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ABSTRACT

OBJECTIVE

To examine the association of maternal hypertensive
disorder of pregnancy (HDP) with overall and cause
specific mortality in offspring from birth to young
adulthood.

DESIGN

Nationwide population based cohort study.

SETTING

Danish national health registers.

PARTICIPANTS

All 2437 718 individuals live born in Denmark, 1978-

2018, with follow-up from date of birth until date of
death, emigration, or 31 December 2018, whichever
came first.

MAIN OUTCOME MEASURES

The primary outcome was all cause mortality.
Secondary outcomes were 13 specific causes of
death in offspring from birth to young adulthood
(age 41 years). Cox regression was used to assess
the association, taking into consideration several
potential confounders. The role of timing of onset
and severity of pre-eclampsia, maternal history of
diabetes, and maternal education were also studied.

RESULTS

102095 mothers had HDP: 67 683 with pre-
eclampsia, 679 with eclampsia, and 33733 with
hypertension. During follow-up to 41 years (median
19.4 (interquartile range 9.7-28.7) years), deaths
occurred in 781 (58.94 per 100000 person years)
offspring born to mothers with pre-eclampsia, 17
(133.73 per 100000 person years) born to mothers
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with eclampsia, 223 (44.38 per 100000 person years)
born to mothers with hypertension, and 19119 (41.99
per 100000 person years) born to mothers with no
HDP. The difference in cumulative incidence in overall
mortality between cohorts exposed and unexposed

to maternal HDP was 0.37% (95% confidence interval
0.11% to 0.64%), and the population attributable
fraction for maternal HDP was estimated as 1.09%
(95% confidence interval 0.77% to 1.41%). Maternal
HDP was associated with a 26% (hazard ratio 1.26,
95% confidence interval 1.18 to 1.34) higher risk of
all cause mortality in offspring. The corresponding
estimates for maternal pre-eclampsia, eclampsia, and
hypertension were 1.29 (1.20 to 1.38), 2.88 (1.79 to
4.63),and 1.12 (0.98 to 1.28). Increased risks were
also observed for several cause specific mortalities,
such as deaths from conditions originating in the
perinatal period (2.04, 1.81 to 2.30), cardiovascular
diseases (1.52, 1.08 to 2.13), digestive system
diseases (2.09, 1.27 to 3.43), and endocrine,
nutritional, and metabolic diseases (1.56, 1.08 to
2.27). The increased risks were more pronounced
among offspring of mothers with early onset and
severe pre-eclampsia (6.06, 5.35 to 6.86) or with both
HDP and diabetes history (1.57, 1.16 to 2.14) or HDP
and low education level (1.49, 1.34 to 1.66).

CONCLUSION

Maternal HDP, particularly eclampsia and severe
pre-eclampsia, is associated with increased risks of
overall mortality and various cause specific mortalities
in offspring from birth to young adulthood.

Introduction
Hypertensive disorder of pregnancy (HDP) is one of
the leading causes of maternal and fetal morbidity
and mortality, affecting up to 10% of pregnancies
worldwide.! 2 In addition to adverse pregnancy
and birth outcomes,’ * maternal HDP has also been
associated with several diseases in offspring in later
life, such as metabolic syndrome, immune diseases,
and neurodevelopmental and psychiatric disorders.””’
Barker and colleagues proposed that an adverse
intrauterine environment during pregnancy would
lead to improper fetal growth and fetal programming,
which in turn would lead to a predisposition to various
diseases later in life.>'° Specifically, maternal HDP
might increase offsprings’ susceptibility to disease
through multiple pathways, such as placental
dysfunction, an hypoxic-ischaemic environment
during pregnancy, abnormal inflammatory levels, and
epigenetic changes.” !

However, the empirical evidence from large scale
prospective studies on the association between
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maternal HDP and long term mortality risk in offspring
remains scarce, except for one retrospective study
with a limited sample size in which offspring born
to mothers with HDP had excess risks of overall and
cardiovascular mortality in mid-adulthood.'* Work
on the role of specific types of maternal HDP in cause
specific mortality in the early decades of life is also
lacking, and the effect of timing of onset and severity
of maternal HDP on mortality in offspring remains to
be elucidated. Also, women with diabetes and low
education level might have an excess risk of HDP,>¢
therefore evaluating the joint effect of maternal history
of diabetes or education and HDP would be important.

