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Abstract
Background: Some scholars posit that attempts to avert stillbirth among extremely preterm gestations may result
in a live birth but an early neonatal death. The literature, however, reports no empirical test of this potential form of
left truncation. We examine whether annual cohorts delivered at extremely preterm gestational ages show an
inverse correlation between their incidence of stillbirth and early neonatal death.
Methods: We retrieved live birth and infant death information from the California Linked Birth and Infant Death
Cohort Files for years 1989 to 2015. We defined the extremely preterm period as delivery from 22 to < 28 weeks of
gestation and early neonatal death as infant death at less than 7 days of life. We calculated proportions of stillbirth
and early neonatal death separately by cohort year, race/ethnicity, and sex. Our correlational analysis controlled for
well-documented declines in neonatal mortality over time.
Results: California reported 89,276 extremely preterm deliveries (live births and stillbirths) to Hispanic, non-Hispanic
(NH) Black, and NH white mothers from 1989 to 2015. Findings indicate an inverse correlation between stillbirth
and early neonatal death in the same cohort year (coefficient: -0.27, 95% CI of − 0.11; − 0.42). Results remain robust
to alternative specifications and falsification tests.
Conclusions: Findings support the notion that cohorts with an elevated risk of stillbirth also show a reduced risk of
early neonatal death among extremely preterm deliveries. Results add to the evidence base that selection in utero
may influence the survival characteristics of live-born cohorts.
Keywords: Stillbirth, Neonatal death, Live birth, Left truncation Bias

Background
Infants born alive at extremely early gestational ages face
substantial risk of imminent death. Extremely preterm
births (i.e., delivery at less than 28 weeks' gestational age
[GA]), for instance, account for less than 1% of all live
births but over 40% of neonatal mortality [1, 2]. The majority of these infant deaths occur in the early neonatal
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period which extends to less than 7 days after birth. Substantial advancements in obstetric monitoring, neonatal
care, and medical technology since the 1980s in highincome countries correspond with reductions over time
in neonatal mortality [2, 3]. However, the incidence of
early neonatal mortality among extremely preterm live
births in the US remains between 15 and 20% [4, 5].
Epidemiologists continue to debate how to best estimate the population at risk in the perinatal period [6–
11]. Some argue that all fetuses which pass through a
particular GA “starting point” (e.g., > 22 weeks) represent
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a risk set, or denominator, of gestations at risk of ending
with a neonatal death. According to this reasoning, those
that die in utero and receive a classification of stillbirth
would also appear in this risk set. This logic appears
reflected in the rationale for the use of a composite outcome of perinatal death in randomized trials of obstetrical interventions in which both stillbirths and early
neonatal deaths represent “cases” [6, 12]. This composite
perinatal death outcome coheres with the argument that
stillbirths near week 22, at the threshold of viability,
would have been at elevated risk for early neonatal death
had they been born live. This “left truncation” argument
[13, 14], if distilled to the realm of clinical decisionmaking, assumes that attempts to avert imminent stillbirth among threatened gestations may “convert” a subset of them to a live-born delivery but result in an early
neonatal death.
The literature, however, also includes reports in which
stillbirth and early neonatal death may be considered as
distinct entities [7, 15]. The argument arises from two
strands of evidence. First, in high-income countries that
use consistent definitions and classification schemes, risk
factors differ for stillbirth and early neonatal death. For
instance, in the 1990s in Canada, congenital anomalies
reportedly accounted for over 45% of early neonatal
deaths but only ~ 9% of stillbirths reaching 25 weeks'
GA [15]. Second, the risk of early neonatal death in the
US has fallen, but the risk of stillbirth at GAs in the extremely preterm period (< 28 weeks' GA) has remained
unchanged [16]. These divergent population-level patterns indicate distinct antecedents of early neonatal
death and stillbirth among extremely preterm gestations.
Taken together, the field continues to debate various circumstances under which researchers should regard stillbirth and early neonatal death as joint or distinct
outcomes [11, 17].
A recent report using data from California finds that
an abrupt downward shift in stillbirths over time coincides with an upward shift in live births delivered in the
extremely preterm period [18]. This report, while suggestive of left truncation, has no information on infant
death and therefore cannot address whether early neonatal death in the extremely preterm period falls in pregnancy cohorts in which the risk of stillbirth rises.
Understanding this potential relation would inform the
extent to which intensity of fetal selection shapes the
survival characteristics of live-born cohorts. In this
paper, we contribute to the literature by testing in California over a 26-year period whether annual cohorts delivered at extremely preterm GAs show an inverse
correlation between their proportions of stillbirth and
early neonatal death.
We apply methods that adjust for the secular decline
since 1990 in the risk of early neonatal death before
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conducting our correlational test. In addition, given
well-documented differences in risks of stillbirth and
early neonatal death by race/ethnicity and fetal sex, we
stratify pregnancy cohorts by maternal race/ethnicity
and sex of gestation [15, 16, 19–23]. Our analysis focuses on California because, in addition to accounting
for ~ 15% of all US births, the state uses consistent definitions and data collection practices for recording stillbirths over a long time period (i.e., 1989–2015) [24].
The US file, by contrast, makes available fewer years of
cohort mortality data and reflects a mix of states with
substantial differences in quality and reporting practices
of stillbirth.

