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Abstract

Preterm birth (PTB), defined as birth prior to a gestational age (GA) of 37 completed weeks,
affects more than 10% of births worldwide. PTB is the leading cause of neonatal mortality and is
associated with a broad spectrum of lifelong morbidity in survivors. The etiology of spontaneous
PTB (SPTB) is complex and has an important genetic component. Previous studies have compared
monozygotic and dizygotic twin mothers and their families to estimate the heritability of SPTB,
but these approaches cannot separate the relative contributions of the maternal and the fetal
genomes to GA or SPTB. Using the Utah Population Database, we assessed the heritability of GA
in more than 2 million post-1945 Utah births, the largest familial GA dataset ever assembled. We
estimated a narrow-sense heritability of 13.3% for GA and a broad-sense heritability of 24.5%. A
maternal effect (which includes the effect of the maternal genome) accounts for 15.2% of the
variance of GA, and the remaining 60.3% is contributed by individual environmental effects.
Given the relatively low heritability of GA and SPTB in the general population, multiplex SPTB
pedigrees are likely to provide more power for gene detection than will samples of unrelated
individuals. Furthermore, nongenetic factors provide important targets for therapeutic
intervention.
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Introduction

Preterm birth (PTB), which is defined as birth prior to 37 weeks of gestational age (GA), is a
major public health problem that affects more than 10% of all births worldwide [1, 2] and
11.7% of all births in United States [3]. Globally, an estimated 15 million babies are born
pre-term each year [1, 2]. Although PTB affects all socioeconomic strata, rates vary
significantly within and across different income groups [1, 2], implying that there are
socioeconomic as well as genetic influences. Most importantly, PTB is the leading cause of
neonatal mortality in otherwise unaffected newborns [1, 3-5], and premature infants who
survive the neonatal period are more likely to be left with a broad spectrum of lifelong
morbidity, including neurodevelopmental delay, cerebral palsy, blindness, deafness, and
chronic lung disease [6-8]. Some PTBs are iatrogenic (i.e., they can be attributed to
obstetric or medical interventions). Non-iatrogenic PTBs are known as spontaneous PTBs
(SPTB). The etiology of SPTB is complex and multifactorial, and genetic factors are thought
to be important causal components [8-12].

Twin studies have been used previously to estimate the heritability SPTB [13-15], using
mothers of SPTBs as index cases. In this approach, a “maternal” SPTB phenotype is
designated when the mother has a child born before 37 weeks’ GA. Thus, SPTB is a
diagnosis that applies a threshold to the underlying quantitative trait, GA [16]. In some of
these studies, the mother’s phenotype was defined as SPTB based on the GA of the first-
born offspring [13—15]; in other studies, a mother was assigned the SPTB phenotype if any
of her offspring had an early GA [13, 14]. Typically, concordance rates for SPTB in
monozygotic versus dizygotic twin mothers have been used to estimate heritability, and
these estimates ranged from 19% to 34% [13-15].

Twin studies have several well-known biases and limitations, including potential
overestimation of heritability [17-20]. Although both maternal and fetal genomes have been
shown to influence the risk of SPTB [12, 21-29], twin-based designs using mothers as index
cases cannot separate their effects. In addition, the use of dichotomous traits, such as PTB,
usually offers less power to detect underlying causal loci than does the use of the full
distribution of a quantitative trait such as GA [30]. To provide guidance for future gene
discovery studies of PTB and GA, we focus here on the heritability of GA, using more than
2 million singleton births derived from the Utah Population Database (UPDB). By
designating offspring rather than mothers as index cases and assessing the correlation of GA
between offspring and their full and half-siblings, we were able to distinguish the potential
contributions of inherited genes, maternal and paternal effects, and environmental effects to
GA.
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Materials and Methods