Using data from Danish national health registers,
we established a large population based cohort study
with follow-up for up to four decades to investigate
the association between overall and specific maternal
HDPs with overall and cause specific mortality in
offspring from birth to young adulthood. We also
examined whether maternal diabetes and maternal
education would have an additive effect on mortality
in offspring, and whether the timing of onset and
severity of HDP, specifically for pre-eclampsia, has an
influence.

Methods

Study population

Since the late 1960s, when population registration
systems started in Denmark, all live births and new
residents have been assigned a unique individual
personal identification number—the central personal
register number.’” *® This number can be used for
linkage between different national health registers.'” '8
After obtaining approval from the Data Protection
Agency, researchers can access the anonymized data
from nationwide registers and obtain information
on diseases, deaths, and other covariates.'” We first
identified all 2 537 421 live births in Denmark between
1978 and 2018 using the Danish Medical Birth
Register.!” Individuals with a birth weight <500 g and
gestational age at birth <22 weeks (n=97 128) were
excluded according to the World Health Organization
criteria.’® We further excluded individuals who died
on the day of birth (n=2575), because death on this
day is probably attributable to birth defects, extreme
preterm birth, or low birth weight, and our aim was to
evaluate the short term and long term effects of HDP
on mortality in offspring up to young adulthood. The
final cohort comprised 2 437 718 liveborn individuals
(see supplementary figure S1). Follow-up started from
the date of birth and ended until the date of death,
emigration, or 31 December 2018, whichever came
first. A total of 66 832 offspring (2.7%) were censored
owing to emigration. Supplementary appendix 1
provides detailed descriptions of the registers used in
this study.

Exposure status

Based on information from the Danish Medical
Birth Register and Danish National Patient Register,
we identified HDP among mothers using ICD-8
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(international classification of diseases, eighth
revision) codes from 1978 to 1993 and ICD-10 (10th
revision) codes from 1994 onwards (see supplementary
table S1). HDP was classified as eclampsia, pre-
eclampsia, or hypertension. At each hospital contact,
doctors were responsible for the registration of
diagnoses using ICD codes.?® The diagnostic criteria for
pre-eclampsia was the development of hypertension
(systolic blood pressure 2140 mm Hg or diastolic
blood pressure 290 mm Hg, or both) and proteinuria
after 20 weeks of gestation.?' Eclampsia was the new
onset of seizures or coma in a pregnant woman with
pre-eclampsia.?! According to severity, pre-eclampsia
was categorised into unspecified, moderate, or severe,
and HELLP (haemolysis, elevated liver enzymes,
and low platelets) syndrome. Hypertension was
categorised into pregestational (hypertension before
pregnancy) and gestational (new onset hypertension
after 20 weeks of gestation).?! If women had multiple
HDP diagnoses, we categorised them according to the
hierarchy: eclampsia, pre-eclampsia, pregestational
hypertension, and gestational hypertension.

When evaluating the severity and timing of onset of
pre-eclampsia, we compiled pre-eclampsia as a binary
variable for severity and categorised it as moderate
or severe (including severe pre-eclampsia and HELLP
syndrome). According to the timing of diagnosis, we
categorised pre-eclampsia into early onset (<34 weeks
of gestation) and late onset (234 weeks of gestation).?>

Outcomes

The primary outcome of interest was all cause
mortality identified in the Danish Register of Causes of
Death.'” As secondary outcomes, we further examined
13 specific causes of death: cardiovascular diseases;
cancer; infectious and parasitic diseases; endocrine,
nutritional, and metabolic diseases; mental and
behavioural disorders; diseases of the nervous system
and sense organs; diseases of the respiratory system;
diseases of the digestive system; diseases of the
musculoskeletal system or connective tissue; diseases
of the genitourinary system; certain conditions
originating in the perinatal period; congenital
malformations and chromosomal abnormalities; and
external causes of morbidity and mortality. Causes of
death were determined based on ICD codes according
to the European Shortlist for Causes of Death and
used information on underlying cause in the Danish
Register of Causes of Death.'” Supplementary table S2
provides the ICD codes for causes of deaths.

