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Introduction: The literature about the determinants of a preterm birth is still controver-
sial. We approach the analysis of these determinants distinguishing between woman'’s
observable characteristics, which may change over time, and unobservable woman’s
characteristics, which are time invariant and explain the dependence between the typol-
ogy (normal or preterm) of consecutive births.

Methods: We rely on a longitudinal dataset about 28,603 women who delivered for
the first time in the period 2005-2013 in the Umbria Region (ltaly). We consider sin-
gleton physiological pregnancies originating from natural conceptions with birthweight
of at least 500 g and gestational age between 24 and 42 weeks; the overall number
of deliveries is 34,224. The dataset is based on the Standard Certificates of Life Birth
collected in the region in the same period. We estimate two types of logit model for the
event that the birth is preterm. The first model is pooled and accounts for the information
about possible previous preterm deliveries, including the lagged response among the
covariates. The second model takes explicitly into account the longitudinal structure of
data through the introduction of a random effect that summarizes all the (time invariant)
unobservable characteristics of a woman affecting the probability of a preterm birth.

Results: The estimated models provide evidence that the probability of a preterm birth
depends on certain woman’s demographic and socioeconomic characteristics, other
than on the previous history in terms of miscarriages and the baby’s gender. Besides,
as the random-effects model fits significantly better than the pooled model with lagged
response, we conclude for a spurious state dependence between repeated preterm
deliveries.

Conclusion: The proposed analysis represents a useful tool to detect profiles of women
with a high risk of preterm delivery. Such profiles are detected taking into account observ-
able woman’s demographic and socioeconomic characteristics as well as unobservable
and time-constant characteristics, possibly related to the woman’s genetic makeup.

Trial registration: Not applicable.

Keywords: generalized linear mixed model, health care, Italy, maternal characteristics, standard certificate of live
birth

Abbreviations: PTB, preterm birth; SCLB, Standard Certificate of Life Birth; AIC, Akaike’s information criterion; BIC, Bayesian
information criterion; ICC, intraclass correlation coefficient.
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1. INTRODUCTION

The World Health Organization defines a Preterm Birth (PTB)
as any birth before 37 completed weeks of gestation or 259 days
since the first day of the woman’s last menstrual period. This is
opposed to a full-term birth, which corresponds to any birth
between 37 and 42 completed gestational weeks. Data on the
incidence of PTB are very relevant in terms of public health:
9.0-11.0% of all births worldwide is preterm, with the highest
rates of PTBs in Africa and North-America (11.9 and 10.9% of
all births, respectively), whereas the lowest rates are observed in
Europe (6.2%) (1, 2). A PTB can be classified into two groups:
medically indicated PTB and idiopathic PTB. Medically indicated
PTB derives from induction of labor or elective cesarean section
before 37 completed weeks of gestation for maternal medical
conditions (e.g., preeclampsia, diabetes), fetal problems, or
other non-medical reasons, such that the risk for the fetus or the
mother is superior to the benefit of continuing the pregnancy
(3, 4). Idiopathic PTB may be regarded as a syndrome that, from
a quiescence status, leads the uterus to active contractions before
37 completed gestational weeks.

Multiple causes may concur to a PTB, including infections
or inflammations of urinary tract, vaginal infections, vascular
diseases (e.g., hypertension, thrombophilia), diabetes, ges-
tosis, polidramnios, and uterine overdistension. According
to the literature, one of the most common causes of PTB is
a maternal infective disease, even if the prevalence of a cause
depends on several elements (5), among which gestational age,
maternal age, and country-specific factors. More precisely, in
developing countries, the main causes of PTB include infec-
tious diseases and poor accessibility to and availability of
health-care resources. In high-income countries, the increasing
incidence of PTB is related to the increase of the average age of
women at the moment of conception and the increasing use of
fertility medicines that typically lead to multiple pregnancies.
Nevertheless, both in rich and poor countries, a certain propor-
tion of PTBs [up to half of all cases (6)] still lacks a precise
explanation (1, 2).

A better understanding of the causes of PTB is a relevant sub-
ject of research in terms of public health. In fact, PTB is known to
be a significant cause of child mortality and morbidity worldwide,
and it is the leading cause of neonatal mortality: it is the direct
cause of the 29% of deaths in children until 28 days and of the
11% until 5 years of age (7-9). In addition, PTB has lifelong effects
on the development of the neural system, increasing the risk of
cerebral palsy, impaired learning, and visual disorders, other than
an increased risk of medical disabilities affecting the working
capacity, such as obesity, diabetes, and hypertension (10, 11).
Consequently, relevant economic costs derive from PTB in terms
of neonatal intensive care, ongoing health care, educational needs,
and social costs, as many families experience the sudden loss of a
preterm baby or a stressful hospital stay lasting some months (2);
see also Ref. (12) for detailed estimates of costs related to preterm
children in England and Wales.

