and locomotory
movements [20], a restricted range of joint motion and altered joint position [11, 20-23] and shorter
periods of sustained movements [24] have been observed in breech presentation. Effects on motor
ability in later life are unclear [21, 25], although there may be differences in gait [25]. However, whilst
there is some evidence of lower hip bone mass in breech babies in early childhood [19], it is unknown
whether these deficits are still evident in later life closer to the time of peak bone mass. Given that
around 50% of fetuses are in a breech position at 25 weeks’ gestation [26] with 4-5% remaining in
breech presentation at birth [27], such deficits could have longer term implications for a large number
of otherwise healthy children.

In the current study we examined associations between breech presentation at birth and lower limb
bone outcomes in late adolescence in a large, population-based birth cohort. We hypothesised that
lower bone mass and area would be evident in adolescents with a history of breech rather than
cephalic presentation.



Methods

The Avon Longitudinal Study of Parents and Children (ALSPAC) is a geographically-based birth cohort
study located in and around the Bristol area in the UK that investigates genetic, environmental, and
social influences on health and development of children and young people [28, 29]. All pregnant
women resident in the former Avon Health Authority in South West England having a delivery date
between April 1,1991, and December 31, 1992 were invited to take part resulting in a cohort of 15,247
pregnancies and 14,701 children alive at 12 months [28]. Ethical approval for the study was obtained
from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. The present
study is based on data collected from obstetric medical notes, antenatal and postnatal questionnaires,
and the adolescence research clinic undertaken when participants were at a mean age of 17 years.
Written informed consent was provided by parents, and young people provided written assent. Please
note that the study website (http://www.bristol.ac.uk/alspac/researchers/our-data/) contains details

of all the data that is available through a fully searchable data dictionary and variable search tool.

Exposure measure: Fetal position at onset of labour

Fetal position at onset of labour (breech or cephalic) was obtained from obstetric records. Participants
were included irrespective of mode of delivery (though this was adjusted for), as the exposure here is
related to position at the end of pregnancy. 103 individuals with a fetal presentation other than breech
or cephalic (e.g. transverse lie) were excluded from analyses).

Outcome measures: peripheral quantitative computed tomography (pQCT) and dual-energy X-ray
absorptiometry (DXA)

All offspring who attended the ALSPAC research clinic at 17 years old were offered a pQCT scan at the
50% tibia length site using an XCT 2000 scanner (Stratec, Pforzheim, Germany). Measurements were
analyzed and results exported using the Automated Analysis Tools in Version 6.00B of the software
supplied with the machine. A threshold of 650mg/mm?3 was used to separate cortical bone; this
threshold has been shown to accurately assess bone geometry [30]. From these analyses, details of
cortical bone mineral content (BMC), cortical bone mineral density (BMD) and cortical cross-sectional
area (CSA) were recorded together with periosteal circumference and cross-sectional moment of
inertia (CSMI). In addition, to obtain a measure of muscle size, images were filtered using the in-built
FO3FO5FO5 filter, before a threshold of 30mg/mm?3 was used to remove fat from the image, and
calculated total bone area was subtracted to derive muscle CSA.

Participants were also offered total body and hip dual-energy X-ray absorptiometry (DXA) scans using
a GE Lunar Prodigy (Madison,Wisconsin) in standard scanning mode. From total body scans, lean mass
and fat mass in kg were recorded, whilst hip BMD, BMC and bone area (BA) were measured from hip
scans. The manufacturer’s automated advanced hip analysis (AHA) software was used to measure
CSMI at the site of minimal femoral neck width. Error codes were generated for positioning, artefact
and movement errors for each variable.

