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Abstract

Objective: To estimate the association between chronic hypertension and perinatal mortality and evaluate the extent to which

this risk is impacted by preterm delivery. Design: Cross-sectional analysis. Setting: US, 2015-2018. Population: Singleton

births from 20-44 weeks’ gestation. Main outcomes and measures: We derived the risk of perinatal mortality in relation to

chronic hypertension from fitting log-linear Poisson models with robust variance. Risk ratios (RR) and 95% confidence intervals

(CI) were estimated after adjusting for confounders. The impact of misclassifications and unmeasured confounding biases were

assessed. Causal mediation analysis was performed to quantify the impact of preterm delivery on the association. Results: Of

the 15,090,678 singleton births, perinatal mortality was 22.5 per 1000 births in chronic hypertensive pregnancies compared to 8.2

per 1000 births in normotensive pregnancies (adjusted RR 2.05, 95% CI 2.00, 2.10). Corrections for exposure misclassification

and unmeasured confounding biases substantially increased the risk estimate. Although, causal mediation analysis revealed

that most of the effect of chronic hypertension on perinatal mortality was mediated through preterm delivery, the perinatal

mortality rates were highest at early term, term, and late term gestations, suggesting that a planned early term delivery at

37-386/7 weeks may optimally balance risk in these pregnancies. Additionally, 87% (95% CI 84, 90) of perinatal deaths could

be eliminated if preterm deliveries, as a result of chronic hypertension were prevented. Conclusions: Chronic hypertensive

pregnancies are associated with increased risk for perinatal mortality. Planned early term delivery and targeting modifiable

risk factors for chronic hypertension may reduce perinatal mortality rates.
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Abstract

Objective : To estimate the association between chronic hypertension and perinatal mortality and evaluate
the extent to which this risk is impacted by preterm delivery.

Design: Cross-sectional analysis.

Setting: US, 2015-2018.

Population: Singleton births from 20-44 weeks’ gestation.

Main outcomes and measures : We derived the risk of perinatal mortality in relation to chronic hyper-
tension from fitting log-linear Poisson models with robust variance. Risk ratios (RR) and 95% confidence
intervals (CI) were estimated after adjusting for confounders. The impact of misclassifications and unmea-
sured confounding biases were assessed. Causal mediation analysis was performed to quantify the impact of
preterm delivery on the association.

Results: Of the 15,090,678 singleton births, perinatal mortality was 22.5 per 1000 births in chronic hyper-
tensive pregnancies compared to 8.2 per 1000 births in normotensive pregnancies (adjusted RR 2.05, 95%
CI 2.00, 2.10). Corrections for exposure misclassification and unmeasured confounding biases substantially
increased the risk estimate. Although, causal mediation analysis revealed that most of the effect of chronic
hypertension on perinatal mortality was mediated through preterm delivery, the perinatal mortality rates
were highest at early term, term, and late term gestations, suggesting that a planned early term delivery
at 37-386/7 weeks may optimally balance risk in these pregnancies. Additionally, 87% (95% CI 84, 90) of
perinatal deaths could be eliminated if preterm deliveries, as a result of chronic hypertension were prevented.
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. Conclusions: Chronic hypertensive pregnancies are associated with increased risk for perinatal mortal-
ity. Planned early term delivery and targeting modifiable risk factors for chronic hypertension may reduce
perinatal mortality rates.

Tweetable Abstract:

Maternal chronic hypertension is associated with increased risk for perinatal mortality, largely driven by
preterm birth.

Sources of Funding

None.

