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Abstract
Objective—Customisation of birthweight-for-gestational-age standards for maternal
characteristics assumes that variation in birth weight as a result of those characteristics is
physiological, rather than pathological. Maternal height and parity are among the characteristics
widely assumed to be physiological. Our objective was to test that assumption by using an
association with perinatal mortality as evidence of a pathological effect.

Design—Population-based cohort study.

Setting—Sweden.

Population—A total of 952 630 singletons born at ≥28 weeks of gestation in the period 1992–
2001.

Methods—We compared perinatal mortality among mothers of short stature (<160 cm) versus
those of normal height (≥160 cm), and primiparous versus multiparous mothers, using an internal
reference of estimated fetal weight for gestational age. The total effects of maternal height and
parity were estimated, as well as the effects of height and parity independent of birthweight
(controlled direct effects). All analyses were based on fetuses at risk, using marginal structural
Cox models for the estimation of total and controlled direct effects.

Main outcome measures—Perinatal mortality, stillbirth, and early neonatal mortality.

Results—The estimated total effect (HR; 95% CI) of short stature on perinatal death among
short mothers was 1.2 (95% CI 1.1–1.3) compared with women of normal height; the effect of
short stature independent of birthweight (controlled direct effect) was 0.8 (95% CI 0.6–1.0) among
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small-for-gestational-age (SGA) births, but 1.1 (95% CI 1.0–1.3) among non-SGA births. Similar
results were observed for primiparous mothers.

Conclusions—The effect of maternal short stature or primiparity on perinatal mortality is partly
mediated through SGA birth. Thus, birthweight differences resulting from these maternal
characteristics appear not only to be physiological, but also to have an important pathological
component.

Keywords
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Introduction
Small-for-gestational-age (SGA) birth is an indicator of suboptimal fetal growth, and is
strongly associated with perinatal mortality and morbidity.1,2 Traditionally, sex-specific
birthweight-for-gestational-age percentiles have been calculated based on an appropriate
population reference, with SGA usually defined as a birth weight lower than the tenth
percentile. Customised birth weight standards, first introduced by Gardosi et al.,3,4 are sex-
specific birthweight-for-gestational-age standards that aim to account for variations in birth
weight resulting from maternal characteristics, and have become increasingly popular.5–7

They have been recommended for clinical use by the practice guidelines of the British Royal
College of Obstetricians and Gynaecologists.8

Maternal characteristics currently used in customisation include parity, height, pre-
pregnancy weight (or body mass index, BMI), age, education, marital status, and ethnicity.
Customisation assumes that the variations in birth weight resulting from differences in those
characteristics are ‘physiological’, i.e. are not associated with adverse pathological
consequences. This assumption is the basis for the claim that customisation better
differentiates ‘small-but-healthy’ from growth-restricted infants, but has never been
validated. In the past, smoking was even included as a maternal characteristic in
customisation,4 but was later rejected as obviously pathological.9,10

Infants born to short or primiparous mothers are known to be at higher risk of SGA than
infants born to mothers of normal height or to multiparous mothers,11–14 and SGA is
associated with an increased risk of fetal and neonatal death.15–17 It is also well documented
that infants born to short or primiparous mothers are at slightly increased risk of perinatal
death overall.18,19 These associations can be illustrated by a schematic directed acyclic
graph (DAG) (see Fig. 1).20 If the small infant size is physiological (i.e. ‘normal’ or
‘expected’), SGA should not lie on the causal pathway to perinatal mortality, i.e. it should
not be a causal intermediate. If, however, small size has a pathological component, then it
should lie on the causal pathway, and adjustment for birth size should attenuate the
association between maternal short stature or primiparity and perinatal mortality. In this
study, we investigated whether the SGA associated with short maternal stature and
primiparity should be regarded as solely physiological, or whether the association also has
an important pathological component.21,22 We do so by estimating the effects of maternal
short stature or primiparity on perinatal mortality, and the effects that are independent of
birth weight for gestational age.
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Methods
Study sample