Our contribution is aimed at studying the main determinants
of PTB in a cohort of 28,603 Italian women who delivered at least
once and for the first time since January 1, 2005, until December

31, 2013, and who had singleton pregnancies originating from
natural conceptions; the total size of babies/deliveries amounts
to 34,224. For our purposes, anonymized routine data are used.
These data come from merging the archives of certificates col-
lected in the Umbria Region (Italy) in the period 2005-2013 and
contain numerous information about woman’s and her partner’s
characteristics, further to characteristics of each pregnancy and
each newborn. It is important noting that the data at issue have
a longitudinal structure with babies/deliveries nested within
women. This allows us to analyze the effect of previous PTBs on
the probability of a preterm delivery.

Our analysis is based on two types of logit model for the event
that the birth is preterm. We initially fit a pooled regression
model, which accounts for previous PTBs through the inclusion
of the lagged response among the covariates. Then, we consider
a random-effects logit model (13-15), which distinguishes from
the pooled one for the introduction of a normally distributed
individual effect summarizing all the unobservable characteris-
tics of a woman affecting the probability of PTB across consecu-
tive pregnancies. We aim at understanding whether there exists a
true state dependence between consecutive preterm deliveries or
if this dependence is spurious as only due to unobservable time-
constant woman’s characteristics (16). We advise the reader that
the present study is based on observational data and, therefore, it
does not allow to conclude in terms of causal relations between
response variable and covariates, but just in terms of statisti-
cally significant correlations. Naturally, the possible absence of
significant correlation between the response and any covariate
may suggest absence of such causal relations.

The proposed analysis is also relevant as it allows us to predict
the probability of PTB, distinguishing between the first birth and
the following ones. In the case of the first birth, the probability of
PTB is predicted on the basis of the observed covariates and of a
prior hypothesis about the random-effects distribution, whereas,
for following births, previous history in terms of PTBs contributes
to update the probability of another PTB.

2. MATERIALS AND METHODS

2.1. Dataset Description

The study is based on data about a cohort of women who deliv-
ered in the Umbria Region (Italy) since January 1, 2005, until
December 31, 2013. The study was carried out in compliance with
the Italian law on personal privacy (Art. 20-21, D. L. 196/2003)
and the regulations of the Regional Health Authorities about data
management. Data were anonymized by the regional statistical
office that also assigned to each patient a unique identifier within
all administrative databases. Although the identification of the
patient is impossible, this identifier allows us to merge informa-
tion from different sources and to build a longitudinal dataset
that includes information from different babies/deliveries of the
same woman. When anonymized administrative data are used
to inform health-care planning activities, the study is exempt
from notification to the Ethics Committee and no specific writ-
ten consent is needed to use patient information stored in the
hospital databases.
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In Italy, the State law requires that some information is col-
lected for all births and, to ensure that a uniform methodology
is applied in regional surveys and to obtain datasets containing
comparable indicators, all regions are required to rely on the
same form, which is known as Standard Certificate of Live Birth
(SCLB). The midwife or obstetrician who attends the birth, or
the doctor responsible for the delivery in the operation theater,
must complete the SCLB within 10 days after the event. Each
SCLB reports infant’s information such as gestational age,
birthweight, gender, and date of birth. It also reports informa-
tion regarding mother’s health status, socio-demographic
characteristics (e.g., age, citizenship, educational attainment)
and occupational status, number of previous miscarriages,
type of conception (natural or assisted), obstetric procedures,
characteristics and method of delivery (e.g., normal delivery or
caesarian section), and inclusion of any abnormal conditions or
congenital anomalies of the infant, cause of mortality, and infor-
mation about use of prenatal care services (for further details,
see Decree number 349/2001 of the Italian Ministry of Health).
We remark that information on the detailed phenotype of PTB
(i.e., medically indicated versus idiopathic preterm birth) are
not available in the SCLB.

As already mentioned, for our study, we consider women who
delivered at least once and for the first time in the period 2005-
2013. We also consider just singleton births originating from
natural conceptions and with a birthweight of at least 500 g and
a gestational age between 24 and 42 (included) weeks (note that
in Italy it is not possible to deliver after 42 weeks; after this term
the labor is induced). Moreover, pregnancies with a physiological
course are taken into account, being pathological a pregnancy
for which some adverse conditions arise, such as autoimmune
diseases, multiple pregnancies, hypertension, presence of pelvic
mass, Rh isoimmunization, or diabetes. In other words, exclu-
sion criteria are multiple births, pregnancies originating from
assisted reproduction methods, and pregnancies characterized by
a pathological course, which represent well-known risk factors
for PTB (17-19). Therefore, their inclusion in these factors could
obscure the significant effect of other determinants. Moreover,
the decision to consider deliveries with a gestational age of at least
24 weeks is driven by the medical practice that considers this as
the boundary between miscarriage and PTB, whereas the value
of 500 g for the birthweight represents the minimum threshold
to consider a fetus capable of an independent life. Overall, the
longitudinal dataset we analyze comprises 28,603 women and
34,224 babies/deliveries. The 81.37% (23,274) of these women
delivered just once in the period at issue, whereas the 17.65%
(5,049) of women delivered twice and the remaining 0.98% of
women gave birth to three (268) or four (12) infants in the period
we consider.