Results

The central component of the UPDB (http://www.huntsmancancer.org/groups/ppr) is an
extensive set of Utah family histories, with many genealogies extending eight to ten
generations. The 7.3 million individuals represented in the UPDB are linked to medical and
demographic information, including hospital records, the Utah Cancer Registry, and birth
and death certificates. SPTB was analyzed using each individual’s GA, which was
calculated based on the date of the mother’s last menstrual period (LMP). We use this
measure because it is consistent across the full span of records we analyzed, from 1945
through 2010. Clinical estimates (based on ultrasound or other clinical judgment) were only
used when the date of last menses was missing or incomplete or if it generated an out-of-
range gestational age. In 86% of cases, the clinical estimate of GA was identical to the
LMP-based GA, implying that the clinical estimate records are usually based on LMP. There
is an excess of LMP dates that fall on certain days of the month (1, 5, 10, 15, 20, 25, 28,
with a slight dearth on days 29 and 31), presumably since those dates are used when the
actual date is not exactly recalled. The excess on these days compared to the average on
other days accounts for approximately 13% of records. With this extensive database, we
were able to estimate the heritability, maternal effect, and environmental contributions to
GA by designating offspring as index cases and applying standard analytic methods [17, 18].
Statistical analyses were carried out using STATA Statistical Software: Release 12 [31].
This study was approved by University of Utah’s Institutional Review Board (IRB number:
00015034).

Data Overview

We assessed GA in 2,158,880 post-1945 singleton births in the state of Utah. We first
excluded conditions in which the births were unlikely to have occurred spontaneously,
including major congenital anomalies in the fetus and high-risk obstetric conditions in
mothers (Online Resource 1). The records of all fetal diagnoses were visually inspected to
ensure appropriate inclusion or exclusion. In total, 374,708 iatrogenic births were identified
and removed, leaving 1,784,172 non-iatrogenic births. We did not exclude stillbirths with no
known anomalies (0.2% of all births.) The distribution of GA for these non-iatrogenic births
is unimodal, with an average of 39.11 weeks and standard deviation of 2.11 weeks (Online
Resource 2).

When SPTB is defined as a GA less than 37 weeks, the overall rate of SPTB in our sample
is 7.6%. The full-sibling recurrence risk of SPTB, given one prior SPTB in the sibship, is
38.3%. Using a cutoff of 34 weeks GA to define SPTB, the overall SPTB rate is 2.0%, with
a sibling risk of 33.4%.. The SPTB rate was 6.2% during the first decade following 1945,
and it increased to 11.4% after 2005. In the thirty-year period following 1980, when
ultrasound came to be used commonly in estimating GA, the SPTB rate increased steadily,
from 6.2% in 1980 to 10.9% in 2010. This is consistent with national trends [8].
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Parent-offspring comparisons

Heritability can be estimated by comparing the offspring’s GA with those of the parents [17,
18]. In our data set, more than one million parent-offspring pairs are available for
comparison (Table 1). The heritability estimated from regression analysis of GA for father-
offspring pairs is 6.77%, with a 95% confidence interval (CI) of 6.06% — 7.49% (Table 1).
The heritability estimated from mother-offspring regression is 14.21% (95% CI 13.52% —
14.90%) (Table 1). Further sex-limited analysis did not show significant differences among
daughters and sons (Online Resource 3).

Quantile-quantile analysis (Fig. 1) revealed a generation effect in which both paternal-
offspring and maternal-offspring QQ plots showed a pattern with skewing below the
diagonal. More specifically, before the GA reaches 40 weeks (term pregnancy), the GA in
the parental generation is consistently larger than GA in the offspring for each percentile.
There are two plausible and non-exclusive causes for this bias: more early induced labor and
Caesarean section births in the recent offspring cohorts; and low survival and reproduction
of preterm-born persons in older parental cohorts. There is some evidence that preterm birth
is associated not just with neonatal mortality, but with higher childhood and adult mortality
as well as decreased reproduction [32, 33]. Regardless of the cause, this difference between
two generations resulted in a bias towards individuals with larger GA as parents, which can
introduce bias in the heritability estimate when using a parent-offspring approach [17, 18,
34].

Sibling analysis

To avoid inter-generational effects, we focused our analysis on sibling correlations. The
sibling analysis incorporates the effects of dominance variance and common environment,
such as a maternal effect [17, 18; see Table 2]. We compared intra-class correlations among
full siblings, paternal half siblings, and maternal half siblings. In our dataset, there are more
than 1.27 million individuals with a full sibling, grouped under 433,150 father-mother pairs
(Table 3). The intra-class correlation (ICC) for full-sib GA is 0.2467 (bootstrapped 95% ClI
0.2436 — 0.2498) (Table 3).