Methods
We retrieved live birth and infant death information
from the California Linked Birth and Infant Death Cohort File (BCF) from 1989 to 2015. The cohort nature of
the BCF allows for the estimation of incident early neonatal death. Our study period began in 1989 and ended
in 2015. This time period uses consistent definitions for
live births and early neonatal deaths. The methodology
of reporting births and infant deaths in California has
not changed over the time period and remains nearly
100% complete [22, 24]. For administrative reasons, the
California Department of Health Services did not create
a BCF for 1998. As a result, we did not include the 1998
birth cohort in our analysis. The institutional review
boards at the California Department of Public Health (#
2018–065) and the University of California, Irvine (#
2013–9716) approved the use of these data for our
study.
We retrieved stillbirth information from the California
Fetal Death file. The State of California defines a stillbirth as a “death prior to the complete expulsion or extraction from its mother of a product of human
conception. The death is indicated by the fact that the
fetus does not breathe or show any other evidence of life
such as beating of the heart, pulsation of the umbilical
cord, or definite movement of voluntary muscles [25].”
California’s Health and Safety Code requires reporting of
all stillbirths after the 20th week of gestation except for
induced abortions [25–28]. The California Department
of Health Services uses a standard protocol to perform
quality control checks and data processing. We, as with
previous research [26], calculated the proportion of stillbirths for each year by dividing the count of stillbirths
by the sum of live births and stillbirths among extremely
preterm deliveries.
Consistent with the definition from the World Health
Organization [29], we specified the extremely preterm
period as delivery from 22 weeks 0/7 days to 27 weeks 6/
7 days of gestation. Previous literature uses this span of
gestational ages to define extreme preterm delivery for
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two reasons [2, 30, 31]. First, many clinicians argue that
22 0/7 weeks represents the lowest gestational age cutoff
for a viable delivery [32, 33]. Second, the risk of infant
death among live births beginning at 28 0/7 weeks falls
below 5% [34]. We therefore restricted our analysis to
stillbirths and live births from 22 0/7 to 27 6/7 weeks of
gestation. In addition, we restricted the sample to singleton gestations owing to the shorter mean gestational age
of multiple births and the greater risk of perinatal death
among them regardless of gestational age [34].
We used early neonatal death as a key indicator of
perinatal health whose causes likely originate during
pregnancy [35]. Early neonatal death is defined as an infant death at less than 7 days of life [36, 37]. Consistent
with definitions used for surveillance in California and
elsewhere, only live births represent the risk set of possible early neonatal deaths [35, 38]. We therefore calculated the proportion of early neonatal deaths by dividing
the number of infant deaths in the first 7 days of life by
the total number of live births.
The risk of stillbirth and early neonatal death vary substantially by race/ethnicity and by sex [16, 39, 40]. For
this reason, we arrayed all extremely preterm deliveries
by race/ethnicity and sex before conducting the statistical analyses. Given that the notion of left truncation
represents a cohort concept, we did not include
individual-level controls in our aggregate-level test. We
excluded records with missing or unknown race/ethnicity (0.87%) or sex (<.0001%) as well as live birth records
with implausible birthweight for gestational age information (1.2%) [41] and stillbirths with missing values for
GA (10.2%). The welcomed rarity of extremely preterm
deliveries creates an analytic challenge in providing
stable estimates, by race/ethnicity and sex, of the annual
incidence of stillbirth and early neonatal death. To
minimize the role of stochastic variation in our analysis,
we focused only on race/ethnicities with a minimum of
100 extremely preterm deliveries per sex in each study
year. This restriction yielded three race/ethnicities: nonHispanic (NH) Black, NH white, and Hispanic.
Statistical analysis

We first plotted, by race/ethnicity and sex, the annual
incidence (1989–2015) of stillbirth and early neonatal
death among extremely preterm deliveries. Second, given
the well-documented declines over time in perinatal
mortality, we removed trend from these series (if detected by a Dickey-Fuller test) by employing ordinary least squares linear regression analysis to fit a year
variable (continuous, from 1 to 26, where 1989 = 1,
1990 = 2, etc.) [42]. We removed trend to minimize confounding due to secular improvements in perinatal care
over time that could induce a positive correlation between the risk of fetal and early neonatal death. Third,
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we tested our hypothesized inverse association between
yearly risks of fetal and early neonatal death by calculating the Pearson correlation coefficient between the detrended annual values of the two series. Given the three
race/ethnicities, two sexes, and 26 years studied, the operational sample size for the correlational analysis is 156
(i.e., 3 × 2 × 26 = 156).
We conducted additional sensitivity checks including
autoregressive, integrated, moving average (ARIMA)
time-series analyses if we discovered an inverse correlation. We applied a transfer function within the ARIMA
context [43], which identifies and removes patterns from
the early neonatal death series before inserting the independent variable (i.e., residual values of stillbirth) into
the test equation. ARIMA transfer functions provide
more efficient estimation of standard errors than do simple ordinary least squares correlational analyses since
they remove autocorrelation. Next, we repeated all analyses but examined the correlation coefficient between
stillbirth and neonatal death (i.e., death within first 28
days after birth), rather than early neonatal death, given
that a small but non-negligible fraction of frail and extremely preterm infants die between 7 and 28 days of life
[4].