2.2. Variables of Interest

Table 1 reports the list of variables taken into account in the
study, together with some basic descriptive statistics. Some vari-
ables, such as some partner’s characteristics, are ignored in the
study due to missing data; birthweight is also ignored as it is an
outcome of pregnancy occurring in conjunction with gestational
age [a recent study that relates birthweight to gestational age is

TABLE 1 | Description and distribution of variables.

Variable description Category Proportion
PTB Preterm birth (<37 weeks) 0.036
Full-term birth 0.964
Woman’s age <20 years 0.021
20-34 years 0.762
>35 years 0.217
Woman'’s citizenship Italian 0.787
Other Western 0.006
East-European 0.132
Other 0.075
Woman’s education Compulsory diploma 0.191
High school diploma 0.512
Degree or higher 0.297
Woman’s occupational status No job 0.324
Employee 0.542
Freelancer or manager 0.134
Partner’s occupational status No job 0.041
Employee 0.670
Freelancer or manager 0.289
Previous miscarriages None 0.853
1 miscarriage 0.120
>2 miscarriages 0.026
Parity First baby 0.836
Pluriparous 0.164
Interval between pregnancies (only <6 months 0.028
pluriparous) 6-12 months 0.128
12-18 months 0.148
>18 months 0.702
First medical check <38 months 0.981
>3 months 0.019
Baby’s gender Female 0.483
Male 0.517

illustrated in Ref. (20)]. We specify that, having dropped variables
with missing data, the remaining variables used in the study do
not present problems of unobserved values.

The response variable of interest, PTB, is binary and it is equal
to 1 for a delivery happening before 37 gestational weeks and to
0 otherwise. We observe (Table 1) that preterm deliveries are the
3.6% of the total number. As previously illustrated, we do not
account for high-risk pregnancies, and this value is lower than
the overall Italian PTB rate (6.9%). Among pluriparous women,
this percentage rises to 13.2% in the case of women who delivered
preterm at the previous born, whereas it is equal to 2.3% for
women who had a previous full-term birth.

Concerning the possible determinants of PTB, we observe
that the great majority of women is between 20 and 34 years old
(76.2%), is Italian (78.7%), has a job position (67.6%), mainly
as employee (54.2%), and has an employee (67.0%) or a free-
lancer or manager partner (28.9%). Besides, around one-half of
women has a high school diploma, whereas less than one-third
has a degree or a higher level of education (e.g., master, PhD);
the remaining 19.1% of women attained at most a compulsory
qualification.

Regarding the childbearing history, the 85.3% of women did
not have any miscarriage, and the 12.0% had just one miscar-
riage. Furthermore, the 83.6% of women is waiting her first born
and, among those who are waiting a following baby, the 70.2%
conceived more than 18 months after the previous delivery,
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whereas the time interval between a pregnancy and the following
conception is between 12 and 18 months in the 14.8% of cases and
between 6 and 12 months in the 12.3% of cases. We also observe
that the first prenatal visit usually happens within the end of the
first trimester (98.1%). Finally, among the newborns 48.3% are
females, and 51.7% are males.

2.3. Statistical Method

The longitudinal structure of the available data, due to deliveries
nested within women, allows us to account for the dependence
between the type of delivery (preterm or not) for different
pregnancies of the same mother. To properly account for such a
dependence, we adopt two types of logit model for the event that
the birth is preterm.

Let i denote a woman in the database, with i = 1, ..., #, and,
for each woman, let j denote a baby/delivery, with j =1, ..., J.
Moreover, let y; be the binary response variable equal to 1 if
delivery j is preterm (PTB) and to 0 otherwise (full-term birth).
We also introduce a vector of covariates, x;;, collecting observed
womans characteristics, which may change with pregnancy, and
observed baby/pregnancy characteristics. In particular, vector x;
collects the variables listed in Table 1, that is, the lagged response,
woman’s age, womans citizenship, woman’s education, woman’s
and her partner occupational status, previous miscarriages, par-
ity, time interval between a pregnancy and the following concep-
tion, gestational age for the first medical check, and baby’s gender.

The first model we use for the analysis is a pooled logit model
based on the assumption

=1 x;
M=ﬂ0+x,§ﬂ, i:1,...,n,j=1,...,]i, (1)
p(y; =0]x;)
where /3 is the constant term and /3 is the column vector of regres-
sion parameters. This model is characterized by the inclusion,
among the covariates, of the lagged response variable. In such a
way, we account for the information from previous deliveries in
terms of gestational age and, then, for the longitudinal structure
of the data. The main drawback of this naive approach is that it
does not explicitly consider the effect on the probability of PTB of
unobserved (and unobservable) woman’s characteristics, which
are time constant and tend to affect the probability of PTB across
repeated pregnancies. This is an additional effect with respect
to that of the observed and, usually time-varying, covariates.
Therefore, we also estimate a random-effects logit model (13-15,
21), which originates from model (1) by introducing a latent
component u;, specific of each woman, as follows:

=1, x;
M=ﬂ0+x,9ﬁ+ui, i=L..,nj=1..],.
ply; =0]u,x; 2)

As usual, the random effects u; are assumed to be independ-
ent and normally distributed with mean equal to 0 and constant
variance o . In practice, each u; summarizes all the mother’s
unobservable time-constant characteristics and captures the
unobserved heterogeneity between women in terms of risk
of having a preterm delivery. A possible interpretation is that

this random effect represents the effect on PTB of the genetic
characteristics of the woman it is referred to. We outline that,
in principle, vector x; in equation (2) includes the lagged PTB
response variable, similarly to equation (1). We expect that, in the
presence of a spurious correlation between outcomes of subse-
quent births in terms of gestational ages, the regression coeflicient
of the lagged response is significant in the pooled model (1), but
not in the random-effects model (2).

