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ABSTRACT

Objectives To determine whether uterine distention is
associated with human pregnancy duration in a non-
invasive observational setting.

Design Retrospective cohort study modelling uterine
distention by interaction between maternal height and
uterine load.

Setting The study is based on the 1990-2013 population
data from all delivery units in Sweden.

Participants Uncomplicated first pregnancies of
healthy Nordic-born mothers with spontaneous onset of
labour. Pregnancies were classified as twin (n=2846) or
singleton (n=527 868). Singleton pregnancies were further
classified as carrying a large for gestational age fetus
(LGA, n=24286) or small for gestational age fetus (SGA,
n=33780).

Outcome measures Statistical interaction between
maternal height and uterine load categories (twin

vs singleton pregnancies, and LGA vs SGA singleton
pregnancies), where the outcome is pregnancy duration.
Results In all models, statistically significant interaction
was found. Mothers carrying twins had 2.9 times larger
positive linear effect of maternal height on gestational
age than mothers carrying singletons (interaction
p=5e—14). Similarly, the effect of maternal height was
strongly modulated by the fetal growth rate in singleton
pregnancies: the effect size of maternal height on
gestational age in LGA pregnancies was 2.1 times larger
than that in SGA pregnancies (interaction p<ie—11).
Preterm birth OR was 1.4 when the mother was short,
and 2.8 when the fetus was extremely large for its
gestational age; however, when both risk factors were
present together, the OR for preterm birth was larger than
expected, 10.2 (interaction p<0.0005).

Conclusions Across all classes, maternal height was
significantly associated with child’s gestational age at
birth. Interestingly, in short-statured women with large
uterine load (twins, LGA), spontaneous delivery occurred
much earlier than expected. The interaction between
maternal height, uterine load size and gestational age

at birth strongly suggests the effect of uterine distention
imposed by fetal growth on birth timing.

INTRODUCTION

Preterm birth remains the leading cause
of adverse outcomes of pregnancy. Glob-
ally preterm delivery (PTD) is the leading

1,7

Strengths and limitations of this study

» This is the first study to examine the effect of preg-
nancy-related uterine distention in a medical regis-
ter data (ie, non-invasively).

» We used uncomplicated pregnancies from a large,
healthy, homogeneous population depleted from risk
factors associated with gestational age and adult
height.

» To minimise confounding, uterine distention was
modelled by two natural phenomena: twin pregnan-
cies and singleton fetuses with very rapid growth.

» The study has implications to the design of future
epidemiological, genetic and proteomic preterm
birth studies.

» A possible limitation of this study is the assumption
that maternal height is a good proxy for uterine size.

cause of childhood mortality (under five).!
Indeed, the long-term health of the child is
dependent to a great extent on the length of
time spent in the mother’s womb as a fetus.
Worldwide, PTD rates range from about 5%
in some Northern European countries to
18% in Malawi.” Preterm labour is a complex
phenotype thought to be triggered by several
causes including microbial-induced inflam-
mation, maternal stress, uterine distention,
decidual haemorrhage and vascular diseases.”
Complexities in the underlying pathophys-
iology of the PTD process have been an
obstacle to identify effective biomarkers and
therapeutics.*

Epidemiological ~ studies  consistently
reported that maternal height (MH) is posi-
tively associated with child’s gestational age
(GA) at birth, which has been replicated in
different populations, ethnic groups and
time periods.”® Using Mendelian randomi-
sation methods, we demonstrated that this
association is likely causal.’” Building on the
causal association observed in uterine disten-
tion experiments in primates,'’ we hypothe-
sised that birth is triggered by an interaction
between uterine size and constantly increasing
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uterine load (UL) (fetal growth). In the current study, we
test this hypothesis in humans by modelling the extreme
of uterine distention in two natural ‘experiments’: twin
versus singleton pregnancy and in singletons with large
and small fetuses for their GA.

METHODS

Study population

We investigated pregnancy records in the Swedish Medical
Birth Register of mothers who were born in four Nordic
countries: Sweden, Norway, Denmark and Finland. Since
1973, it is compulsory for every delivery unit in Sweden to
provide the data to this register.

Only the first pregnancy of every mother was used, only
with spontaneous onset of labour and only with live-born
children. Due to the absence of indicators for sponta-
neous or iatrogenic onset of labour before the year 1990,
only births from 1990 to 2013 were included. Deliveries
initiated by elective caesarean section or starting with
prelabour rupture of membranes were excluded. Further
exclusions contained self-reported maternal medical
conditions (diabetes, chronic hypertension, chronic
kidney disease, inflammatory bowel disease, systemic
lupus erythematosus), pregnancy complications reported
in hospital records (placental disorders, placenta previa,
early separation of placenta, antepartum haemorrhage,
polyhydramnios, oligohydramnios) and estimated
maternal body mass index <l50r >45kg/m® maternal
age <18or >45 years, higher order multiple births than
twins.