Our study is based on data from the Swedish Medical Birth Register. The data include
information for all live births delivered at 22 completed weeks of gestation, or later, and all
stillbirths occurring at 28 completed weeks of gestation, or later. The accuracy of gestational
age (GA), birthweight, and stillbirth recorded in the Register has been previously
validated.23 Gestational age was usually based on a second-trimester ultrasound; otherwise,
information on the last menstrual period was used. In Sweden, all women since 1990 have
been offered an ultrasonic scan performed no later than 18 completed weeks of gestation,
and 95% of women accept this offer.23,24 The register contains information on demographic
characteristics, reproductive history, and events and conditions occurring during delivery
and the neonatal period; in particular, information on self-reported maternal height and pre-
pregnancy weight, which is not available in most other countries, is included. A total of 989
203 births were recorded in the register between 1992 and 2001, of whom 959 446 were
singletons. We excluded 1503 births with unknown GA, 3333 with unknown birthweight,
and 28 with unknown sex. We further excluded 1952 live births with GAs of <28 weeks to
ensure a comparable risk set for analysing fetal and early neonatal mortality. The study
sample thus comprised 952 630 singleton births of ≥28 weeks of gestation from 1992 to
2001. Further details on the Swedish Medical Birth Register and the study sample have been
described elsewhere.5,25,26

Classification of SGA
A population-based fetal weight standard was calculated based on the intrauterine
(ultrasound) estimated fetal weight-for-gestational-age (EFWGA) percentile equation
published by Hadlock.27 It has been shown that this standard improves the prediction of risk
for perinatal mortality over the conventional population-based birthweight standard to a
degree comparable with that of the customised standard.25,26 Briefly, sex-specific
birthweight percentiles for 280 days of gestation were first calculated based on the study
sample, and the sex-specific EFWGA z-scores and percentiles were then extrapolated by
Hadlock’s proportionality formula.4 Further details have been described in our previous
studies.25,26 Births were classified as SGA if the birthweight was less than the tenth
percentile of the sex-specific EFWGA.

Statistical analysis
The primary outcomes in this study were perinatal mortality at ≥28 weeks of gestation
(including stillbirth and early neonatal death) and preterm birth (<37 weeks of gestation).
Maternal height was dichotomised as short (<160 cm) versus normal (≥160 cm), and parity
as primiparous versus multiparous. We compared rates of SGA, large for gestational age
(LGA; larger than the ninetieth percentile of the sex-specific EFWGA), stillbirth, and early
neonatal death, as well as other demographic and clinical characteristics, by maternal height
and by parity. We also compared the GA-specific birth rates and preterm birth rates between
short mothers and those of normal stature, and between primiparous and multiparous
mothers. As the classification of SGA births was based on the estimated fetal weight, our
analysis used fetuses at risk as the denominator.28

Research questions regarding mediation of effects are common in epidemiologic research,
and many techniques have been developed to address such questions. This procedure is
typically referred to as effect decomposition, and involves teasing apart the direct and
indirect effects of an exposure of interest. As shown in Fig. 1, we hypothesise that the total
effect of maternal height or parity on perinatal mortality consists of a direct effect and an
indirect effect (i.e. an effect mediated by SGA). However, estimates of direct and indirect
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effects from standard regression methods with adjustment for intermediate variables can be
biased in the presence of an interaction between SGA and maternal short stature or
primiparity.29,30 Marginal structural models, using inverse probability weighting for the
exposure and intermediate variables, enables appropriate adjustment for confounding
factors, and provides valid estimates of the controlled direct effects for both SGA and non-
SGA infants.29–32 We tested interactions between maternal short stature or primiparity and
SGA, and estimated total effects and effects independent of birthweight (controlled direct
effects) for both SGA and non-SGA births using marginal structural Cox models. Weights
were obtained by estimating two sets of weights, one for short stature or primiparity and one
for SGA, by logistic regression. Weight models included infant sex, maternal age, maternal
BMI, mother’s country of birth [Nordic (i.e. Denmark, Finland, Iceland, Norway and
Sweden) versus non-Nordic], smoking, and maternal education (school years completed).
Controlled direct effects were calculated using the methods described by Vander Weele,
with confidence intervals obtained using robust standard errors.32

We also estimated controlled direct effects of maternal height and parity on perinatal
mortality, mediated by continuous sex-specific EFWGA z-scores in place of dichotomous
SGA, using marginal structural Cox models including a quadratic term for z-scores. Model
weights for z-scores were obtained by linear regression and were truncated at the 99th
percentile.33 We further estimated the controlled direct effect of maternal height as a
continuous variable. All analyses were carried out using SAS v9.1 (SAS Institute Inc., Cary,
NC, USA).