From equation (2), it is clear that the probability of PTB,
that is,

1
1+exp{—(ﬂo+x,~;ﬁ+uiﬂ’

i=l..,nj=1..,],
(3)

p(yij =1u,x,) =

depends both on the observed values of the covariates in x; and
on the value assumed by the random component u; for the i-th
woman: values of u; much higher (smaller) than zero imply a
higher (smaller) probability of PTB with respect to an “average”
woman, being constant all the observed covariates. Therefore,
if we are interested in using model (3) for predictive purposes
(13, 22), we may consider two scenarios:

o for a woman at her first birth, the best prediction of probability
of PTB is obtained by substituting in equation (3) the observed
values of covariates in x; and value 0 in u;

o for a pluriparous woman, we may use the woman’s history in
terms of previous events of preterm deliveries to update the
value of u;, which will generally differ from 0. More in detail,
we expect a posterior value of u; greater than 0 in the case of
women who had at least a previous PTB and a posterior value
of u; less than zero in the case of women who never experi-
enced a PTB. In practice, for a woman at her second baby, we
compute the empirical Bayes estimates of random effects (13)
on the basis of the estimates of regression parameters f and
and, then, we calculate their expected value conditionally on
yi =1 and to y; = 0: the results provide the posterior predicted
values of u; if the first birth took place preterm and if the first
birth took place full term, respectively. In the case of a third
or a successive pregnancy, the expected values of the random
effects are obtained along the same lines, taking into account
the outcomes of all the previous pregnancies.

Rather than replacing u; with a point estimate as described
above, a procedure that provides rather similar results consists
in computing the predicted probability of PTB by integrating
equation (3) on the prior distribution of random effects, in the
case of a primiparous woman, and on the posterior distribution,
in the case of a pluriparous woman.

The two proposed models, based on assumptions (1) and (2),
are compared in terms of goodness-of-fit through certain well-
known information criteria, which are commonly used for the
choice between non-nested models (i.e., models which cannot be
obtained one from the other through suitable constraints on the
parameters): the Akaike’s Information Criterion [AIC (23)] and
the Bayesian Information Criterion [BIC (24)]. Both criteria are
based on a penalized version of the log-likelihood function, so as
to account for the model complexity (measured by the number
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of free parameters) and, in the case of the BIC index, for the
sample size.

The first criterion is based on estimating the Kullback-Leibler
divergence between the true distribution and the estimated
distribution of the data and accounts for the tradeoff between
goodness-of-fit (measured by the log-likelihood) and complexity
(in terms of number of parameters) of the model. It is defined on
the basis of the following index

AIC =20 + 2 #par,

where ¢ is the maximum log-likelihood for the model of interest
and #par denotes the number of free parameters. The BIC crite-
rion relies, instead, on a larger penalty for the model complexity
than AIC, being based on the following index

BIC=-20+ log(n) #par,

where 7 is the sample size, that is, the number of women consid-
ered in the study.

According to the criteria described above, one should prefer
the model with the smallest value of AIC or BIC. Another useful
index to assess the random-effects model is based on the Intraclass
Correlation Coeflicient [ICC (21)], which corresponds to the
proportion of variance of the response variable due to woman’s
unobservable characteristics accounted by the mother-specific
latent effect component, that is,

2
10C=—

GM + ”T

where 7%/3 represents the variance of the latent effect at baby/
delivery level, having a standard logistic distribution, and,
therefore, o’ + % is the total variance of y; [for more details see,
among others, Ref. (21)].

3. RESULTS AND DISCUSSION

Tables 2 and 3 report the estimates of the regression coeflicients
in the pooled logit model (model M0) and the random-effects
logit model (model M1), respectively. In both cases, the odds
ratios are shown with the corresponding SEs and limits of the
confidence intervals (at 95% level) denoted by /; and L, other than
the value of the test statistic and the corresponding p-value; for
the random-effects model we also report the estimate of the ICC.

According to the results in Table 2, we note that the odds
ratio of having a preterm delivery is significantly affected by the
womans history in terms of previous PTB (p-value < 0.001):
the odds ratio for delivering before 37 gestational weeks is more
than 6 times (limits of confidence interval at 95%: [, = 3.94
and , = 10.22) higher for pluriparous women who already
experienced a PTB with respect to pluriparous women who
experienced a previous full-term delivery. A recent study (25)
confirmed that multiple previous spontaneous PTBs and no
previous preterm births are independent risk factors for recur-
rence. In particular, authors found that approximately one in six
women with a previous spontaneous PTB suffered a recurrent
spontaneous PTB.