Keywords : Chronic hypertension, perinatal mortality, stillbirth, neonatal death, preterm delivery; causal
mediation analysis

Introduction

Chronic hypertension complicates 1-5% of pregnancies, but there has been 13-fold increase in the prevalence
of chronic hypertension in the United States (US) in the last four decades (1). The American obesity epidemic
(2, 3), and deferred childbearing leading to older age of pregnant people,(4, 5) contribute substantially to
this trend (6). Chronic hypertension during pregnancy is associated with increased rates of maternal compli-
cations, including death (7), superimposed preeclampsia (8, 9), placental abruption (10-12), end-stage renal
disease (13), and long-term cardiovascular and cerebrovascular disease (12, 14, 15). Chronic hypertension
is also an independent risk factor for an array of perinatal complications, including stillbirth,(16-18) fetal
growth restriction,(19) neonatal death,(20, 21) as well as neurological and neurodevelopmental deficits in
children.(22-24) In light of the increasing prevalence rates of chronic hypertension and the associated com-
plications, there is a need to evaluate the impact of chronic hypertension on perinatal mortality in the US,
including stillbirth and neonatal death.

Chronic hypertension is associated with increased risk of preterm delivery,(8) and gestational age at delivery
impacts neonatal outcomes in pregnancies complicated by chronic hypertension.(25) Gestational age also
influences obstetrical care including interventions to improve neonatal outcomes (i.e., the administration
of antenatal corticosteroids to promote fetal lung maturity) as well as delivery timing.(26) In the pathway
between chronic hypertension and perinatal outcomes, preterm delivery features as an important component
in the causal pathway, but how and, to what extent, preterm delivery plays a role in shaping these associations
remain unknown.

We undertook a population-based cross-sectional study in a large contemporary US cohort to quantify the
association between chronic hypertension and perinatal mortality and to disentangle the impact of preterm
delivery as mediator. We hypothesized that chronic hypertension is associated with perinatal mortality and
that preterm delivery plays an important role that mediates this causal association.

Methods

Study design and data sources

We performed a cross-sectional analysis of all singleton births in the US from 2015-2018. We utilized data
on fetal deaths, live births, and linked live births-infant death records ascertained by the National Center for
Health Statistics (NCHS) of Centers for Disease Control and Prevention. The live birth-infant death data is
derived from infant death certificates linked to the live birth certificates for infants that died before reaching
1 year of age. Study variables were derived from the 2003 revision of the US standard certificates of vital
events. Gestational age in these data were based on the best obstetrical estimate,(27) which had a 99.6%
agreement within 2 weeks in comparison to data abstracted from hospital charts.(28) Since this de-identified
data is publicly available, no ethics approval from an Institutional Review Board was sought. The study
followed the STROBE reporting guidelines for cross-sectional studies.

Cohort composition
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. The study population included all women who delivered singleton births in the US between 20-44 weeks’
gestation from 2015-2018. We excluded pregnancies with multiple gestations, and records with missing gesta-
tional age or gestational age <20 weeks and [?]45 weeks, as well as pregnancies with missing chronic hyperten-
sion status. After all the exclusions, 15,090,678 singleton births were included in the study (Supplemental
Figure 1 ).

Exposure

The exposure was chronic hypertension as indicated on the US standard certificate of fetal death, live birth,
and infant death. The diagnosis includes elevated blood pressure prior to pregnancy or recognized within
the first 20 weeks of gestation.

Outcomes measures

The primary outcome was perinatal mortality, defined as a composite of stillbirth (fetal deaths at 20 weeks’
gestation or greater), early neonatal death (deaths within 0–6 days of life), and late neonatal death (deaths
between 7–28 days of life). Since timely obstetrical interventions may prevent stillbirth, but could lead to
neonatal death, the composite was intended to capture perinatal mortalities that could be attributed to
exposure to chronic hypertension. We also quantified the impact of chronic hypertension on stillbirth, as
well as early and late neonatal deaths, as secondary outcomes.

Statistical analyses

We estimated perinatal mortality rates, expressed per 1000 births, for chronic hypertensive versus normoten-
sive pregnancies. We examined the association between chronic hypertension and perinatal mortality on both
the additive (risk difference, RD) and multiplicative scales (risk ratio, RR), derived from fitting log-linear
Poisson regression models with robust variance and the identity-link for RD and log-link for RR (29). Asso-
ciations with their corresponding 95% confidence intervals (CI) were derived before and after adjusting for
confounders. We also examined associations between chronic hypertension and the risks of stillbirth, early
neonatal deaths, and late neonatal deaths.