Results
Descriptive infant and maternal characteristics of our study population, stratified by
maternal height and parity, are presented in Table 1. The mean birthweight of infants born to
mothers of short stature was 220 g lower, and the mean GA was 2 days shorter, and these
infants were more likely to be SGA (17.2 versus 9.3%) and preterm (6.1 versus 4.5%) than
infants born to mothers of normal stature. Rates of stillbirth and early neonatal mortality
were also higher among infants born to mothers of short stature compared with infants born
to mothers of normal stature (3.7/1000 versus 3.0/1000 and 1.2/1000 versus 1.0/1000,
respectively). Similarly, the mean birthweight of infants born to primiparous mothers was
172 g lower, and they were more likely to be SGA (14.1 versus 7.7%) and preterm (6.1
versus 4.0%) than those born to multiparous mothers. The stillbirth rate was also higher
among infants born to primiparous than multiparous mothers (3.8/1000 versus 2.9/1000), but
the early neonatal mortality rate was similar (1.1/1000).

Table 2 shows the estimated total and controlled direct effects of maternal short stature and
primiparity on stillbirth, early neonatal death, perinatal mortality, and preterm birth. The
total effects of maternal short stature indicate that infants born to mothers of short stature
were at increased risk of perinatal death, including stillbirth and early neonatal death, and
preterm birth. Primiparity was also associated (total effects) with an increased risk of all
adverse birth outcomes under study. However, in analyses of both non-SGA and especially
SGA infants, the controlled direct effects of maternal short stature and primiparity were
attenuated. Among SGA infants, no controlled direct effects of short stature or primiparity
were observed for any outcome. In contrast, among non-SGA births, a controlled direct
effect of short maternal stature remained for perinatal mortality (HR 1.1; 95% CI 1.0–1.3)
and preterm birth (HR 1.3; 95% CI 1.3–1.4). Among non-SGA births, primiparity had a
controlled direct effect on perinatal mortality (HR 1.2; 95% CI 1.1–1.3), stillbirth (HR 1.2;
95% CI 1.1–1.3), and preterm birth (HR = 1.6; 95% CI 1.6–1.6) (Table 2). The differences
in controlled direct effects on perinatal mortality and preterm birth between SGA and non-
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SGA births shown in Table 2 reflect significant interactions between both maternal short
stature and primiparity and SGA (all P < 0.001).

The results from our marginal structural Cox models with continuous z-scores were similar
to those based on SGA. The controlled direct effects are plotted in Fig. 2 as functions of the
z-scores. Significant interactions with z-scores were observed for both maternal short stature
and primiparity. At lower z-scores (≤0), the controlled direct effect of short stature or
primiparity (Fig. 2) on perinatal mortality was attenuated (below or close to 1). At large z-
scores (≥2), however, we observed stronger controlled direct effects of both short stature
and primiparity on perinatal mortality. The results from our marginal structural Cox models
with both maternal height and continuous z-scores as continuous variables were also similar
(data available upon request).

Gestational age-specific birth rates by maternal height and by parity are compared in Fig. 3.
The birth rate among short mothers was higher than among mothers of normal height from
28 to 40 weeks of gestation, but not at 41 or 42 weeks of gestation (Fig. 3A). The birth rate
was higher among primiparous versus multiparous mothers until 37 weeks of gestation, but
then became lower after 37 weeks of gestation (Fig. 3B). The observed differences in birth
rates at later gestations were quite large (>10 per 1000 among late preterm births), although
the logarithmic scale of the graph visually obscures the magnitude of these differences at the
high birth rates observed during the late preterm period. The interaction between SGA and
maternal height or parity on preterm birth was also significant. Among the SGA births,
preterm birth rates (9.7 and 10.0%, respectively) were similar between mothers of short
stature and of normal height. However, among non-SGA births, preterm birth rates were
quite different. Specifically, among non-SGA infants, those born to mothers of short stature
were more likely to be preterm than those born to mothers of normal stature (5.4 versus
4.0%). Similar results were observed among infants born to primiparous and multiparous
mothers: among SGA birth, preterm birth rates were 10.4 and 10.0%, respectively, whereas
the rates were 5.3 and 3.6%, respectively, among non-SGA births.