Results
Over the test period, California recorded 89,276 extremely preterm deliveries (live births and stillbirths) to
Hispanic, NH Black, and NH white mothers. Table 1 describes the annual mean and range of live births, stillbirths, and early neonatal deaths by race/ethnicity. The
crude incidence of early neonatal death is 20.2 per 100
Table 1 Annual mean and range of live births, stillbirths, and
early neonatal deaths delivered extremely preterm (22 to 27
weeks of gestational age), by race/ethnicity, in California, 1989
to 2015
N

Annual mean (SD)a Annual rangeb

Non-Hispanic Black
Live births

12,604 485 (89)

377–667

Fetal deaths

2911

112 (18)

82–147

97 (29)

65–158

Early neonatal deaths 2525
Non-Hispanic white
Live births

21,725 836 (148)

632–1172

Fetal deaths

6602

254 (67)

155–409

Early neonatal deaths 4540

175 (60)

102–328

Hispanic
Live births

36,058 1387 (178)

972–1760

Fetal deaths

9376

361 (36)

253–433

Early neonatal deaths 7133

274 (35)

224–341

Abbreviation: SD standard deviation
a
Data for 1998 not available
b
Values rounded to nearest integer
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extremely preterm live births. NH whites show the
greatest incidence of neonatal death (20.9 per 100 extremely preterm live births). Table 2 describes the sociodemographic characteristics of the study population.
Figure 1 a through c plot, by race/ethnicity and sex,
the annual stillbirths among extremely preterm deliveries. We caution against comparing mean levels of stillbirth across the panels given that missing GA occurs
disproportionately among racial/ethnic minorities and
therefore underestimates stillbirth especially among NH
Blacks. The plots, rather, are useful in highlighting
(within each race/ethnicity) the substantial variation over
time in stillbirth. For NH whites, stillbirths show a
downward trend over time. For Hispanics, stillbirths also
decline over time, but this decline begins with a downward shift in 2007. By contrast, the mean level of stillbirths among NH Blacks is not lower in 2010–2015
relative to 1989–1994. For NH whites and Hispanics
(but not NH Blacks), the proportion of stillbirths among
females is greater than that of males.

Table 2 Maternal and pregnancy characteristics among
extremely preterm deliveries (22 to 27 weeks of gestational age)
in California, 1989 to 2015
Na

%b

Maternal age
18 or younger

4736

5.3

18 to 24

27,082

30.3

25 to 29

21,444

24.0

30 to 34

19,641

22.0

35 or older

16,114

18.0

Less than high school

30,637

34.3

High school graduate

27,222

30.5

Maternal education

Some college

23,065

25.8

College graduate

4760

5.3

16,251

18.2

Maternal race/ethnicity
Non-Hispanic Black
Non-Hispanic white

25,472

28.5

Hispanic

47,553

53.3

43,054

48.2

Expected source of payment
Medicaid
Private insurance

34,638

38.8

Other

11,575

13.0

Male

47,090

52.7

Female

42,186

47.3

Fetal sex

a

Values from 1998 not available
b
Column percentages may not sum to 100 due to missing values for
that variable

Fig. 1 Incidence of stillbirth among extremely preterm deliveries for
females (red) and males (blue), by race/ethnicity, in California,
1989 to 2015. a Non-Hispanic Black; b Non-Hispanic white;
c Hispanic

The risk of early neonatal death declines over time for
all race/ethnicities (Fig. 2a through c). Most of this reduction occurs before 2000. After 2000, NH Blacks show
a leveling off of early neonatal death, but male risk consistently falls below female risk (i.e., for 13 of the 15
years 2001–2015). This sex-specific pattern, after 2000,
in early neonatal death also occurs in Hispanics (i.e.,
male incidence is less than female incidence for 11 of
the 15 years 2001–2015).
The correlation coefficient between the stillbirth and
early neonatal death series, after removal of trend, supports left truncation in that it is negative and shows a
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Fig. 3 Scatter plot and best fitting line of detrended incidence of
stillbirth and early neonatal death among extremely preterm
deliveries across 156 race/ethnicity-sex-year cohorts, 1989–2015