Confounders

We adjusted for several confounders including maternal age (<15, 15-19, 20-24, 25-29 [reference], 30-34, 35-
39, and [?]40 years), education (below high school, up to high school, college, and beyond college educated),
race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, or other race), maternal smoking (non-
smoker [reference], smoked before pregnancy only, and smoked before and during pregnancy), single marital
status, pre-pregnancy body-mass index (BMI in kg/m2; underweight [<18.5], normal [18.5-24.9], overweight
[25.0-29.9], obese [30.0-34.9], and morbidly obese [[?]35.0]), and pregestational diabetes. We also adjusted
for year of delivery to address potential temporal changes in the prevalence of chronic hypertension and
maternal mortality.

Missing data

Since some of the covariates contained missing data, we imputed missing data through multiple imputation
by chained equations approach.(30) We assumed that the pattern of missing data was “missing at random,”
and created 20 imputed data sets (after 25 burn-in iterations). All analyses were performed for each of the
20 data sets, and we combined the results of the analyses of imputations based on Rubin’s principles.(31)
Details regarding missing covariate data are shown in Supplemental Table 1 .

Mediation analysis

Gestational age features on the causal pathway between chronic hypertension and perinatal mortality as an
mediator (Supplemental Figure 2 ); therefore, any adjustment for preterm delivery in the assessment of
the perinatal mortality risk in relation to chronic hypertension would lead to collider bias.(32) To resolve this
issue, we undertook a causal mediation analysis based on the counterfactual framework(33, 34) to decompose
the total effect (TE) of chronic hypertension on perinatal mortality into the natural direct effect (NDE; the
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. effect of the exposure [chronic hypertension] on the outcome [perinatal mortality] if the mediator [preterm
delivery <37 weeks] were set to what it would have been, probably contrary to the fact, in the absence of the
exposure) and the natural indirect effect (NIE; the effect of the exposure on the outcome when the exposure
is present after setting the mediator to what it would have been, probably contrary to the fact, with versus
without the exposure).(35, 36) We also estimated the controlled direct effect (CDE; the effect of chronic
hypertension on mortality that is not mediated through preterm delivery). The TE, NDE, NIE and CDE
were estimated on multiplicative scale with RR and 95% CI as effect measure.

In addition, we estimated the proportion mediated (PM; the proportion of the TE that is mediated through
preterm delivery), and the proportion eliminated (PE; the proportion of the chronic hypertension-perinatal
mortality association that might be eliminated by blocking the effect of chronic hypertension on preterm
delivery). The PE is the proportion of perinatal deaths that could be prevented by designing interventions
to reduce preterm delivery associated with chronic hypertension. All 95% CI estimates were based on 1000
bootstrap samples.

Sensitivity analysis: Probabilistic bias analysis

Chronic hypertension is subject to misclassification in these data files, with sensitivity of 44% (and agreement
of 98%) in comparison to data abstracted from hospital medical charts.(28) To address potential exposure
misclassification and unmeasured confounding biases, we undertook a sensitivity analysis through a proba-
bilistic bias analysis.(37, 38) Exposure (chronic hypertension) misclassification was assumed to be differential
with respect to the outcome (perinatal mortality). Based on a uniform distribution, we assumed the priors
for sensitivity for chronic hypertension to range between 0.30 and 0.95 among those with perinatal deaths
and 0.20 to 0.90 among live births; the priors for specificity for chronic hypertension was assumed to range
between 0.98 and 1.00 both for deaths and live births, respectively.

Corrections for unmeasured confounding bias was based on the following assumptions: (i) we assumed that
the prevalence of the unmeasured confounder among those with and without chronic hypertension, under a
log-normal distribution, ranged between 5% and 15%, and 3% and 10%, respectively; and (ii) the RR for
the confounder-outcome association was varied between 1.25 and 3.00. Under these assumptions, we drew
the bias parameters 100,000 times from the prior distributions to address exposure misclassification and
unmeasured confounding (computational strategy are provided in the R package “episenr”.(39)) From these
analyses, we report the median bias-corrected RR (RRbc) and 95% CIbc.