Variable definitions

Pregnancies with MH values <140 cm and >200cm were
removed (0.01%), as well as height values that differed
by more than 10 cm from other height values of the same
mother in other pregnancies (0.12%). (The latter proce-
dure took place prior to the exclusion of higher-parity
pregnancies.)

GA at birth (expressed in days) was estimated by
midwives or obstetricians using the second-trimester
ultrasonography method and supported by estimated GA
at birth reported by the delivery unit.

In order to ensure the initial assumption that twin
pregnancies manifest larger UL than singleton pregnan-
cies, we required that birthweight difference of two twins
would be no larger than 2 SD of mean intratwin differ-
ences in a particular 7-day window of GA (online supple-
mentary figure 1). As a result of this filter, 174 (5.7%)
twin pregnancies were removed.

The Medical Birth Register does not collect longitu-
dinal data about the fetal growth (ie, fetal growth curves).
However, we used longitudinally derived intrauterine
growth curves of healthy Scandinavian pregnancies
with term deliveries derived by Marsal et al'' in order to
convert birth weight, fetal sex and GA at birth data into
birthweight Z-scores that can be interpreted as being
proportional to the fetal growth rate. The newborns with

a Z-score larger than 1.5 in the singleton cohort were clas-
sified as large for gestational age (LGA), and newborns
with a Z-score lower than -1.5 in the singleton cohort
were classified as small for gestational age (SGA), online
supplementary figure 2.

Data analysis

We explored how UL modulates the effect of MH on
child’s GA at birth. We used two models of UL: Model 1
with twin versus singleton pregnancies, and Model 2 with
LGA versus SGA pregnancies (all singleton). We assumed
that at the time of delivery, twins and LGA singletons
manifest a larger volumetric UL than singletons and SGA
singletons, respectively.

In both models, we ran multiple linear regression with
child’s GA at birth being dependent on continuous MH,
UL categories and their interaction, where large UL was
coded as ‘1’ (twins or LGA) and small UL coded as ‘0’
(singletons or SGA):

GA =B, + B, xMH + B, xUL + B,xMHxUL + &

A simple linear regression was preferred to more
complex ones (using polynomial terms and covariates)
in order to facilitate interpretability of the interaction
patterns. The study population, depleted from risk
factors associated with GA and height, further justified
this choice.

Additionally, we used logistic regression to investigate
the same phenomenon in the clinical phenotype—PTD
(birth occurring earlier than 259 days of gestation; stan-
dard definition). In this analysis, we used extreme dichot-
omous definitions of maternal stature and UL. Short
stature was defined by MH <161cm (10th percentile,
rounded to integers). In Model 1, high volumetric UL
was assigned to twin pregnancies, and in Model 2, high
volumetric UL was assigned to singleton pregnancies with
extreme fetal growth, defined by fetus having a birth-
weight Z-score larger than 2.75 SD. Statistical significance
was reported as an interaction term p value.

All statistical analyses were performed with R soft-
ware for statistical computing (V.3.3.1). The analyt-
ical code can be found on github.com/PerinatalLab/
MatHeight-GestAge/.

Patient involvement

Patients were not involved in setting the research ques-
tions or planning the study. Investigators do not know the
identity of study participants.

RESULTS

Our study, investigating uncomplicated first pregnancies
of healthy Nordic-born mothers with spontaneous onset
of labour, contained 2846 twin and 527 868 singleton
pregnancies. Singleton pregnancies carried 24 286 LGA
fetuses and 33 780 SGA fetuses (figure 1). The fractions
of excluded pregnancies at each stage are reported in
the online supplementary table 1.
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Pregnancies in the Swedish Medical Birth Register
for the years 1973-2013 (n=4 190 500)

Excluded pregnancies (n=3 659 612):
pregnancy with delivery before the year 1990
mother born outside 4 Nordic countries
not the first pregnancy
induced (iatrogenic) delivery
stillbirth
| prelabor rupture of membranes
self-reported maternal medical conditions
pregnancy complications
less reliable gestational age evaluation method (LMP)
triplets, quadruplets, quintuplets
maternal BMI <15 or >45 (kg/m?2)
maternal age <18 or >45
missing gestational age / birth weight / height data

| Included pregnancies (n=530 888) |

v v

Singleton pregnancies (n=527 868)

Twin pregnancies (n=3 020)

Discordant
™ birthweight (n=174)

\4 ; A\ 4

Analysed LGA Analysed SGA
pregnancies pregnancies
(n=24 286) (n=33 780)

AGA pregnancies
(n=469 802) Nl

Analysed
twin pregnancies (n=2 846)