Fig. 2 Incidence of early neonatal death among extremely preterm
live births for females (red) and males (blue), by race/ethnicity, in
California, 1989 to 2015. a Non-Hispanic Black; b Non-Hispanic white;
c Hispanic

confidence interval (CI) that does not contain 0 (coefficient.: -0.27, 95% CI of − 0.11; − 0.42). This inverse correlation indicates that, among extremely preterm
deliveries, incidence of stillbirth above trend in a particular year corresponds with fewer early neonatal deaths
among live births in that year. Figure 3 displays the scatter plot and best fitting line of this inverse correlation.
We conducted an additional sensitivity analysis to assess robustness of findings. We used a transfer function
approach within an ARIMA time-series context which
proceeded with the following steps. First, we inserted

binary indicator variables for each race/ethnicity-gender
group to remove mean differences in early neonatal
death. Second, we used autocorrelation and partial autocorrelation function routines (as outlined by Box and
Jenkins) to identify and remove patterns from the early
neonatal death series (i.e., dependent variable) [44]. Patterns detected by these routines include secular trends,
cycles, oscillations, and the tendency for high or low
values to be “remembered” in subsequent time periods
[44]. The residuals of each of the time series (after
ARIMA routines) show no patterns, have a mean of 0,
and have values statistically independent of one another
(Additional file 1: Tables S1 and S2). Third, we inserted
the unpatterned values of the stillbirth series (i.e., independent variable) into the test equation and estimated
its relation with early neonatal death. ARIMA results
show that a 1-unit change in stillbirth varies inversely
with a 0.40-unit change in early neonatal death (coefficient: -0.40, 95% CI of − 0.16; − 0.63). Note that the scale
of this ARIMA coefficient differs from that of the original test, thus precluding direct comparisons of their
magnitude. In addition, we remind the reader that although ARIMA time-series routines increase the efficiency of estimates and rule out confounding by
autocorrelation, they are conservative in that they remove patterns from both series without consideration of
whether one series (e.g., stillbirth) may have induced a
pattern in the other series (e.g., early neonatal death).
As a falsification check we inspected whether the lead
and lag cross-correlation coefficients (i.e., stillbirths in
year t-1 and early neonatal deaths in year t, and stillbirths in year t + 1 and early neonatal deaths in year t)
differ from 0 [45]. These lead and lag tests show no detectable difference from 0 (Table 3). Findings indicate
that the discovered inverse association appears specific
to pregnancy cohorts which share the same year of
delivery.
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Table 3 Cross-correlation coefficients (standard errors in parentheses) of the detrended incidence of stillbirth and early neonatal
death among extremely preterm deliveries (22 to 27 weeks of gestational age) in California, 1989 to 2015
Stillbirth precedes early neonatal death by 1 year
−0.07 (0.08)

Both series in same year

Stillbirth follows early neonatal death by 1 year

−0.27 (0.08)

−0.00 (0.08)

Given that some frail extremely preterm live births die
between the 7th and 28th day after birth, we then
assessed whether results appear similar when using the
de-trended incidence of neonatal death (i.e., death within
first 28 days after birth) instead of early neonatal death.
As with the main findings, we observe an inverse correlation between detrended annual values of fetal and neonatal death. The result (coefficient: -0.33, 95% CI of
−0.17; − 0.49) is farther from the null than that of the
original test using early neonatal death.

Discussion
The literature reports no tests of whether, at the population level, stillbirth represents a form of left truncation
for the risk of early neonatal death among live births.
We used the longest annual time series available to us—
in California, from 1989 to 2015—to test among extremely preterm births whether the incidence of early
neonatal death varies inversely with the incidence of
stillbirth. Results, which control for well-documented
secular trend, support the hypothesis. Annual cohorts
which experience relatively lower stillbirth in the extreme preterm period also show elevated risk of neonatal
death among live births. This finding builds on recent
work documenting an inverse relation between stillbirth
and live births in the periviable period [18] and further
supports that selection in utero may affect the infant
health profile of live-born cohorts [23].
Strengths of the analysis include the use of a long annual time series in a populous state with a consistent
definition, classification, and reporting protocol for stillbirths. Methods also adjust for well-documented secular
declines in early neonatal death, which minimizes the
risk of confounding due to medico-technological improvements in perinatal care. In addition, our test rules
out confounding due to the changing racial/ethnic composition of cohorts over time since we stratified the
series by race/ethnicity. Lastly, the fact that we observed
an inverse correlation at the synchronous pregnancy cohort—but not between asynchronous cohorts—further
minimizes the possibility of results arising due to
chance.
Limitations include that stillbirths remain largely
under-reported, especially earlier in the series and during the extreme preterm period when the fetus is smaller
[25–28, 40]. Whereas the extent of this under-reporting
is unknown, this circumstance likely improved substantially over time [46, 47]. Lack of GA reporting for