Log-linear regression models and the mediation analysis were fit in SAS (version 9.4; SAS Institute, Cary, NC)
using the GENMOD and the CAUSALMED procedures, respectively. The probabilistic bias analysis was
implemented in R (R Foundation for Statistical Computing, Vienna, Austria) using the episensr package.(39)

Results

During the study period (2015-2018), there were 15,090,678 singleton births delivered between 20-44 weeks’
gestation in the US (Supplemental Figure 1 ). The prevalence rate of chronic hypertension was 1.8%
(n=274,125). The distribution of socioeconomic factors in relation to chronic hypertension are shown
inSupplemental Table 1 . Women with chronic hypertension were more likely to be older, African Amer-
ican, of higher parity, college educated, obese, and tobacco smokers, compared to normotensive women.

Perinatal mortality rates were higher among chronic hypertensive women (22.5 per 1000 births) compared
to normotensive women (8.2 per 1000 births; Table 1 ). Among chronic hypertensive pregnancies, the rate
of mortality was highest for stillbirth (16.1 per 1000 births), in comparison to early (4.6 per 1000 births)
and late neonatal deaths (1.8 per 1000 births). Gestational age-specific risk of perinatal mortality (per 1000
births) among normotensive and chronic hypertensive pregnancies are described in Figure 1 . These rates
were particularly high at early term, term, and late term gestations

The absolute risks and RR of perinatal mortality in pregnancies complicated by chronic hypertension are
described in Table 2 . After adjusting for potential confounders, chronic hypertension was associated with
11.0 (95% CI 10.5, 11.5) per 1000 excess perinatal deaths over the normotensive group. The increase in risk
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. of perinatal death in chronic hypertensive pregnancies was two-fold higher (adjusted RR 2.05, 95% CI 2.00,
2.10), compared to normotensive pregnancies.

Sensitivity analysis

The bias-corrected RRs, with simultaneous corrections for both exposure misclassification and unmeasured
confounding, revealed the risk of perinatal mortality in chronic hypertensive pregnancies was almost five-fold
higher (RRbc 4.86, 95% CI 3.42, 5.98), compared to normotensive pregnancies. The risk was highest for
stillbirth in relation to chronic hypertension (RRbc7.76, 95% CI 4.52, 11.12).

Causal mediation analysis

The causal mediation analysis was performed to disentangle the total effect of chronic hypertension-perinatal
mortality association, with preterm delivery as the potential mediator (Table 3 ). Much of the TE of peri-
natal mortality and its component mortalities was mediated through preterm delivery. The indirect effect
was greatest for perinatal mortality and stillbirth. Given the strong mediation component of the chronic
hypertension-mortality association that operates through preterm delivery, the PE estimate is correspond-
ingly high: 87% (95% CI 84, 90).

Discussion

Principal findings

In this population-based study that included over 15 million singleton births in the US from 2015-2018,
we found that chronic hypertension was associated with substantially increased rates of perinatal mortality,
including stillbirth and neonatal deaths. The causal mediation analysis suggested that the major driver of
mortality risk in chronic hypertensive pregnancies was mediated through preterm delivery. There was also
higher risk of perinatal mortality after 39 weeks’ gestation. These results suggest that a planned, early term
delivery at 37-386/7 weeks may optimally balance risk in these pregnancies.

Interpretation

An understanding of the perinatal risks associated with chronic hypertension is largely informed by older
studies. For example, a prior population based study from the US, which utilized Nationwide Inpatient
Sample data from 1995-2008, reported a higher risk for stillbirth (odds ratio [OR] 2.31, 95% CI 2.11, 2.53) for
pregnancies complicated by chronic hypertension compared to normotensive pregnancies.(6) In a population-
based prospective cohort study from Sweden (1992-2004), an increase in stillbirth risk (OR 2.71, 95% CI
1.96, 3.73) and neonatal death (OR 2.89, 95% CI 1.95, 4.30) was observed.(21) The results of our study,
which showed increased perinatal mortality associated with chronic hypertension, are consistent with these
studies, yet the magnitude of risk was larger. After adjusting for bias due to misclassification and unmeasured
confounders, we found the risk of perinatal mortality was 4.86 (95% CI 3.42, 5.98), which was largely due
to stillbirth at term gestations. The reason for this difference is uncertain, but may be due to advances in
neonatal care that minimize the risk of neonatal deaths.