Short-term error was assessed as coefficient of variation (CV) between repeated pQCT scans in 126
individuals, and between repeated DXA scans in 153 individuals. CV for cortical BMC was 2.6%, cortical
BMD 1.1%, periosteal circumference 1.5% and CSMI 5.8%, whilst total hip BMD CV was 1.2% and hip
CSMI 7.5%.
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Covariables:

In this analysis, maternal socioeconomic position (assessed by maternal educational attainment),
smoking during pregnancy, age, parity and whether the pregnancy was singleton/multiple were
considered as potential confounders based on their plausible effects on both fetal position and bone
outcomes. Data on these were obtained from questionnaires completed by the mother prior to
offspring birth. Delivery method, length of gestation and birthweight were considered potential
mediators as these may be influenced by fetal position and subsequently influence bone outcomes.
Data on these were obtained from obstetric records. We also adjusted for exact age at the 17 year
follow up, as well as sex, to improve statistical efficiency. We also considered height, body
composition and motor abilities as potential mediators due to previous reports of impaired growth
and motor development in children born with breech presentation. Height was measured using a
Harpenden stadiometer (Holtain Ltd., Crymych, UK), and weight was measured to the nearest 50 g
using weighing scales (Tanita UK Ltd, Uxbridge, UK). An estimate of the child’s motor abilities was
obtained at around 18 months of age using a scale developed by ALSPAC including elements derived
from the Denver Developmental Screening Test [31]. Mothers were asked to complete a series of
qguestions as to whether their child regularly, occasionally or had never completed movements such
as walking, climbing and jumping. These answers were used to calculate a continuous Gross Motor
Score (GMS).

Statistical Analyses:

Analysis was restricted to those participants with complete data on birth position, bone outcomes and
all covariables included in any model (N = 1971 (38% of those eligible; Figure 1)). Differences in basic
characteristics and bone outcomes between cephalic and breech presentations were examined by
Fisher’s exact test, x2 tests and t-tests for binary, categorical and continuous variables respectively.
Associations between presentation type and bone outcomes were then assessed with multiple linear
regression models using the R statistical environment (version 3.1.2, www.r-project.org). Minimal

model 1 was adjusted for height, due to the strong association between size and bone strength. Model
2 was also adjusted for sex, age at outcome and early life confounders i.e. maternal social class,
maternal smoking, parity, maternal age and singleton/multiple births. Model 3 was additionally
adjusted for possible mediators, namely total body fat mass and lean mass (or muscle CSA in the case
of pQCT variables), gestational age, birthweight, delivery method and GMS. Sex interactions were also
examined in Models 2 and 3 due to previous reports of sex-dependent associations between early life
loading and adolescent bone outcomes. Residual plots were examined to ensure homoscedasticity of
residuals; for tibia CSMI only, data were log-transformed to improve model fit.


http://www.r-project.org/

Results

There were 5166 individuals with complete neonatal data including presentation type (Figure 1); of
these, 1971 (38% of eligible) had valid DXA and pQCT scans and complete data on all covariables at
age 17 and were included in our analyses. Compared with those included in analyses, those who were
excluded were more likely to be male, have a mother who smoked during pregnancy, were less likely
to be first-born, had a lower level of maternal education and lower maternal age (Supplementary
Table 1). There was no difference in presentation type, singleton/multiple births, birthweight or
gestation age between included and excluded participants.

Participant characteristics of those with complete data are shown in Table 1. Breech presentation was
associated with greater likelihood of a caesarean birth, lower birthweight, shorter gestation length
and greater maternal age. All other characteristics were similar between groups.

Bone outcomes and body composition according to presentation are shown in Table 2; in these
unadjusted analyses, tibial cortical BMC, cortical CSA, periosteal circumference and cortical CSMI
appeared to be lower in breech than cephalic presentation (all P > 0.05), whereas similar values were
seen for tibial cortical BMD, DXA bone outcomes, total body lean and fat mass, and muscle CSA. In
the minimally-adjusted model 1 (Figure 2), breech presentation was associated with lower tibial
cortical BMC, cortical CSA, periosteal circumference and cortical CSMI. After further adjustments for
possible confounders and mediators in Models 2 and 3, breech presentation was now also associated
with 0.18 SD (0.5%) lower tibial cortical BMD. Further analysis of individual covariates suggested that
this was primarily attributable to adjustment for sex in Model 2. Therefore sex may be acting as a
masking confounder, due to the higher proportion of females with breech presentation and greater
cortical BMD in females than males. In contrast, associations between presentation type and tibial
cortical BMC (0.18SD or 3.0% lower in breech than cephalic presentation), cortical CSA (0.15SD or
2.6%), periosteal circumference (0.27SD or 1.2%) and cortical CSMI (0.255D or 4.4%) remained
unchanged following additional adjustments in Model 3. There was no strong statistical evidence of
association between presentation type and DXA bone outcomes in any model (all P > 0.05, Table 3).
Given the relatively small number of participants with breech presentation, we were keen to ensure
that observed group differences were not attributable to a small number of individuals skewing the
group results. Therefore, we examined the distribution of data in the two groups (Supplementary
Figure 1) which suggested that outlying results were not likely to be responsible for the associations
we observed.