Covariates

Covariates included sex of offspring (male, female);
singleton birth (yes, no); parity (1, 2, >3 children);
birth year of the child (1977-80, and five year intervals
in 1981-2015 and 2016-18); maternal age (<20,
20-24, 25-29, 30-34, =35 years), smoking during
pregnancy (yes, no), living arrangements (single,
cohabitating), residence (Copenhagen, big cities
(100000 inhabitants), and other places), country
of origin (Denmark, non-Denmark), education before
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pregnancy (low: 0-9 years, medium: 10-14 years, high:
>15 years), income at birth of the child (no income,
three tertiles), pre-pregnancy body mass index (BMI)
(underweight: <18.5, normal: 18.5-24.9, overweight:
25.0-29.9, obese: 230.0), and history of diabetes
(ves, no); and parental history of cardiovascular
disease before birth of the child (yes, no), which were
selected by directed acyclic graphs (see supplementary
figure S2). To deal with missing values we used a
multiple imputation procedure with fully conditional
specification (SAS Institute) to impute 10 replications
(greater than the percentage of data missing).”
Supplementary appendix 2 describes the covariates
and multiple imputation methods in detail.

Statistical analysis

Cumulative incidence of all cause mortality was
computed according to maternal HDP status after
adjusting for covariates. We examined the association
of maternal HDP with all cause mortality and cause
specific mortality in offspring using a Cox regression
model with age as the time scale. For cause specific
mortality, we considered deaths from other causes as
competing events and censored those participants at
the date of death from other causes. Adjusted hazard
ratios and corresponding 95% confidence intervals
were calculated after adjusting for calendar year; sex;
singleton; parity; birth year of the child; maternal
age, smoking, cohabitation, country of origin,
residence, education, income at birth, pre-pregnancy
BMI, and history of diabetes; and parental history of
cardiovascular disease before birth of the child. The
proportional hazard assumptions for all cause and
cause specific mortality were not violated according
to the log-minus-log plot (see supplementary figures
S3 and S4). We examined if the association between
maternal HDP and all cause mortality in offspring
differed by the timing of diagnosis (early and late onset)
and severity (moderate and severe) of pre-eclampsia.
To assess the role of maternal diabetes or education
level on the association, we investigated the joint effect
of maternal HDP and maternal diabetes or maternal
HDP and maternal education before pregnancy on
mortality in offspring.

We conducted several sensitivity analyses. Firstly,
to account for the influence of genetic or familial
factors, we carried out sibship analysis for the
association between maternal HDP and all cause
mortality using the stratified cox regression model.
Half sibling and full sibling were defined as offspring
born to the same mother and offspring born to both
the same mother and the same father, respectively.
Secondly, as the relationship between maternal HDP
or paternal hypertension and mortality in offspring
may partially be confounded by genetic or familial
factors, we considered paternal hypertension before
pregnancy as the control exposure to investigate the
influence of underlying genetic or familial factors on
the association between maternal HDP and mortality
in offspring. Thirdly, we divided offspring according
to small for gestational age (defined as infants with
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birth weight below the 10th centile for infants of the
same gestational age, sex, and birth year) or not, and
performed analysis stratified by small for gestational
age to investigate whether fetal growth restriction
would affect the association between maternal HDP
and mortality in offspring. Fourthly, we investigated
the association between maternal HDP and all cause
mortality in offspring according to sex and parity.
Fifthly, we split offspringinto different age groups (0-18,
219 years old) to assess the impact of HDP on mortality
by offspring age. Sixthly, we further conducted several
subgroup analyses: additionally adjusting for paternal
hypertension; analyses restricting to singleton births;
analyses restricting to offspring born after 1991,
1994, and 2004, owing to the change in ICD code and
availability of data on confounders; complete cases
analysis; excluding individuals exposed to maternal
pregestational hypertension; additional adjusting
for Charlson comorbidity index scores; including all
live births from 1977 to 2018. Seventhly, to account
for the influence of delayed diagnoses, we changed
the cutoff points of early onset and late onset pre-
eclampsia to 35 weeks or 36 weeks of gestation and
reanalysed the impact of timing of diagnosis and
severity of pre-eclampsia on mortality in offspring.
Eighthly, we performed additional analysis using
restricted cubic splines rather than categorisation for
covariates (maternal age, parity, maternal income, and
calendar year) in the regression models. Ninthly, we
further estimated hazard ratios using a time varying
Cox model, which allowed the effect of maternal HDP
on mortality in offspring to vary over time. Finally, we
calculated a series of averaged hazard ratios according
to follow-up time (0-5, 0-10, 0-15, 0-20, 0-25, 0-30,
0-35, and 0-41 years).?* All analyses were performed
using SAS 9.4 (SAS Institute, Cary, NC) and Stata
15.1 (StataCorp, College Station, TX). Supplementary
appendix 3 presents the SAS codes for the main
analysis.