We also observe a highly significant effect for the following
characteristics: woman’s age, previous miscarriages, parity, and
baby’s gender. More in detail, the odds of PTB are higher for pri-
miparous women (odds ratio = 1.720; [, = 1.384 and , = 2.137)
older than 35 years (odds ratio = 1.258; [, = 1.092 and , = 1.449),
who are waiting a male infant (odds ratio = 1.222; I, = 1.090 and
I, =1.371) and experienced in their past at least two miscarriages
(odds ratio = 1.524; [, = 1.127 and [, = 2.059). On the contrary,
a mother’s age less than 20 years and the experience of only one
miscarriage do not affect in a significant way the risk of preterm
delivery.

According to certain studies, an extreme maternal age rep-
resents a risk factor for preterm deliveries (26-28), although
Carmichael et al. (29) recently described a null effect of being
very young white woman and a positive effect of being older
white woman. Another crucial typology of risk factors for PTB is
represented by the woman’s childbearing history, such as previous
PTBs, multiple pregnancies, hypertensive disease of pregnancy,
and other woman’s characteristics, such as a low maternal body-
mass index, pre-existing non-communicable diseases, or infec-
tions (30-32). In this regard, our analysis outlines that women
with previous histories of miscarriages tend to have a higher risk
of PTB; see also Ref. (33) for a similar result.

In addition, neither the time of the first medical check (which
can be considered as a proxy of the prenatal care) nor the time
interval between a pregnancy and the following conception
have any significant effect on the probability of PTB. This result
is not in agreement with the literature (34) that demonstrated
the association between a short period of time between birth
and a subsequent conception with adverse perinatal outcomes
such as preterm birth, even after adjusting for concomitant risk
factors.

Among the covariates related to the socioeconomic status, we
outline the relevance of the educational level. Women with a high
school diploma (odds ratio = 0.825; I; = 0.710 and L, = 0.960;
p-value = 0.013) and, more evidently, with a degree or another
university title (odds ratio = 0.773; I, = 0.648 and L, = 0.922;
p-value = 0.004) have a reduced risk of PTB with respect to
women with just a compulsory diploma. More in detail, a low
socioeconomic position is generally associated with an increased
risk of PTB and, among socioeconomic measures, the woman’s
educational level is the strongest predictor of PTB (35, 36).
Generally speaking, several studies have shown that education is
a valuable dimension of socioeconomic status, and it allows us to
consistently predict the health status, especially for women and
their children (37).

A moderately significant effect (p-value < 0.10) is also
observed for the woman’s citizenship, with women from East-
Europe disadvantaged with respect to the other ones, and for the
occupational status, being the unemployment condition of the
woman or of her partner an element of disadvantage with respect
to the status of worker.

The previous results are in agreement with the main stream
of the literature [for a recent systematic review, see Ref. (38)],
according to which, in addition to the past and current preg-
nancy history and current stress factors, socioeconomic factors
are associated with PTB, including social class, usually assessed
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TABLE 2 | Estimates of demographic and socioeconomic characteristics for PTB: pooled logit model (model MO0).

Covariate Category Odds ratio SE z-Value p-Value I 1>
Constant 0.020 0.003 —28.440 <0.001 0.016 0.027
Previous PTB Full-term birth - - - - - -
Preterm birth 6.345 1.543 7.600 <0.001 3.940 10.218
Woman’s age 20-34 years - - - - - -
<20 years 1.068 0.194 0.370 0.715 0.749 1.524
>35 years 1.258 0.091 3.170 0.002 1.092 1.449
Woman’s citizenship Italian - - - - - -
Other Western 1.054 0.383 0.150 0.884 0.517 2.148
East-European 1177 0.105 1.830 0.068 0.988 1.401
Other 1.089 0.122 0.760 0.449 0.874 1.357
Woman'’s education Compulsory diploma - - - - - -
High school diploma 0.825 0.064 —2.490 0.013 0.710 0.960
Degree or higher 0.773 0.069 -2.870 0.004 0.648 0.922
Woman'’s occupation status Employee - - - - - -
No job 1.150 0.082 1.950 0.051 0.999 1.322
Freelancer or manager 1.074 0.099 0.770 0.440 0.896 1.287
Partner’s occupation status Employee - - - - - -
No job 1.250 0.164 1.700 0.089 0.966 1.618
Freelancer or manager 1.018 0.069 0.260 0.793 0.892 1.162
Previous miscarriages None - - - - - -
1 miscarriage 1.060 0.095 0.650 0.514 0.890 1.262
>2 miscarriages 1.524 0.234 2.740 0.006 1.127 2.059
Parity Second baby or more - - - - - -
First baby 1.720 0.191 4.890 <0.001 1.384 2137
Interval between pregnancies >18 months - - - - - -
12-18 months 0.983 0.245 -0.070 0.945 0.604 1.601
6-12 months 0.823 0.226 -0.710 0.478 0.481 1.409
<6 months 1.285 0.559 0.580 0.564 0.548 3.015
First medical check <3 months - - - - - -
>3 months 1.292 0.236 1.410 0.160 0.904 1.848
Baby’s gender Female - - - - - -
Male 1.222 0.072 3.420 0.001 1.090 1.371