Sex-stratified analyses showed broadly similar results in both sexes, with little evidence of a sex
interaction overall (Table 3 and Supplementary Table 2). That said, inverse associations between
delivery method and pQCT parameters tended to be stronger in females compared to males.
Moreover, the association between breech delivery and hip CSA showed evidence of a sex interaction,
with an inverse association in females which was strongest in model 2 (Table 3).



Discussion

We investigated associations between presentation immediately prior to birth and bone outcomes in
late adolescence. In our confounder-adjusted model, we found that breech presentation was
associated with lower tibial cortical BMC, cortical CSA, cortical BMD, periosteal circumference and
cortical CSMI (a measure of torsional stiffness). There was some suggestion that these associations
were stronger in females, which was particularly evident for hip CSA as measured by DXA, which was
lower in females with breech presentation, whereas an equivalent association was not seen in males.
However, these sex differences require further replication in other large independent datasets.

Comparison with previous findings

To our knowledge, this is the first study to examine bone health in late adolescence in individuals born
with a breech presentation. A previous study has shown that breech presentation is associated with
lower whole-body bone mass and area measured by DXA at birth, and lower hip bone mass and area
at age four years [19]. In addition, tibia bone ultrasound velocity in neonates (an indirect indicator of
BMD) is lower in those with breech presentation [32]. Breech presentation is associated with lower
birthweight and crown-heel length, but it was not found to be associated with height and body
composition at age four years [19]. Similarly, in the current study we found no notable differences in
adolescent body size (height, body weight, total body lean or fat mass) between those with breech
and cephalic presentation at birth.

Possible explanation of findings

Bone mass and area deficits evident in the tibia of individuals born with a breech presentation could
be attributable to a reduced range of lower limb movements and lower skeletal loading [11, 14] during
a key period for prenatal bone growth [15]. While it is difficult to gain direct evidence to support this
conclusion, we found little evidence to support alternative explanations. For example, there was little
evidence to suggest a role of altered body composition (which was similar in breech and cephalic
presentation), in contrast to findings from a previous study of early postnatal loading and bone health
in individuals from the same cohort [33]. Whilst differences in birthweight and gestational age were
previously suggested to contribute to those in neonatal bone mass and area following breech
presentation [19], this was not the case in the current study.

An alternative explanation could be that observed bone strength deficits reflect pre-existing
impairment in neuromuscular development which predisposes the fetus to breech presentation. In
addition to limiting the ability to attain a cephalic position [34], reduced prenatal motor development
may contribute with altered limb position to lower skeletal loading [12]. Consistent with this
possibility, the frequency of breech presentation is higher in children with developmental conditions
affecting neuromuscular function such as cerebral palsy [35] and meningocele [34]. However, such
conditions are associated with impaired motor development and reduced lean mass, which did not
differ substantially between breech and cephalic presentation, and adjustment for these covariates
did not attenuate associations between breech presentation and bone outcomes. Breech
presentation could also reflect differences in maternal mechanical factors such as the shape, size and



health of the pelvis and uterus which may also restrict fetal growth and development. These were
not measured in the current study, although previous work suggests that they do not substantially
contribute to risk of breech presentation [36].

A number of tibia bone outcomes differed between breech and cephalic presentation whereas area
was the only hip outcome to differ between groups. Mathematical models of the developing fetal
skeleton suggest that lower limb bone stresses caused by fetal kicks are greatest in the tibia and
femoral shafts [37]. In addition, the tibia shaft is predominately made up of cortical bone whereas
the proximal femur also contains trabecular bone. Therefore, these localised associations may reflect
mechanical loading patterns and tissue-specific response, rather than differences in inherent
sensitivity of the methods used to assess bone at different sites. Future studies could examine
associations between presentation type and bone outcomes in the femoral shaft or tibia epiphyses.