The mediation analysis suggested that a substantial driver of perinatal mortality risk is preterm delivery.
Although most deliveries in our cohort occurred at term, there was an association between chronic hyperten-
sion and preterm delivery. A prior population based study from the US found the odds of preterm delivery
for chronic hypertensive versus normotensive pregnancies was 3.01 (95% CI 2.88, 3.14).(6) A meta-analysis
on chronic hypertension and pregnancy outcomes showed that pregnancies complicated by chronic hyperten-
sion are at a higher risk of preterm delivery <37 weeks’ gestation (RR 2.7, 95% CI 1.9, 36).(8) Most often
the preterm births are medically indicated secondary to superimposed preeclampsia or fetal growth restric-
tion.(40, 41) This study suggests that, if possible, avoiding preterm delivery in pregnancies complicated by
chronic hypertension may have large impact on perinatal mortality.

The results of our study are consistent with prior work(42) and professional society recommendations(43)
that suggest the optimal timing of delivery for pregnancies complicated by chronic hypertension is 37-38
weeks. It is critical to avoid early preterm delivery in these pregnancies (due to preterm delivery-associated
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. complications and long-term chronic health conditions), but term and late term pregnancies also carry high
risk of stillbirth. Despite national efforts to avoid early term deliveries,(44) findings from this study suggest
early term deliveries may minimize the risks of stillbirths associated with chronic hypertension.

Women with chronic hypertension often have risk factors, such as advanced maternal age, obesity, and
tobacco smoking,(1, 45, 46) which, in turn, increase the risks of adverse perinatal outcomes.(47-51) Public
health strategies that target modifiable risk factors to reduce the burden of chronic hypertension may be the
best strategy to reduce perinatal mortality associated with this disease. The mediation analysis quantified
the preventable proportion of perinatal deaths associated with chronic hypertension by eliminating preterm
deliveries associated with chronic hypertension, and most of perinatal deaths could be avoided.

While this study improves our understanding of the magnitude of chronic hypertension’s impact on perinatal
mortality, there is a need for further study: (i) to develop preventive strategies such as weight loss and
preconception blood pressure management for women at risk; (ii) to assess the effectiveness of these strategies
on perinatal outcomes; and (iii) to evaluate whether treating mild chronic hypertension in pregnancy has
the potential to reduce the risk of adverse pregnancy outcomes.(52)

Strengths and weaknesses

The main strengths of the study were that it was large and contemporary. This not only increases the
generalizability of the findings, but also reflects current practices in the US. In addition, while we quantified
the association between chronic hypertension and perinatal mortality, we also performed a causal mediation
analysis to evaluate the impact of preterm delivery on this association. An application of causal inference
methodology in this context provides insight into what drives the risk, which can be used to generate novel
approaches to reduce the risks associated with chronic hypertension.

Despite these strengths, the study as some limitations. There may be a difference in risk for pregnancies
complicated by mild chronic hypertension versus pregnancies complicated by severe disease that require
antihypertensive medications, but we lacked data on the severity of chronic hypertension. There is also
possible misclassification bias due to inaccuracy in recording diagnosis of chronic hypertension in the data
and inability to distinguish women who may have developed superimposed preeclampsia. We have attempted
to account for these misclassification and unmeasured confounder biases in the sensitivity analysis.

Conclusions

Compared to normotensive pregnancies, pregnancies complicated by chronic hypertension are associated
with increased risk for perinatal mortality, including stillbirth and neonatal death. A large driver of this risk
was preterm delivery, but there was also a substantial increased risk of perinatal mortality at term and late
term gestations. The results of this study suggest the best strategies to reduce the risk of perinatal mortality
include planned, early term deliveries and targeting modifiable risk factors for chronic hypertension, such as
advanced maternal age and obesity, that may impact the prevalence of chronic hypertension.
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