Discussion
We observed significant effects of maternal short stature and primiparity on perinatal
mortality independent of birthweight among non-SGA births, but not among SGA births.
Thus, the reduced birthweight robustly observed in short or primiparous mothers cannot be
considered entirely physiological, i.e. the reduction appears to have an important
pathological component. We also observed a significant interaction between SGA and
maternal height or parity. Specifically, among non-SGA births, preterm birth rates were
substantially higher among infants born to short or primiparous mothers than among those
born to mothers of normal height or to multiparous mothers. Among SGA births, however,
preterm birth rates were similar among infants born to mothers of short and normal stature,
and among those born to primiparous and multiparous mothers. These results help clarify
our understanding of the effects of both physiological and pathological factors of fetal
growth, and have implications for the interpretation of customised birthweight standards.

The associations we observed are consistent with past research showing an increased risk of
perinatal mortality among primiparous or short women.18,19 To our knowledge, however,
the effects of maternal height and parity on perinatal mortality independent of birthweight
have received less attention. Our results suggest that the reduced birthweight among infants
born to short or primiparous women has an important pathological component. Non-SGA
fetuses, and especially macrosomic fetuses, are probably more susceptible to pathological
impact, perhaps because of a reduced uterine capacity and blood supply, and the consequent
reduction in the delivery of oxygen and nutrients to the developing fetus, which may both
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restrict fetal growth and increase the risk of stillbirth. Our results are similar whether
birthweight is considered as a dichotomous variable (SGA versus non-SGA) or as a
continuous z-score. The overall higher birth rate at preterm gestations among short or
primiparous mothers (Fig. 3) that we have observed has been reported previously.18,34 The
smaller uterine size associated with short stature or primiparity may lead to membrane
stretching, cervical shortening, or other biomechanical factors that increase the likelihood of
preterm delivery. The attenuated effect of both maternal short stature and primiparity on
birth rate and risk of preterm birth among women with SGA fetuses, however, suggests that
these underlying pathophysiologic mechanisms may not apply when the fetus is small.

Fetal growth is influenced both by physiological and pathological factors. In attempting to
define an ‘abnormal’ birth weight for GA, these two types of influences should be
distinguished. Proponents of birthweight standards customised according to maternal
characteristics assume that the influence of those maternal characteristics on fetal growth is
purely physiological, i.e. that variations caused by these characteristics are free of adverse
consequences. If the effect of maternal height on birthweight is purely physiological, i.e. if
smallness because of short stature is ‘normal’, SGA should not lie on the causal pathway to
perinatal death, as depicted in Fig. 1. Recent evidence indicates that the superiority of
customised over conventional standards of birthweight for gestational age in predicting
perinatal mortality derives from using the estimated fetal weight (rather than the actual
weight at birth) at preterm gestations, not from customising by maternal characteristics.25,26

At preterm gestations, the observed birth weights are low relative to the weights of unborn
fetuses, and thus constitute a biased sample of fetal weights.26,35,36

Three types of standards should be distinguished: (1) a customised standard; (2) a population
standard based on birth weights (conventional); and (3) a non-customised population
standard based on a best estimate of intrauterine weights.26 Hadlock’s growth curve, based
on a modest number of white fetuses, may not fit well with other ethnic populations. A
large-scale US National Institutes of Health study of ultrasound scans of fetuses from a
variety of ethnic origins is currently underway, and should provide additional data on
normal fetal growth patterns.

A strength of our analysis is the use of fetuses at risk as the denominator (rather than live
births).37 This is the methodologically appropriate denominator for immediate birth
outcomes such as perinatal mortality.38 The use of live births as the denominator at preterm
GAs is biased, because birth weights at preterm gestations are suboptimal compared with
unborn fetuses at the same GA. Our analysis included both term and preterm infants;
excluding pre-term births would have diluted the pathological impact of maternal height or
parity on the birth outcomes investigated in this study.

Furthermore, when an interaction is present (here, between maternal height or parity and
SGA), standard methods for estimating direct effects are inappropriate. Marginal structural
models specifically address these issues in effect decomposition, and account for the
observed interaction. Our results show a complex relationship in which birthweight acts as
both a mediator (intermediate factor) and an effect modifier (interaction). Birthweight is
considered a mediator, as birthweight lies on the causal pathway between parity or short
stature and perinatal mortality. However, the mediating effect of birthweight also varies with
birthweight, and thus birth weight is also an effect modifier.