Effect sizes for associations between breech presentation and tibia bone outcomes were larger in
females than males. In addition, there was evidence of a sex interaction for hip area with lower values
in breech presentation for females only. These findings are in contrast with a previous study where
associations between breech presentation and total body and hip DXA bone outcomes at birth and
four years of age were similar in males and females [19]. It is important to note that no tibia pQCT
measurements were reported in the previous study and caution must be taken when interpreting
regional bone outcomes in young children due to potential for greater measurement error. There is
some evidence that sex hormone levels are associated with fetal hip development [38], and may
contribute to greater risk of developmental hip disorders in females than males [16]. This may be
related to the influence of sex hormones such as estrogen on the sensitivity of the skeleton to
mechanical stimuli [39], which could explain the interaction between sex and restricted movements
in breech on bone. However, it is unknown whether these associations also contribute to observed
sex differences in neonatal bone cross-sectional geometry and mass [40]. It is important to note that
a large number of statistical comparisons have been undertaken in this paper, interactions (in
particular sex interactions) often fail to subsequently replicate in independent samples and we have
no evidence of such interactions in previously published studies. Therefore, the sex difference noted
here should be treated with caution until replicated in large independent studies.

Significance and implications

In fully-adjusted models, the effect size of these associations was greater than for a number of
established factors that have been shown to relate to bone mass, including fat mass and maternal
smoking (Supplementary Figure 2). The pQCT parameters associated with breech presentation largely
reflect lower bone mass due to reduction in skeletal size, which is inversely related to fracture risk. It
would seem reasonable that, though just measuring at the tibia, these size effects are generalised
hence fracture risk at other lower limb sites may be affected. The association with hip CSA in females
would be consistent with this, although the more common clinical measure of hip BMD was not
associated with presentation type in either sex. These results could add weight to the theory of
intrauterine programming i.e. that adverse in utero environment has long-term consequences for
health, for which a limited number of examples exist for bone [41].
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Breech presentation represents a potentially modifiable factor, as effective interventions to reverse
breech presentation are available [42]. However, whilst they substantially reduce the incidence of hip
dysplasias in breech presentation [43] it is unknown whether they affect bone mass and size at birth.
Unfortunately, only fourteen attempts at manual cephalic version were recorded in this cohort with
no details on success rates or reversion to breech presentation, therefore we were unable to explore
the impact of attempted cephalic version on the observed associations further. A number of
physiotherapist or parent-led physical therapy interventions shortly after birth have been shown to
improve bone mass and size in pediatric groups prone to low neonatal bone mass [44-48] and may be
applicable in children born with breech presentation. These early interventions may be particularly
effective as they coincide with a rapid period of skeletal growth [2]. There is some evidence that
advantages in bone size gained through skeletal loading in childhood persist throughout life [49],
whereas at the end of adolescence the ability to increase bone size is markedly reduced or even absent
[50]. It may also be informative to categorize deliveries according to type of breech presentation in
future work. Frank breech presentation (hips flexed, knees extended) is the most common breech
position [51], but complete (hips flexed, knees flexed) or incomplete/footling breech (legs extended)
positions also occur, possibly with different musculoskeletal consequences. For example, there is
some limited evidence that knee position may affect joint development [18] but this remains
unexplored in a large cohort of children with breech presentation.

Strengths and weaknesses

This study examined a large cohort with prospective information on a number of potential
confounding factors. However, as an observational study causality cannot be attributed. Only a
limited portion of the original cohort had complete exposure, outcome and covariable data and
differences in cohort characteristics between included and excluded participants may have introduced
selection bias. Our exploration of potential mediators including physical activity and diet was limited
by availability of information collected. We had limited statistical power, with few participants having
a breech presentation. Hence, several of our association estimates are relatively imprecise, with wide
confidence intervals. Furthermore, as this is the first study of these associations replication in larger
studies is required. Like other previous studies of breech presentation and bone outcomes, fetal
position was not recorded throughout pregnancy. Around 45% of fetuses are in a breech presentation
at 25 weeks [52], followed by a roughly linear decline through to 4-5% at term. Although this study
only measured breech presentation at a single point at delivery, this is likely to have detected those
in breech for the longest time as the incidence of spontaneous cephalic-breech position decreases
with gestation [53]. Therefore, this would not have necessarily prevented us from finding an
association with hip BMD assuming earlier onset and longer duration of breech presentation has
greater effects. On the other hand, differences could have been attenuated by misclassification bias
whereby those with significant duration of breech presentation who correct shortly before birth are
classified as cephalic. We are assuming that breech presentation influences bone outcomes because
it limits fetal movements and future studies with direct measurements of fetal movement, together
with long-term follow-up, are required to determine this. Unlike DXA-based measures, associations
between pQCT variables and long-term fracture risk are not well-established. Therefore we were



unable to extrapolate observed group differences in bone outcomes into differences in predicted
fracture risk.