Figure 1 Flow chart for selection of analysed pregnancies.
Two grey boxes represent the analysis in Model 1; two
yellow boxes represent analysis in Model 2. AGA, child’s birth
weight is appropriate for gestational age; BMI, body mass
index; LGA and SGA, birth weight is large and small for
gestational age, respectively; LMP, last menstrual period.
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Gestational age

In Model 1, we investigated the relationship between
child’s GA and MH in two categories: women with twin
and singleton pregnancies. A clear interaction pattern
was detected (figure 2, Panel A): the differing slopes
show that the effect of MH on GA is modulated by UL.
In particular, the timing of birth was more sensitive to
MH in twin pregnancies than in singleton pregnancies.
Shorter mothers with twin pregnancies deliver earlier
than it would be expected based on the trend in singleton
pregnancies and the mean difference between GA in
singleton and twin pregnancies. The coefficients esti-
mated in multiple linear regression (table 1) show that
MH has three times larger positive linear effect on GA
in twin pregnancies (B,+B,=0.38 days/cm) than it has in
singleton pregnancies (,=0.13 days/cm). The observed
effect-modulating behaviour of UL (B, coefficient) is
statistically significant (interaction p=be-14) and clearly
visible in figure 2.

In Model 2, we observed similar results: a clear inter-
action pattern was observed (figure 2, Panel B), where
timing of birth was more sensitive to MH in singleton
pregnancies with LGA fetuses than singleton pregnan-
cies with SGA fetuses. Shorter mothers with LGA preg-
nancies deliver earlier than it would be expected based
on the trend in SGA pregnancies and the mean differ-
ence between GA in SGA and LGA pregnancies. The
coefficients estimated in multiple linear regression
(table 2) show that MH has two times larger positive
linear effect on GA in LGA pregnancies (B,+3,=0.2 days/
cm) than it has in SGA pregnancies (B,=0.1 days/cm).
The observed effect-modulating behaviour of volumetric
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(Panel A) Interaction pattern in Model 1, where the uterine load is modelled as twin versus singleton pregnancies.

(Panel B) Interaction pattern in Model 2, where uterine load is modelled as too large versus too small birth weight for gestational
age in singleton pregnancies (large for gestational age (LGA) and small for gestational age (SGA), respectively). Observations
are grouped based on maternal height bins. N—count of observations used to estimate mean. The interaction effect of maternal
height and uterine load on gestational duration is demonstrated by the different slopes of the two regression lines calculated in

the two groups with a different uterine load.
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prevalent in the risk group of ‘short mother and high UL’
than it would be expected without synergistic interaction
between the two risk factors ‘short mother’ and ‘high UL’.

Table 1 Estimated effect sizes in Model 1 from multiple
linear regression

Coefficient Estimate SE P values In Model 1 (figure 3, Panel A), the OR for preterm birth
B, (intercept)  258.2 0.412 <1E-150 in the ‘short mother carrying twins’ risk group (Group D,
B, (MH) 0.131 0.002 <1E-150 OR=56.2) was larger than it would be expected without
B, (UL) -69.20 5.619 8E-35 %ntf.eraction betweyen the risk factors ‘short mother’ and
B, (MH x UL) 0.252 0.033 5E_14 ‘twin pregnancy’ (OR=1.%2'><32.8=46.'6). However, Fhfe
interaction term in the logistic regression was not statisti-
Estimate is expressed in days of gestation. cally significant (p=0.1).
MH, maternal height (cm); p values, statistical significance; UL, In Model 2 (ﬁgure 3, Panel B), the OR for preterm

uterine load (singletons=0, twins=1). birth in the ‘short mother with extreme fetal growth’ risk

group (Group D, OR=10.2) was larger than it would be
expected without interaction (OR=1.42x2.76=3.92). The
corresponding interaction term in the logistic regression
was statistically significant (p=0.0005).

Table 2 Estimated effect sizes in Model 2 from multiple
linear regression

Coefficient Estimate SE P values
B, (intercept) ~ 264.6 1.646 <1E-150 Sensitivity analyses
B. (MH) 0.096 0.0099 5E_22 To address the arbitrary nature of the thresholds chosen to
1 ) ) . . . .

define UL categories in singleton pregnancies, we ran two
B, (UL) 2013 2:598 1E-14 sensitivity analyses: (1) SGA and LGA defined by birthweight
By (MH x UL) 0.105 0.0154 1E-11 Z-score in ranges (-2.0,-1.0) and (1.0, 2.0), respectively;
Estimate is expressed in days of gestation. (2) using continuous UL variable in appropriate for GA
MH, maternal height (cm); p values, statistical significance; UL, singletons with birthweight Z-score in range (-2.0, 2.0). The
uterine load (SGA=0, LGA=1). resulting interaction pattern (online supplementary figures