stillbirth also appears more common among NH Blacks,
which precludes direct comparison of GA-specific incidence of stillbirth across race/ethnicity [1]. For example,
the incidence of all recorded NH Black stillbirths (including missing and non-missing GA) in California is
greater than that of NH whites, but exclusion of cases
with missing GA reverses this difference. We, however,
know of no evidence that vigilance of reporting stillbirth
falls in particular race/ethnicities and years when reporting of early neonatal death increases.
Reductions over time in missing/unknown GA in the
California Fetal Death File make it challenging to interpret whether any observed reductions in the risk of stillbirth represent true perinatal health improvements. We
note, however, that this circumstance—or other clinical
or cultural shifts in reporting—are unlikely to drive our
results. Findings remain robust to ARIMA time-series
methods which removed such patterns in the series before testing the synchronous correlation. We, nevertheless, note substantial shifts over time in obstetrical
practice. Deliveries by cesarean section among periviable
births, for instance, have increased substantially over our
test period (e.g., from 32% [1989–1997] to over 50%
[2007 to 2015] of deliveries between 24 to 27 weeks occurring by cesarean section; see Additional File, Fig. S1).
The potential influence of these shifts in clinical practice
on stillbirths warrant further investigation.
A recent workshop panel from European countries encourages vital statistics agencies to routinely collect clinical data that could classify stillbirths as occurring either
before the initiation of labor (i.e., antepartum) or during
labor (i.e., intrapartum) [48]. Such information may assist with identifying a subset of stillbirths whose selection in utero affects the risk of early neonatal death [15].
California and other US states do not routinely collect
this information. In addition, unlike other countries
(e.g., France) [49], termination of pregnancies after 22
weeks (due to, for instance, structural anomaly) is rare
and not routinely reported in vital statistics [50, 51]. We
encourage collection of this and other information on
cause of the stillbirth and reason for induction of labor
(taken from medical records) so that researchers can
better understand the components of these losses as well
as their potential influence on neonatal death.
We focused on deliveries in the extremely preterm
period. Excess stillbirths may also induce left truncation
for neonatal mortality among live births greater than 28
weeks’ GA. Although the risk of neonatal mortality
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declines substantially with each advancing week of GA
[4], we encourage replication and extension of our work
beyond the extreme preterm period. We suspect, however, that any discovered “signal” would appear attenuated relative to the inverse correlation we report for the
extreme preterm period.
A recent analysis in California of over 11 million births
finds a lower-than-expected frequency of spontaneous
preterm live births among NH Black males [52]. The
Authors speculate that elevated selection in utero of NH
Black males in particular may contribute to the “missing” number of NH Black males born preterm. Intriguingly, the discovered outlier in Fig. 3 (bottom right
corner)—exceptionally high stillbirth but low early neonatal death—occurs among NH Black males in 2000. In
addition, exploration among NH Black males indicates
that the correlation coefficient for the stillbirth and early
neonatal death series (1989–2015) at the synchronous
lag is −0.40 (vs. -0.27 for the overall coefficient across all
race/ethnicities and sexes). This evidence, albeit post
hoc and exploratory, would appear to warrant further
inquiry on the role of late selection in utero on the risk
of neonatal death especially among NH Black males
born preterm.
We acknowledge the descriptive nature of our investigation in that we do not identify underlying causes of
stillbirth or early neonatal death. We recommend additional work to identify individual-level risk factors presumed to cause either outcome. In addition, given the
population-based nature of our investigation, we caution
against using findings to infer individual frailty of specific live births who may have been delivered early in efforts to avoid imminent stillbirth. The annual resolution
of our cohorts, moreover, indicates that we cannot align
pregnancies by estimated month of conception to establish clear temporal order between stillbirth and early
neonatal death. Our work, rather, complements other research examining the potential role of selection in utero
in shaping the survival characteristics of live-born cohorts [2, 11, 23, 53]. We encourage subsequent analyses
of cohorts using larger datasets with sufficient counts of
fetal and early neonatal death per month to establish
such temporal order between loss in utero and the risk
of death among extremely preterm live births.

Abbreviations
GA: Gestational age; NH: Non-Hispanic; CI: Confidence interval

Conclusions
Annual pregnancy cohorts which experience relatively
greater stillbirth in the extremely preterm period also
show lower risk of early neonatal death among live
births. Results, which remain robust to alternative specifications and falsification tests, add to growing evidence
that elevated selection in utero contributes to improved
survival in live-born cohorts.