Conclusions

Breech presentation was associated with lower adolescent bone mass, area, density and strength in
the tibia, and with lower hip area in females. These associations were not attenuated by adjustment
for potential confounders or mediators. Breech presentation may therefore represent a modifiable
risk factor for low bone mass and size, although given the relatively small sample size these findings
require replication. Larger, more detailed studies of fetal presentation and movement throughout
pregnancy could identify possible key periods and causal factors, with the aim of informing strategies
for reducing long term health consequences of breech delivery.
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Presentation at Onset of Labour

P-value for

Participant variable Cephalic Breech group
n % n % comparison
n 1869 | 94.8% 102 5.2% -
Females 1000 | 53.5% 62 60.8% 0.155
No 1646 | 88.1% 24 23.5% <0.001
Caesarean Delivery Elective 67 3.6% 34 33.3%
Emergency 156 8.3% 44 43.1%
Maternal Smoking During Pregnancy 291 15.6% 22 21.6% 0.125
Singleton birth 1812 | 97.0% 95 93.1% 0.445
0| 1020 | 54.6% 65 63.7% 0.402
. 1| 568 30.4% 28 27.5%
Parity
2| 214 11.4% 6 5.9%
>3 67 3.6% 3 2.9%
Up to CSE 164 8.8% 8 7.8% 0.829
Vocational 141 7.5% 9 8.8%
Maternal Education | O Level 767 41.0% 45 44.1%
A Level 334 17.9% 14 13.7%
Degree 463 24.8% 26 25.5%
Mean SD Mean SD
Birthweight (g) 3396 554 3036 745 <0.001
Gestation age (weeks) 39.4 1.9 38.1 2.9 <0.001
Maternal Age (years) 29.5 4.6 30.3 4.3 0.095
Gross Motor Score at 18 months 19.4 2.8 18.4 3.4 0.252
Age at 17y check (years) 17.8 0.4 17.8 0.4 0.37
Height at 17y (cm) 172 9 171 9 0.288
Body mass at 17y (kg) 65.4 11.6 65.1 11.2 0.75

Table 1. Cohort characteristics separated by presentation
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Presentation at Onset of Labour P-value for
Participant variable Cephalic (n = 1869) Breech (n=102) group
Mean SD Mean SD difference
Cortical BMC (g.mm™) 340 58 326 62 0.029
Cortical CSA (mm?) 304 54 292 57 0.04
Tibia Cortical BMD (g.mm3) 1121 31 1118 33 0.383
pPQCT | Periosteal circumference (mm) 72.6 6.3 71.1 7.0 0.036
CSMI (mm?%) 31159 11040 29162 11268 0.047
Calf muscle area (mm?) 5720 889 5698 939 0.81
Total Hip BMD (g.cm-2) 1.11 0.15 1.09 0.15 0.185
Total Hip BMC (g) 38.4 10.0 37.1 10.4 0.196
DXA Total Hip CSA (cm?) 34.4 5.8 33.7 6.3 0.299
Hip CSMI (mm#) 11760 4736 11072 4359 0.125
Total body lean Mass (kg) 45.7 9.8 44 .4 10.5 0.261
Total body fat Mass (kg) 16.7 8.8 17.6 9.0 0.337

Table 2. Bone outcomes and body composition separated by presentation. BMC — bone mineral
content, CSA — cross-sectional area, BMD — bone mineral density, CSMI — cross-sectional moment of
inertia
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Model 1 Model 2 Model 3
Variable Group Int P Int P
Beta 95% Cl P Beta 95% Cl P Beta 95% Cl P