by earnings and education, working condition (professional
status, ergonomic environment, working hours), physical and
traveling activities, daily life activities, lifestyle, family status,
emotional distress, and psychosocial conditions. Other studies
suggest that partner’s socioeconomic status might also have a
significant association with birth outcomes in general (39, 40)
and, coherently with our results, with PTB (41). However, it must
to be noted that, even though both parents play an important
role in the socioeconomic status of a family, few studies have
considered the combined effects of paternal and maternal char-
acteristics on PTB and that, traditionally, maternal influence is
believed to be more important for birth outcomes than paternal
influence (42).

Estimates of the parameters of the random-effects model
are very similar to those of the corresponding parameters of
the pooled model for all the covariates, with the only excep-
tion of the lagged response variable (compare Table 2 with
Table 3). After having controlled for the unobserved woman’s
characteristics summarized through the random effects, the
estimated value of the odds ratio for previous PTB is strongly
reduced and is not significant, with a p-value equal to 0.617.
This result suggests a spurious state dependence (16) between
outcomes referred to consecutive deliveries. In other words, the
association found by the pooled model (model M0) between
gestational terms of consecutive deliveries is not due to a true

state dependence between the involved variables (in the sense
that the term of a given delivery affects the term of the fol-
lowing delivery for the same woman), but to the omission of
time-constant woman’s characteristics affecting the probability
of PTB at all pregnancies. On the contrary, a situation of true
state dependence would correspond to estimated odds ratio and
p-value substantially unchanged after including random effects
to control for the unobserved and time-persistent woman’s
characteristics taking also into account the longitudinal struc-
ture of the dataset.

We also consider two variants of model M1 that are formu-
lated to control for potential endogeneity due to the simultaneous
presence of lagged PTB and random effects. First, we specify the
linear predictor of model M1 conditionally on the covariates
observed at the first delivery, and second, we add to the original
formulation of model M1 the average values of time-varying
covariates for each woman (43). In both cases, results (not shown
here) confirm the absence of dependence between consecutive
deliveries in terms of preterm births.

Values of AIC and BIC indices are shown in Table 4 for models
MO0, M1, and, additionally, for a random-effects model without
the lagged response among the covariates (model M2), whose
parameter estimates are shown in Table 5.

Both information criteria (Table 4) indicate that the best
compromise between goodness-of-fit and complexity is provided
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TABLE 3 | Estimates of demographic and socioeconomic characteristics for PTB: logit model with random-effects and lagged PTB (model M1).

Covariate Category Odds ratio SE z-Value p-Value I 1>
Fixed effects
Constant 0.006 0.003 —10.560 <0.001 0.002 0.015
Previous PTB Full-term birth - - - - - -
Preterm birth 0.695 0.505 —0.500 0.617 0.167 2.891
Woman’s age 20-34 years - - - - - -
<20 years 1.084 0.245 0.360 0.722 0.696 1.687
>35 years 1.321 0.121 3.040 0.002 1.104 1.580
Woman’s citizenship [talian - - - - - -
Other Western 1.062 0.478 0.130 0.893 0.440 2.565
East-European 1.227 0.138 1.820 0.069 0.984 1.530
Other 1.109 0.155 0.740 0.462 0.842 1.459
Woman'’s education Compulsory diploma - - - - - -
High school diploma 0.789 0.077 -2.430 0.015 0.651 0.955
Degree or higher 0.728 0.083 -2.780 0.005 0.581 0.911
Woman'’s occupational status Employee - - - - - -
No job 1.201 0.107 2.050 0.040 1.008 1.431
Freelancer or manager 1.093 0.123 0.790 0.431 0.876 1.363
Partner’s occupational status Employee - - - - - -
No job 1.315 0.217 1.660 0.098 0.951 1.819
Freelancer or manager 1.026 0.085 0.310 0.753 0.873 1.207
Previous miscarriages None - - - - - -
1 miscarriage 1.062 0.116 0.550 0.580 0.858 1.316
>2 miscarriage 1.683 0.337 2.600 0.009 1.136 2.493
Parity Second baby or more - - - - - -
First baby 1.499 0.219 2.770 0.006 1.125 1.995
Interval between pregnancies >18 months - - - - - -
12-18 months 0.979 0.277 -0.070 0.942 0.562 1.706
6-12 months 0.814 0.253 —0.660 0.509 0.443 1.498
<6 months 1.446 0.732 0.730 0.466 0.536 3.898
First medical check <3 months - - - - - -
>3 months 1.377 0.316 1.400 0.163 0.879 2.158
Baby’s gender Female - - - - - -
Male 1.258 0.091 3.190 0.001 1.093 1.450
Random effects
ICC 0.514 0.111 0.306 0.716

by model M2, corroborating the above interpretation about the
presence of unobserved factors affecting the gestational terms of
consecutive deliveries of the same woman. Concerning the other
covariates, parameter estimates of model M2 (Table 5) are coher-
ent with those of the other models and, additionally, the selected
model allows us to explain the 45.6% of the total variance of the
probability of PTB.