We further dissected the genetic and environmental components by analyzing half siblings.
There are 151,047 individuals in the UPDB who have a paternal half-sib, with 90,509
mothers and 43,563 fathers (Table 3). The ICC for paternal half-sib GA is 0.0333 (95% CI =
0.0274 - 0.0392) (Table 3). There are 144,527 individuals in the UPDB who have a
maternal half sib, with 99,635 fathers and 47,854 mothers (Table 3). The ICC for maternal
half-sib GA is 0.1855 (95% CI 0.1776 — 0.1936) (Table 3).

We next partitioned out the different components that contribute to variation in GA (Table
2). Narrow-sense heritability is defined as the proportion of phenotypic variance (Vp)
variance due to additive genetic variance (Va), which can be calculated as four times the
paternal half-sib correlation [17, 18]. This estimate was 13.33% (95% CI 10.87% — 15.79%)
(Table 2). The difference between the maternal and paternal half-sib correlation is the
maternal effect, which is 15.23% (95% CI 14.26% — 16.19%) (Table 2). The maternal
genome, the mitochondrial genome, differential maternal or paternal imprinting, or other
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non-genetic maternal factors that are constant over the time can contribute to the maternal
effect. Since the maternal womb is the only environment that a newborn has been exposed to
when GA is measured, the maternal effect also represents the proportion of common
environmental variance (Vc; Table 2). Segregation analysis using multiplex families with 2
or more SPTB probands also supports the importance of the mother’s genome or maternally-
inherited genes in influencing GA [28]. The proportion of dominance genetic variance (Vp,
if we assume no epistasis, which cannot be separated from dominance variance in this
design) can then be calculated from the full-sib correlation as 11.12% (95% CI 6.69% —
15.55%; Table 2). The remaining unexplained 60.33% of the variance (95% CI 57.47% —
63.19%) is the proportion of individual environmental variance (Vg; Table 2).

Discussion

For many quantitative traits, such as human height, the great majority of genetic variance is
accounted for by the additive component, Va [35-37]. In contrast, our analysis of GA shows
that Vp is relatively small (13.1%) and is similar to the dominance variance, Vp, of 11.1%.
This may reflect the action of natural selection, which reduces additive variance but can
increase dominance variance [34, 38—40]. There is evolutionary evidence for natural
selection on SPTB [28]. Our inter-generational data (Fig. 1) also suggest selection against
SPTB, although the increasing prevalence of induced labor and Caesarean section births
may contribute to that pattern.

Given that the narrow-sense heritability of GA is 13.33% and the Vp is 11.12%, the broad-
sense heritability is 24.45%. Previous correlation studies of GA in mother-offspring pair and
in sibs also derived relatively low heritability estimates [41, 42]. These estimates imply that
studies of unrelated SPTB cases and controls may have limited power to detect causal loci,
even if the sample sizes are very large [34, 43, 44]. Attempts over the past several decades
to isolate specific genes associated with SPTB have not been reproducible, consistent with
the idea that SPTB is a final common outcome of multiple etiologies. It is also likely that a
dose-dependent effect exists, consistent with the concept that SPTB is the end result of
interactions between the components of multiple biologic systems[45]. The use of high-risk
pedigrees with multiple familial cases may increase the likelihood of identifying causal
genes and should be an important target of future genetic analyses of SPTB.

The largest component (60.33%) contributing to GA is VE, the individual environment.
Factors that may be different from individual to individual, and birth to birth, such as
infection and inflammation, parental socio-economic status, stress, nutrition, and prenatal
exposure to tobacco, alcohol, or other environmental pollutants, may play a role in
determining SPTB risk [9, 12, 46-49].