Several limitations of our study merit further discussion. Although we were able to account
for many factors known to affect fetal growth, such as maternal smoking, BMI, and
sociodemographic factors, we were unable to account for maternal pregnancy complications
(e.g. pre-eclampsia). Residual confounding by socio-economic status is also possible, as we

Zhang et al. Page 6

BJOG. Author manuscript; available in PMC 2011 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were only able to control for maternal education. However, if only one social variable can be
chosen, education is often recommended,39 as maternal education is an important
determinant of many pregnancy outcomes.40 Although appropriate methods for effect
decomposition were used in our analysis, the observed interaction between birthweight and
maternal height or parity prevented an estimation of indirect effects. When an interaction is
present, controlled direct effects can be estimated, but the total effect cannot be decomposed
into controlled direct and indirect effects. In addition, the methods do not allow us to
estimate conditional hazard ratios, as are conventionally presented; only marginal effects
can be estimated.

Conclusion
We conclude that factors known to reduce fetal growth, such as maternal short stature or
primiparity, have both physiological and pathological effects on perinatal mortality and
other adverse birth outcomes. By ignoring pathological variation in birth weight for
gestational age caused by maternal characteristics, customising birth weight standards can
lead to incorrect causal inferences.
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Figure 1.
Effect decomposition: direct and indirect effects.
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Figure 2.
Controlled direct effects: hazard ratio for perinatal mortality as a function of z-scores.
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Figure 3.
Gestational age-specific birth rate by maternal height and by parity.
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Table 1

Infant and maternal characteristics (% or mean ± SD) by maternal height and parity

Maternal height Parity

<160 cm (n = 111
133)

≥160 cm (n = 753
746)

Primiparous (n = 400
505)

Multiparous (n = 552
099)

Female sex (%) 48.8 48.6 48.6 48.7

Maternal height < 160 cm (%) 12.3 13.2

Primiparity (%) 40.1 42.1

Maternal age > 35 years (%) 10.7 10.3 5.2 14.3

Maternal BMI ≥ 25 (%) 35.2 30.0 26.5 33.8

Nordic ethnicity (%) 65.7 90.0 87.2 85.6

Smoking (%) 16.9 16.2 15.4 17.1

Maternal education completed (%)

0–9 years 19.5 10.1 9.7 12.9

10–12 years 54.3 53.8 52.7 54.0

13–14 years 13.9 18.0 17.8 17.2

15 years or more 12.4 18.1 19.8 15.9

Birthweight (mean ± SD), g 3373 ± 537 3593 ± 550 3460 ± 552 3632 ± 548

SGA (%) 17.2 9.3 14.1 7.7

LGA (%) 5.7 11.1 6.6 13.1

Gestational age (mean ± SD), days 277 ± 13 279 ± 12 279 ± 13 279 ± 11

Preterm birth (%) 6.1 4.5 6.1 4.0

Stillbirth (per 1000) 3.7 3.0 3.8 2.9

Early neonatal death* (per 1000) 1.2 1.0 1.1 1.1

*
Based on live births only.
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Table 2

Hazard ratios (95% CI) for stillbirth, early neonatal death, perinatal mortality, and preterm birth, estimated
from marginal structural Cox models*

Total effect Controlled direct effect

SGA Non-SGA

Maternal height <160 cm

Perinatal mortality 1.2 (1.1–1.3) 0.8 (0.6–1.0) 1.1 (1.0–1.3)

Stillbirth 1.2 (1.1–1.4) 0.8 (0.6–1.1) 1.1 (0.9–1.3)

Early neonatal death 1.3 (1.0–1.5) 0.8 (0.5–1.2) 1.2 (0.9–1.6)

Preterm birth 1.3 (1.3–1.4) 0.9 (0.9–1.0) 1.3 (1.3–1.4)

Primiparity

Perinatal mortality 1.3 (1.3–1.4) 0.9 (0.8–1.1) 1.2 (1.1–1.3)

Stillbirth 1.4 (1.3–1.5) 1.0 (0.8–1.2) 1.2 (1.1–1.3)

Early neonatal death 1.1 (1.0–1.3) 0.7 (0.5–1.0) 1.0 (0.9–1.2)

Preterm birth 1.6 (1.6–1.7) 1.1 (1.1–1.2) 1.6 (1.6–1.6)

*
Inverse probability weights calculated based on the infant and maternal characteristics presented in Table 1, including infant sex, maternal age,

maternal BMI, Nordic ethnicity, smoking, and maternal education.
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