Finally, we illustrate how the selected random-effects model
M2 may be used for predictive purposes. As an example, in
Table 6, some individual profiles are reported (row #1 of the table
refers to a generic pregnant woman); for each of them the prob-
ability of PTB is calculated, distinguishing between primiparous
and pluriparous women (in the specific case, women at her sec-
ond delivery) and, related to this latter type of woman, between
women who experienced a previous full-term birth and women
who experienced a previous PTB. See also related Figure 1 for a
graphical representation.

The probabilities previously reported are predicted on the basis
of the estimated regression coeflicients of model M2. Besides, in
the case of a first birth, we assume a value of the random effect
equal to 0 (i.e., equal to the average value at population level),
whereas in the case of a successive birth we update this value on

TABLE 4 | Goodness-of-fit for the estimated models (MO, M1, M2):
estimated maximum log-likelihood value, number of parameters (# par),
AIC, and BIC indices.

Model Random Lagged Log-likelihood # par AlC BIC
effects PTB
MO No Yes —5248.4413 21 10538.883 10712.369

M1 Yes Yes
M2 Yes No

—5246.5318 22
-5246.6082 21

10637.064 10718.811
10535.216 10708.703

the basis of the information about the gestational terms of the
previous delivery. In this way, the expected probability of PTB
for a generic primiparous woman (Table 6, row # 1; Figure 1,
top left panel) equals 1.3%, whereas it reduces to 0.7% for a
pluriparous woman whose previous pregnancy ended at full term
and rises to 6.9% in the case of a previous preterm delivery. We
also observe that these three expected probabilities rise to 4.7,
2.8, and 22.7%, respectively, in presence of particularly adverse
conditions (Table 6, row # 2; Figure 1, top left panel). Similar
conclusions are found by Kazemier et al. (44) who compare the
risk of spontaneous PTB after a previous PTB and after a previous
full-term pregnancy: they find that 22.1% of all singleton preterm
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TABLE 5 | Estimates of demographic and socioeconomic characteristics for PTB: logit model with random-effects and without lagged PTB (model M2).

Covariate Category Odds ratio SE z-Value p-Value I 1>
Fixed effects
Constant 0.007 0.002 —18.330 <0.001 0.004 0.012
Woman’s age 20-34 years - - - - - -
<20 years 1.080 0.233 0.360 0.722 0.707 1.650
>35 years 1.307 0.111 3.140 0.002 1.105 1.544
Woman’s citizenship Italian - - - - - -
Other Western 1.060 0.456 0.130 0.893 0.456 2.462
East-European 1.216 0.129 1.840 0.065 0.988 1.498
Other 1.104 0.148 0.740 0.459 0.849 1.435
Woman'’s education Compulsory diploma - - - - - -
High school diploma 0.797 0.073 —2.480 0.013 0.666 0.953
Degree or higher 0.738 0.079 -2.860 0.004 0.599 0.909
Woman'’s occupational status Employee - - - - - -
No job 1.190 0.100 2.070 0.038 1.010 1.403
Freelancer or manager 1.089 0.118 0.790 0.430 0.881 1.346
Partner’s occupational status Employee - - - - - -
No job 1.301 0.204 1.680 0.094 0.956 1.770
Freelancer or manager 1.024 0.081 0.300 0.763 0.877 1.196
Previous miscarriages None - - - - - -
1 miscarriage 1.062 0.111 0.570 0.566 0.865 1.304
>2 miscarriages 1.648 0.309 2.660 0.008 1.141 2.380
Parity Second baby or more - - - - - -
First baby 1.558 0.183 3.770 <0.001 1.237 1.961
Interval between pregnancies >18 months - - - - - -
12-18 months 0.980 0.271 -0.070 0.943 0.570 1.685
6-12 months 0.814 0.248 —0.680 0.498 0.448 1.477
<6 months 1.422 0.700 0.720 0.475 0.542 3.733
First medical check <3 months - - - - - -
>3 months 1.359 0.297 1.400 0.160 0.886 2.084
Baby’s gender Female - - - - - -
Male 1.250 0.085 3.270 0.001 1.094 1.429
Random effects
ICC 0.456 0.053 0.356 0.560

births in the second pregnancy comes from women with a pre-
vious preterm singleton birth and that women with a previous
singleton PTB have a statistically significant increased risk for
recurrent PTB compared with women with a previous full-term
birth (odds ratio 5.43, [, = 4.03; , = 7.31).

4. CONCLUSIONS

Excluding cases affected by known reasons for PTB, such as
pathological and multiple pregnancies as well as iatrogenic factors
(e.g., intensive use of infertility treatments leading to increased
rates of multiple pregnancies), the present study evaluates the
state of reproductive science relevant to understanding the causes
of PTB. The study also identifies potential targets for prevention
and outlines challenges and opportunities for translating research
findings into effective interventions.