Total | Combined | -0.091 | -0.277 ‘ 0.094 | 0.333 | -0.074 | -0.258 | 0.109 | 0.426 -0.086 | -0.281 | 0.11 | 0.39

Hip Male -0.106 | -0.424 | 0.212 | 0.515 | 0.992 | -0.127 | -0.461 | 0.206 | 0.454 0.83
BMD | Female -0.084 | -0.339 | 0.171 | 0.519 -0.138 | -0.414 | 0.137 | 0.325
Total | Combined | -0.059 ‘ -0.198 ‘ 0.079 ‘ 0.411 | -0.032 | -0.159 | 0.096 | 0.628 -0.049 | -0.184 | 0.086 | 0.475

Hip Male 0.048 | -0.24 | 0.336 | 0.745|0.185| -0.001 | -0.301 | 0.298 | 0.993 0.28
DXA BMC | Female -0.187 | -0.419 | 0.046 | 0.116 -0.217 | -0.465 | 0.031 | 0.089
Total | Combined | -0.026 ‘ -0.142 ‘ 0.09 ‘ 0.661 | 0.004 | -0.097 | 0.105 | 0.94 -0.019 | -0.128 | 0.09 | 0.735

Hip Male 0.211 | -0.043 | 0.466 | 0.104 | 0.006 | 0.143 -0.128 | 0.414 | 0.302 0.01
CSA Female -0.215 | -0.427 | -0.004 | 0.046 -0.196 | -0.428 | 0.036 | 0.098
) Combined | -0.066 ‘ -0.202 ‘ 0.07 ‘ 0.343 | -0.044 | -0.171 | 0.082 | 0.491 -0.04 | -0.174 | 0.094 | 0.559

CHSII\F/)II Male -0.17 | -0.45 | 0.111 | 0.236 | 0.359 | -0.101 | -0.395 | 0.192 | 0.499 0.29
Female -0.003 | -0.237 | 0.23 | 0.977 -0.125 | -0.372 | 0.121 | 0.319

Table 3. Associations between breech presentation and DXA-derived bone measures. Results are presented for both sexes combined, and for Models 2 and
3 (where adjustment for sex was included) sex-stratified results and sex*presentation interactions (Int P) are also reported. Standardized regression
coefficients (Beta) represent the difference in mean bone outcomes relative to cephalic presentation in SD, 95% Cls and P values. Adjustments: Model 1:
height; Model 2: Model 1 + sex, age at outcome, maternal social class, maternal smoking, delivery method, parity, maternal age and singleton/multiple births;

Model 3: Model 2 + total body fat mass, calf muscle CSA, gestation length, birthweight, delivery method and Gross Motor Score.
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Enrolled in ALSPAC

n=15,247
v
Live births
n=14,775
v
Complete perinatal data
n=>5,166
v
GMS score at 18m
n =4,945
v

Completed pQCT and DXA scanning,
with complete perinatal and 17y data

n=1971
v v
Cephalic presentation Breech presentation
n=1,869 n=102

Figure 1. Flow diagram showing participant n at each stage of data preparation.
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Figure 2. Associations between breech presentation and pQCT-derived bone measures in 1971
participants (1062 females). Data points are standardized regression coefficients representing the
difference in mean bone outcomes relative to cephalic presentation in SD plus 95% Cls. Adjustments:
Model 1: height; Model 2: Model 1 + sex, age at outcome, maternal social class, maternal smoking,
parity, maternal age and singleton/multiple births; Model 3: Model 2 + total body fat mass, calf muscle
CSA, gestation length, birthweight, delivery method and Gross Motor Score.
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Data P-value for

Participant variable Complete Incomplete group
n % n % comparison
n 1971 38.2% 3195 61.8% -

Females 1062 53.9% 1424 44.6% <0.001

Breech Presentation 102 5.2% 174 5.4% 0.721

No 1670 84.7% 2651 83.0% 0.051
Caesarean Delivery Elective 101 5.1% 217 6.8%
Emergency | 200 10.1% 221 6.9%