Author details
Program in Public Health & Center for Population, Inequality, and Policy,
University of California Irvine, 653 E. Peltason Dr., Irvine, CA 92697, USA.
2
School of Social Ecology, University of California Irvine, 209 Social Ecology I,
Irvine, CA 92697, USA. 3Program in Public Health, University of California
Irvine, 653 E. Peltason Dr., Irvine, CA 92697, USA. 4Population, Family and
Reproductive Health, Johns Hopkins Bloomberg School of Public Health, 615
N. Wolfe St., Baltimore, MD 21205, USA. 5Mailman School of Public Health,
Columbia University, 722 W. 168th St., New York, NY 10032, USA. 6School of
Public Health, University of California Berkeley, Berkeley, CA 94720, USA.
7
School of Medicine, Stanford University, Stanford, CA 94305, USA.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12884-021-03852-z .
Additional file 1: Table S1. Coefficients (standard errors in
parentheses) for the lagged values of the autocorrelation (ACF) and
partial autocorrelation (PACF) functions of the residualized value of the
incidence of stillbirths (n = 126). Table S2. Coefficients (standard errors in
parentheses) for the lagged values of the autocorrelation (ACF) and
partial autocorrelation (PACF) functions of the residualized value of the
incidence of early neonatal deaths (n = 126). Fig. S1. Proportion of Csections by perviable gestational age (22–27 weeks) in California by three
time periods between 1989 and 2015.
Acknowledgments
This manuscript benefitted from discussions of earlier drafts with the
following groups: Obstetrical, Perinatal and Pediatric Epidemiology Research
Team at the Institut national de la santé et de la recherche médicale (INSE
RM), and colleagues attending the Public Health Seminar at the Portland
State University / Oregon Health Sciences University School of Public Health.
Authors’ contributions
TB, JZ, and RC developed the research question, TB, SG and AD compiled
the data, and TB, AG, JC, RC, GS, and JZ analyzed the data. All Authors
interpreted the results TB drafted the manuscript, and all authors wrote
sections of the manuscript. All authors read and approved the final
manuscript.
Funding
None.
Availability of data and materials
The datasets generated and/or analyzed during the current study are not
publicly available to guarantee the anonymity of individuals. Please contact
Tim A. Bruckner (Tim.bruckner@uci.edu) to request access to the datasets
used in this study.

Declarations
Ethics approval and consent to participate
The Authors have adhered to ethical standards in this work and obtained
Institutional Review Board approvals from the California Department of
Public Health (CDPH) (#2018–065) and University of California, Irvine (UCI)
(#2013–9716) to access and use the California linked birth and infant death
cohort file (BCF) 1989 to 2015. Since we used administrative data, the
research ethics review committees of the CDPH and UCI waived the need
for informed consent. Data were collected and analyzed using anonymous
identifiers instead of maternal names to ensure confidentiality.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
1

Bruckner et al. BMC Pregnancy and Childbirth

(2021) 21:478

8
Université de Paris, CRESS, Obstetrical, Perinatal and Pediatric Epidemiology
Research Team, EPOPé, INSERM, INRA, F-75004 Paris, France.

Received: 5 September 2020 Accepted: 5 May 2021

References
1. Glass HC, Costarino AT, Stayer SA, Brett C, Cladis F, Davis PJ. Outcomes for
extremely premature infants. Anesth Analg. 2015;120(6):1337–51. https://doi.
org/10.1213/ANE.0000000000000705.
2. Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, et al. Trends
in care practices, morbidity, and mortality of extremely preterm neonates,