The nature of our data imposes some limitations on our analyses. We used the date of last
menstrual period to estimate gestational age because it is the only measure that is
consistently reported across the long time span of our records (see Materials and Methods.)
Although there can be no doubt that the advent of obstetric ultrasound has substantially
improved gestational age assessment, it was not universally utilized until the 1980s. The
error variance introduced by LMP-based GA estimates will appear as non-genetic variance,

Hum Genet. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 6

causing our estimates of the heritability of GA to be conservative. In addition, since we do
not have data on environmental variables that might affect preterm birth (e.g. tobacco
smoking, nutrition, socioeconomic status, and others [50, 51]), nor genome-wide genotypes
for these individuals, we cannot estimate the interaction effects of genes with the
environment or genes with other genes (epistasis; although interactions of alleles within a
locus are estimated as dominance genetic variance) [17]. To the extent that a mother’s
smoker status, nutritional level, and similar environmental variables remain constant across
offspring, these effects should be captured in the maternal effects, and should not affect the
heritability we estimate.

Future genetic studies of SPTB thus need to control for environmental risk factors. At the
same time, population-based efforts to modify environmental risk factors may have the
biggest impact on SPTB, and may inform prevention and intervention strategies. Our
findings suggest that family-based studies, controlling for non-genetic risk factors, may
optimize our ability to better characterize the etiology of SPTB

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantile-Quantile (QQ) plotsfor gestational age (GA) across two gener ations
(a) Paternal GA versus offspring GA. (b) Maternal GA versus offspring GA. In both panels,

GA in the parent is represented on the x- axis and GA of the offspring on the y-axis. Each
dot represents the value of (x,y) for different cumulative percentiles. The diagonal line
represents the expected y = x relationship. Both the paternal and maternal plots show
skewing below the diagonal, resulting in a bias towards individuals with larger GA as

parents.
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Table 1

Sample size, regression coefficient, and heritability estimate by parent-offspring comparison

Relationship Number of pairs beta h2 95% ClI for h?
Father-Offspring 549,777 0.0339 6.77%  6.06% — 7.49%
Mother-Offspring 610,253 0.0710 14.21%  13.52% — 14.90%

beta: regression coefficient. h2: heritability. Cl: confidence interval
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Table 2

Equations and partition of components contributing to SPTB.

A Intraclass covariancesfor full, maternal half, and paternal half sibs

Vv
ICCyhs = %VA
— 1 ‘}: Ve
ICths = 1'V. + Vv
cC _ 1 VZ 1. Y% Vg
[6C = 2w, + aw + 7
B Phenotypic variance components
Ve = KA + KD + Kc
1 7 + > + e
+ 0.111 + 0.1523

(0.1087, 0.1579)

0.0669, 0.1555
}

(0.1426, 0.1619)

(0.5747, 0.6319)

Page 11

ICCph: covariance of paternal half sibs. ICCmhs: covariance of maternal half sibs. ICCfs: covariance of full sibs. Vp: phenotypic variance. VA:
additive genetics variance. VD: dominance genetic variance. VC: common environmental variance. VE: individual environmental variance. In the

case of SPTB using newborns as index cases, the maternal environment (or maternal effect) is the common environment. 95% confidence interval
by bootstrapping are shown in parentheses on the bottom row.

Hum Genet. Author manuscript; available in PMC 2016 July 01.



Page 12

Wu et al.

Author Manuscript

“|eAJBIUI B0UBPIIUOD ([ “UOIRIBII0D SSeja-EAu] 10D

9€6T'0-9/.T0 GS8T0 12871 v58'Ly GE9'66  SAIS-J[ey [eustelN
Z6€0'0-¥.200 EEE0°0 L¥0'TST 605'06 £95'ey  SIs-J[eY [eulered
86v2°0—-95v20  L9V20 12€'6L2'T 0ST'SEY 0ST'SEY sqis-|Ind

D %S6  OOI Bunidsyo Jo QNN SBYIOW J0 BAWNN  SIBYTe) Jo JBquInN sselo

sdiysuoiejal Bulqis Jo sasse|d a1 Jo) abe [euoie1sab Jo suolle|a.l0d ssejo-eaul pue azis sjdwes

€9lgel

Author Manuscript Author Manuscript Author Manuscript

Hum Genet. Author manuscript; available in PMC 2016 July 01.