Maternal Smoking During Pregnancy 313 15.9% 780 24.4% <0.001

Singleton birth (Yes/No) 1907 96.8% 3071 96.1% 0.941

0| 1085 55.0% 1520 47.6% 0.009
. 1| 596 30.2% 984 30.8%

Parity

2 220 11.2% 382 12.0%
>3 70 3.6% 148 4.6%

Up to CSE 172 8.7% 551 17.2% <0.001
Vocational 150 7.6% 291 9.1%
Maternal Education O Level 812 41.2% 1415 44.3%
A Level 348 17.7% 463 14.5%
Degree 489 24.8% 475 14.9%

Mean SD Mean SD

Birthweight (g) 3377 571 3380 583 0.865

Gestation age (weeks) 39.3 2.0 39.3 2.1 0.622

Maternal Age (years) 29.6 4.6 28.1 4.8 <0.001

Supplementary Table 1. Characteristics of participants with complete data included in current study
and those with incomplete data excluded from study
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. Model 1 Model 2 Model 3 Int
Variable Sex Int P
Beta 95% ClI P Beta 95% Cl P Beta 95% ClI P P
Combined | -0.162 | -0.310 | -0.013 | 0.033 | -0.144 | -0.288 | 0.000 | 0.050 -0.175 | -0.318 | -0.031 | 0.017
Cortical BMC Male -0.114 | -0402 | 0174 | 0438|0542 | -0.171 | -0.452 | 0.111 | 0.236 | 0.88
Female -0.250 | -0.472 | -0.027 | 0.028 -0.315 | -0.541 | -0.090 | 0.006
Combined | -0.146 | -0.292 | 0.001 |0.052 | -0.123 | -0.263 | 0.018 | 0.087 -0.150 | -0.290 | -0.011 | 0.035
Cortical CSA Male -0.101 | -0.393 | 0.192 | 0.501 | 0.578 | -0.171 | -0.457 | 0.116 | 0.243 | 0.95
Female -0.232 | -0.462 | -0.003 | 0.047 -0.284 | -0.516 | -0.051 | 0.017
N Combined | -0.115 | -0.275 | 0.045 | 0.158 | -0.159 | -0.312 | -0.006 | 0.014 -0.183 | -0.351 | -0.015 | 0.033
;(';’é‘?r Cortical BMD Male -0.067 | -0.358 | 0.224 | 0.652 | 0.398 | -0.005 | -0.319 | 0.310 | 0.977 | 0.38
Female 20212 | -0.410 | -0.014 | 0.036 -0.336 | -0.557 | -0.115 | 0.003
' Combined | -0.158 | -0.292 | -0.023 | 0.021 | -0.135 | -0.265 | -0.006 | 0.041 -0.142 | -0.273 | -0.011 | 0.034
Cir'j:irr:’fsetfear:ce Male -0.080 | -0.360 | 0.199 | 0.573 | 0.295 | -0.117 | -0.393 | 0.158 | 0.404 | 0.56
Female -0.271 | -0.491 | -0.050 | 0.017 20275 | -0.504 | -0.046 | 0.019
Combined | -0.138 | -0.270 | -0.006 | 0.040 | -0.114 | -0.241 | 0.013 | 0.075 -0.128 | -0.249 | -0.008 | 0.037
CSMI Male -0.077 | -0.356 | 0.202 | 0.588 | 0.389 | -0.094 | -0.359 | 0.170 | 0.485 | 0.65
Female -0.212 | -0.431 | 0.008 | 0.059 -0.255 | -0.470 | -0.040 | 0.020

Supplementary Table 2. Associations and sex interactions (Int P) between breech presentation and tibia pQCT bone measures as combined data and stratified

by sex for Models 1, 2 and 3. Standardized regression coefficients (Beta) represent the mean difference in bone outcomes relative to cephalic presentation

in SD, 95% Cls and P values. Adjustments: Model 1: Height; Model 2: Model 1 + sex, age at outcome, maternal social class, maternal smoking, parity, maternal

age and singleton/multiple births; Model 3: Model 2 + gestation length, birthweight, delivery method, Gross Motor Score, fat mass and lean mass (or calf

muscle CSA for pQCT outcomes).
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Supplementary Figure 1. Histograms of tibia bone outcomes separated by presentation, for which
associations with breech presentation were observed.
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Supplementary Figure 2. Associations of breech presentation and covariables with tibia cortical BMC
identified within Model 3 in this study, ordered by decreasing regression coefficient; error bars
indicate 95%Cl. GMS — Gross Motor Score.
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