1993-2012. JAMA. 2015;314(10):1039–51. https://doi.org/10.1001/jama.2015.1
0244.
3. Iams JD, Romero R, Culhane JF, Goldenberg RL. Primary, secondary, and
tertiary interventions to reduce the morbidity and mortality of preterm
birth. Lancet. 2008;371(9607):164–75. https://doi.org/10.1016/S0140-673
6(08)60108-7.
4. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, et al.
Neonatal outcomes of extremely preterm infants from the NICHD neonatal
research network. Pediatrics. 2010;126(3):443–56. https://doi.org/10.1542/
peds.2009-2959.
5. Patel RM, Kandefer S, Walsh MC, Bell EF, Carlo WA, Laptook AR, et al. Causes
and timing of death in extremely premature infants from 2000 through
2011. N Engl J Med. 2015;372(4):331–40. https://doi.org/10.1056/NEJMoa14
03489.
6. Platt RW, Joseph KS, Ananth CV, Grondines J, Abrahamowicz M, Kramer MS.
A proportional hazards model with time-dependent covariates and timevarying effects for analysis of fetal and infant death. Am J Epidemiol. 2004;
160(3):199–206. https://doi.org/10.1093/aje/kwh201.
7. Wilcox AJ, Weinberg CR. Invited commentary: analysis of gestational-agespecific mortality—on what biologic foundations? Am J Epidemiol. 2004;
160(3):213–4. https://doi.org/10.1093/aje/kwh204.
8. Joseph KS, Kramer MS. The fetuses-at-risk approach: survival analysis from a
fetal perspective. Acta Obstet Gynecol Scand. 2018;97(4):454–65. https://doi.
org/10.1111/aogs.13194.
9. Auger N, Gilbert NL, Naimi AI, Kaufman JS. Fetuses-at-risk, to avoid
paradoxical associations at early gestational ages: extension to preterm
infant mortality. Int J Epidemiol. 2014;43(4):1154–62. https://doi.org/10.1093/
ije/dyu011.
10. Basso O. Implications of using a fetuses-at-risk approach when fetuses are
not at risk. Paediatr Perinat Epidemiol. 2016;30(1):3–10. https://doi.org/1
0.1111/ppe.12254.
11. Snowden JM, Bovbjerg ML, Dissanayake M, Basso O. The curse of the
perinatal epidemiologist: inferring causation amidst selection. Curr
Epidemiol Rep. 2018;5(4):379–87. https://doi.org/10.1007/s40471-018-0172-x.
12. Kramer MS, Zhang X, Platt RW. Analyzing risks of adverse pregnancy outcomes.
Am J Epidemiol. 2014;179(3):361–7. https://doi.org/10.1093/aje/kwt285.
13. Lisonkova S, Joseph KS. Left truncation bias as a potential explanation for
the protective effect of smoking on preeclampsia. Epidemiology. 2015;26(3):
436–40. https://doi.org/10.1097/EDE.0000000000000268.
14. Schisterman EF, Cole SR, Ye A, Platt RW. Accuracy loss due to selection bias
in cohort studies with left truncation. Paediatr Perinat Epidemiol. 2013;27(5):
491–502. https://doi.org/10.1111/ppe.12073.
15. Kramer MS, Liu S, Luo Z, Yuan H, Platt RW, Joseph KS. Analysis of perinatal
mortality and its components: time for a change? Am J Epidemiol. 2002;
156(6):493–7. https://doi.org/10.1093/aje/kwf077.
16. MacDorman MF, Gregory ECW. Fetal and perinatal mortality: United States,
2013. Natl Vital Stat Rep. 2015;64(8):1–24.
17. Joseph KS. Towards a unified perinatal theory: reconciling the births-based
and fetus-at-risk models of perinatal mortality. Paediatr Perinat Epidemiol.
2019;33(2):101–12. https://doi.org/10.1111/ppe.12537.
18. Elser H, Gemmill A, Casey JA, Karasek D, Bruckner T, Mayo JA, et al. Stillbirths
and live births in the periviable period. Ann Epidemiol. 2020;49:8–12.
https://doi.org/10.1016/j.annepidem.2020.07.002.
19. Gregory ECW, MacDorman MF, Martin JA. Trends in fetal and perinatal
mortality in the United States, 2006-2012. NCHS Data Brief. 2014;(169):1–8.
20. MacDorman MF, Kirmeyer SE, Wilson EC. Fetal and perinatal mortality,
United States, 2006. Natl Vital Stat Rep. 2012;60(8):1–22.
21. MacDorman MF, Kirmeyer S. The challenge of fetal mortality. NCHS Data
Brief. 2009;:1–8.