3 and 4) was qualitatively identical to the results described

UL (B, coefficient) is statistically significant (interaction ™ the Gestational age section.

p=le-11) and clearly visible in figure 2.
Preterm birth DISCUSSION

In additional analyses focusing on the clinical phenotype In this retrospective cohort study, we investigated first
preterm birth, we observed that preterm birth was more pregnancies of healthy Nordic-born mothers delivering

short mother A Preterm birth risk %

No  Yes Preterm Total 950, conf. interval) Odds ratio (95% Cl)
>
é 2 A B A | 13284 456577 2.91 (2.86 to 2.96) reference
qg; B [2910 71291 4.08(394t04.23) ' 1.42 (1.36 to 1.48)
a g C D C | 1247 2516  49.6 (47.6t051.5) —_ 32.8 (30.2 t0 35.5)
-§ > D | 207 330 62.7 (57.4 10 67.8) e e 56.2(44.71070.9)
[ I T 1
0 20 40 60
short mother B Pret Total Preterm birth risk %
No  Yes reterm 1otal 959, cont. interval) Odds ratio (95% Cl)
. % ol A B A 13161 454956 2.89 (2.84 to 2.94) reference
= B [2890 71205 4.06 (3.92t0 4.21) t 1.42 (1.36 to 1.48)
= O
X352 C D C | 123 1621 7.59 (6.39 to 8.98) - 276 (2.27 t0 3.32)
L > D |20 86 23.3 (15.5 0 33.3) 10.2 (5.84 to 17.0)
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Figure 3 Preterm birth in short mothers with: (Panel A) twin pregnancies and (Panel B) extreme fetal growth. Short stature

is defined as <161 cm. Preterm birth is defined as delivery before 259 days of gestation. Extreme fetal growth is defined

as >2.75birthweight Z-score (adjusted for gestational age). The grey angular lines denote 95% CI for the expected OR in
stratum D, estimated as the product of ORs in strata B and C with the assumption of no interaction. In Panel A, the OR in
stratum D is larger than expected due to the interaction between maternal height and fetal growth (interaction p=0.1, logistic
regression). In Panel B, the OR in stratum D is significantly larger than expected due to the interaction between maternal height
and fetal growth (interaction p<0.0005, logistic regression).
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in Sweden during the period 1990-2013 with sponta-
neous onset of labour. We found that child’s GA is more
sensitive to MH in pregnancies with larger UL than in
pregnancies with smaller UL: the effect of MH is signifi-
cantly larger in twin versus singleton pregnancies, and
in singleton pregnancies with fast-growing versus slow-
growing fetus. For example, the duration of twin preg-
nancies is often shorter than of singleton pregnancies.
However, in twin pregnancies, a MH increase of 1cm
prolonged pregnancy by 0.38 days, while in singleton
pregnancies, a similar increase in MH prolonged preg-
nancy only by 0.13 days. The observed statistical interac-
tion is likely a manifestation of biomechanical interplay
between uterine size and UL (fetal size) in time. The
labour in uncomplicated spontaneous delivery is likely
triggered by uterine distention, which intensifies with the
progression of pregnancy and reaches its peak when fetal
size approaches the uterine size.

Our results (interaction pattern) support the previous
causality claims for MH’ and experimental uterine
stretch determining the timing of birth,'” '* ' and
suggests that gestation-imposed uterine stretch also
affects birth timing in spontaneous human pregnancies.
An alternative explanation could be related to meta-
bolic constraint imposed by maternal energy expendi-
ture and fetal energy demand over gestational time,'*
as twins and LGA singletons require more energy to
support their growth and maternal basal metabolism is
related to height."

A possible limitation of this study is the assumption
that MH is a good proxy for uterine size. Similarly, the
natural models of uterine distention are not ideal: UL
groups also differ in other biological aspects,'® which
cannot be fully accounted for. Another potential limita-
tion is that SGA and LGA were defined using birthweight
Z-score, which was estimated using longitudinally derived
intrauterine growth curves of healthy Scandinavian preg-
nancies with term deliveries,' that is, not ideally represen-
tative population.

The biomechanical explanation of timing of birth
could benefit genomic and proteomic association studies
of preterm birth by narrowing the number of biomarkers
and increasing statistical power: our results could support
the use of candidate biomarkers from inflammation-me-
diated pathways, which are excited by uterine disten-
tion, 101720

The future predictive algorithms could take into
account fetal growth speed and uterine size while trying
to classify pregnancies as being low or high risk for
preterm birth.

CONCLUSION

The observed interactions support the hypothesis of
uterine distention playing a causal role in determining
the timing of birth, at the same time giving support to the
causal effect of MH, UL and uterine size.
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