The mechanisms underlying the process leading to a preterm
delivery involve a wide range of biological, environmental, behav-
ioral, social, and clinical factors and, with the exception of some
known risk factors above mentioned, they remain poorly under-
stood (45). In our study, we find that the outcomes of subsequent
deliveries in terms of gestational age (preterm versus full term)
are not correlated each other, after having controlled for time-
persistent unobservable woman characteristics. This important

conclusion suggests the existence of a sort of woman-specific
predisposition responsible for repeated preterm deliveries and
encourages future studies on the human genome; for conclusions
in the same direction see also Ref. (46, 47).

The proposed study has also relevant policy implications, as it
allows us to predict the probability of PTB for different individual
profiles, distinguishing between primiparous and pluriparous
women, and, related to this latter type of woman, between women
who experienced a previous full-term birth and women who
experienced a previous PTB. We outline that the estimation of
individual probability of PTB is an essential process for patient-
centered care (48). Indeed, individual risk-based counseling may
motivate patients to learn about methods of risk reduction and
to interpret early signs of preterm labor, and it may facilitate the
decision-making process for preventive interventions. In this
regard, we also find that the first medical check has no effect on
PTB. This result agrees with the Cochrane systematic review (49)
that evaluates the possible effects of a range of interventions on
PTB. Few interventions have shown to be effective (e.g., cerclage,
prophylactic progesterone, and fetal fibronectin testing), whereas
for around a half of the interventions evaluated, the Cochrane
review concluded that there is insufficient evidence to provide
sound recommendations for clinical practice. Among interven-
tions without a significant effect on PTB risk, there were risk
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TABLE 6 | Estimated probabilities of PTB for some individual profiles, distinguishing between first births and second births.

# Woman’s Woman’s Woman’s Woman’s Partner’s Previous Baby’s First birth Second birth
age citizenship education occup. st. occup. st. miscar. gender
Previous full term  Previous PTB
1 - - - - - - - 0.013 0.007 0.069
2 >35 East-Europ. Compul. No job No job >2 Male 0.047 0.028 0.227
3 20-34 Italian - - - - 0.012 0.007 0.063
4 >35 Italian - - - - - 0.015 0.009 0.081
5 >35 East-Europ. - - - - - 0.018 0.011 0.097
6 20-34 [talian - Employee Employee - - 0.011 0.006 0.058
7 20-34 Italian - No job No job - - 0.016 0.009 0.087
8 - East-Europ. Compul. No job Employee - - 0.017 0.010 0.092
9 20-34 - Degree - - - - 0.011 0.006 0.059
10 >35 - - - - >2 - 0.025 0.014 0.128
0.250 0.100
0.090
0.200 0.080
0.070 1
0.150 0.060
0.050 ==-+---profile 3
"""" Profile 1
0.100 1 0.040 —e—profile 4
—=— Profile 2 0.030 1
— * - Profile 5
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0.010
0.000 0.000
First birth Second birth Second birth First birth Second birth Second birth
{previous full (previous PT8) (previous full (previous PT8)
term) term)
0.100 T 0.140
0.090
0.120
0.080
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0.050 “==-= Profile 8
0.040 7 Profles 0060 —=— Profile 9
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0.030 e 0.0%0 — « - profile 10
0.020
0.020
0.010
0.000 0.000
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(previous full (previous PT8) (previous full (previous PTB)
term) term)
FIGURE 1 | Probability of PTB in the case of first birth, second birth given a previous full-term birth, and second birth given a previous PTB, for each
profile defined in Table 6.

scoring systems for predicting PTB, but even psychosocial
interventions and alternative models of care, such as additional
support versus usual care during at-risk pregnancy and special-
ized antenatal care versus routine care in singleton pregnancies
at high risk of PTB.

Among the main strengths of our study, we recall that it is
population based (and not sample based); therefore, the back-
ground characteristics of individuals do not differ at all from those
of the general population. Besides, the study involves multiple
factors that affect pregnancy and birth outcomes, accounting in
an explicit way for the longitudinal structure of the data in which
repeated pregnancies are nested within women. With respect
to the state-of-art, we also stress the role of demographic and
socioeconomic characteristics.

In conclusion, our study contributes to the existing literature
in two main directions. First, the spurious correlation between
subsequent deliveries suggests the existence of a time-persistent
woman-specific predisposition responsible for repeated preterm
deliveries, which could be attributable to genetic characteristics,
so encouraging future studies on the humane genome. Second,
spotting profiles of women who differ for the probability of hav-
ing a preterm delivery allows us to identify potential target groups
for prevention and outlines challenges and opportunities for
translating research findings into effective interventions. On the
other hand, we are aware of some limitations of the study, mainly
related to the poor quality of some registered data (e.g., partner’s
characteristics) deriving from possible inaccuracy of medical
staff and related to the absence of some potentially relevant
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clinical information, such as diseases in pregnancy, distinction
between idiopathic and medically indicated PTB, and smoking
and drinking habits.
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