Page 8 of 9

22. Catalano R, Bruckner T, Anderson E, Gould JB. Fetal death sex ratios: a test
of the economic stress hypothesis. Int J Epidemiol. 2005;34(4):944–8. https://
doi.org/10.1093/ije/dyi081.
23. Bruckner TA, Catalano R. Selection in utero and population health: theory
and typology of research. SSM Popul Health. 2018;5:101–13. https://doi.
org/10.1016/j.ssmph.2018.05.010.
24. California Department of Health Services Center for Health Statistics. Linked
birth and infant death cohort file, 1989-2001. Sacramento; 2004.
25. California Department of Health Services, Office of Vital Records. Handbook
for Local Registrars of Births and Deaths. Sacramento, 1996.
26. Martin JA, Hoyert DL. The national fetal death file. Semin Perinatol. 2002;
26(1):3–11. https://doi.org/10.1053/sper:2002.29834.
27. Gaudino JA, Blackmore-Prince C, Yip R, Rochat RW. Quality assessment of
fetal death records in Georgia: a method for improvement. Am J Public
Health. 1997;87(8):1323–7. https://doi.org/10.2105/AJPH.87.8.1323.
28. Gould JB. Vital records for quality improvement. Pediatrics. 1999;103(1 Suppl
E):278–90.
29. Preterm birth. https://www.who.int/news-room/fact-sheets/detail/pretermbirth. Accessed 20 Jan 2020.
30. Johanzon M, Ödesjö H, Jacobsson B, Sandberg K, Wennerholm U-B. Extreme
preterm birth: onset of delivery and its effect on infant survival and
morbidity. Obstet Gynecol. 2008;111(1):42–50. https://doi.org/10.1097/01.A
OG.0000295866.97499.35.
31. Fellman V, Hellström-Westas L, Norman M, Westgren M, Källén K,
Lagercrantz H, et al. One-year survival of extremely preterm infants after
active perinatal care in Sweden. Obstet Anesth Dig. 2010;30(1):22–3. https://
doi.org/10.1097/01.aoa.0000367003.25266.35.
32. Morgan MA, Goldenberg RL, Schulkin J. Obstetrician-gynecologists’ practices
regarding preterm birth at the limit of viability. J Matern Fetal Neonatal
Med. 2008;21(2):115–21. https://doi.org/10.1080/14767050701866971.
33. Markestad T, Kaaresen PI, Rønnestad A, Reigstad H, Lossius K, Medbø S, et al.
Early death, morbidity, and need of treatment among extremely premature
infants. Pediatrics. 2005;115(5):1289–98. https://doi.org/10.1542/peds.2004-1482.
34. Chen H-Y, Chauhan SP. Risk of neonatal and infant mortality in twins and
singletons by gestational age. Am J Perinatol. 2019;36(08):798–805. https://
doi.org/10.1055/s-0038-1675218.
35. Lehtonen L, Gimeno A, Parra-Llorca A, Vento M. Early neonatal death: a
challenge worldwide. Semin Fetal Neonatal Med. 2017;22(3):153–60. https://
doi.org/10.1016/j.siny.2017.02.006.
36. United Nations Interagency Group for Child Mortality Estimation. Levels and
trends in child mortality. Report 2014. New York: UNICEF. p. 2014. http://
www.unicef.org/media/files/Levels_and_Trends_in_Child_Mortality_2014.pdf
37. Barfield WD, Newborn C on FA. Standard terminology for fetal, infant, and
perinatal deaths. Pediatrics. 2016;137(5):e20160551. https://doi.org/10.1542/
peds.2016-0551.
38. Bruckner TA, Cheng YW, Caughey AB. Increased neonatal mortality among
normal-weight births beyond 41 weeks of gestation in California. Am J Obstet
Gynecol. 2008;199:421.e1–421.e7. https://doi.org/10.1016/j.ajog.2008.05.015.
39. MacDorman MF, Hoyert DL, Mathews TJ. Recent declines in infant mortality
in the United States, 2005-2011. NCHS Data Brief. 2013:1–8.
40. Mondal D, Galloway TS, Bailey TC, Mathews F. Elevated risk of stillbirth in
males: systematic review and meta-analysis of more than 30 million births.
BMC Med. 2014;12(1):220. https://doi.org/10.1186/s12916-014-0220-4.
41. Alexander GR, Himes JH, Kaufman RB, Mor J, Kogan M. A United States
national reference for fetal growth. Obstet Gynecol. 1996;87(2):163–8.
https://doi.org/10.1016/0029-7844(95)00386-X.
42. Dickey D, Fuller W. Distribution of the estimators for autoregressive time
series with a unit root. J Am Stat Assoc. 1979;74(366a):427–31. https://doi.
org/10.1080/01621459.1979.10482531.
43. Scientific Computing Associates Corp. [computer program]. Chicago, IL;
2009.
44. Box GE, Jenkins GM, Reinsel GC, Ljung GM. Time series analysis: forecasting
and control. Hoboken: Wiley; 2015.
45. Haugh LD. Checking the independence of two covariance-stationary time
series: a univariate residual cross-correlation approach. J Am Stat Assoc.
1976;71(354):378–85. https://doi.org/10.1080/01621459.1976.10480353.
46. Alexander GR. The accurate measurement of gestational age--a critical step
toward improving stillbirth reporting and perinatal health. Am J Public
Health. 1997;87(8):1278–9. https://doi.org/10.2105/AJPH.87.8.1278.

Bruckner et al. BMC Pregnancy and Childbirth

(2021) 21:478

47. Schoendorf KC, Branum AM. The use of United States vital statistics in
perinatal and obstetric research. Am J Obstet Gynecol. 2006;194(4):911–5.
https://doi.org/10.1016/j.ajog.2005.11.020.
48. Smith LK, Blondel B, Zeitlin J. Producing valid statistics when legislation,
culture and medical practices differ for births at or before the threshold of
survival: report of a European workshop. BJOG. 2020;127(3):314–8. https://
doi.org/10.1111/1471-0528.15971.
49. Monier I, Lelong N, Ancel PY, Benachi A, Khoshnood B, Zeitlin J, et al.
Indications leading to termination of pregnancy between 22+0 and 31+6
weeks of gestational age in France: a population-based cohort study. Eur J
Obstet Gynecol Reprod Biol. 2019;233:12–8. https://doi.org/10.1016/j.
ejogrb.2018.11.021.
50. Grimes DA. The continuing need for late abortions. JAMA. 1998;280(8):747–
50. https://doi.org/10.1001/jama.280.8.747.
51. Jatlaoui TC, Eckhaus L, Mandel MG, Nguyen A, Oduyebo T, Petersen E, et al.
Abortion surveillance - United States, 2016. MMWR Surveill Summ. 2019;
68(11):1–41. https://doi.org/10.15585/mmwr.ss6811a1.
52. Shaw GM, Mayo JA, Eisenberg ML, Catalano R, Stevenson DK. Male-tofemale ratios, race/ethnicity, and spontaneous preterm birth among 11
million California infants. Am J Perinatol. 2019. https://doi.org/10.1055/s-003
9-3400449.
53. Catalano R, Bruckner TA, Karasek D, Yang W, Shaw GM. Reproductive
suppression, birth defects, and periviable birth. Evol Appl. 2018;11(5):762–7.
https://doi.org/10.1111/eva.12585.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 9 of 9