Patient and public involvement

This study used data from large population based
registers that were not specifically designed for the
current study’s aim of examining the association of
HDP with mortality in offspring from birth to young
adulthood. Therefore, no patients were involved in
the study design, study implementation, setting the
research question, or the outcome measures.

Results
Among a total of 2437 718 offspring, 102095 (4.2%)
were prenatally exposed to maternal HDP, including
68362 (2.8%) exposed to pre-eclampsia or eclampsia
and 33733 (1.4%) exposed to hypertension.
Compared with unexposed offspring, exposed
offspring were more likely to be born to mothers with
lower parity, not cohabiting, younger age at childbirth,
higher pre-pregnancy BMI, or a history of diabetes or
cardiovascular disease (table 1).

During the follow-up of up to 41 years (median 19.4
(interquartile range 9.7-28.7) years), deaths occurred
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Table 1 | Baseline characteristics according to offspring’s exposure to maternal hypertensive disorder of pregnancy. Values are numbers (row

percentages) of offspring

Characteristics No hypertensive disorders Pre-eclampsia* Eclampsia Hypertension Total
Overall mortality
No 2316504 (99.2) 66902 (98.8) 662 (97.5) 33510 (99.3) 2417578 (99.2)
Yes 19119 (0.8) 781 (1.2) 17 (2.5) 223 (0.7) 20140 (0.8)
Singleton
No 73251 (3.1) 6208 (9.2) 47 (6.9) 1466 (4.3) 80972 (3.3)
Yes 2262372 (96.9) 61475 (90.8) 632 (93.1) 32267 (95.6) 2356746 (96.7)
Sex of offspring
Male 1197594 (51.3) 35207 (52.0) 355 (52.3) 17 451 (51.7) 1250607 (51.3)
Female 1136971 (48.7) 32447 (47.9) 323 (47.6) 16273 (48.2) 1186014 (48.7)
Unknownt 1058 (0.05) 29 (0.04) = 9 (0.03) 1097 (0.0)
Maternal parity
1 1039964 (44.5) 44517 (65.8) 476 (70.1) 15948 (47.3) 1100905 (45.2)
2 875642 (37.5) 15697 (23.2) 138 (20.3) 11407 (33.8) 902884 (37.0)
23 420017 (18.0) 7469 (11.0) 65 (9.6) 6378 (18.9) 433929 (17.8)
Maternal age at childbirth (years)
20 51443 (2.2) 1953 (2.9) 32 (4.7) 297 (0.9) 53725 (2.2)
20-24 396615 (17.0) 13650 (20.2) 142 (20.9) 3573 (10.6) 413980 (17.0)
25-29 849734 (36.4) 24226 (35.8) 225 (33.1) 9836 (29.2) 884021 (36.3)
30-34 712235 (30.5) 17 855 (26.4) 183 (26.9) 11345 (33.6) 741618 (30.4)
235 325596 (13.9) 9999 (14.8) 97 (14.3) 8682 (25.7) 344374 (14.1)
Maternal smoking during pregnancyt
No 1311663 (78.0) 38860 (81.3) 403 (80.3) 23664 (84.3) 1374590 (78.2)
Yes 312190 (18.6) 6742 (14.1) 66 (13.1) 3488 (12.4) 322486 (18.3)
Unknown 57337 (3.4) 2207 (4.6) 33 (6.6) 922 (3.3) 60499 (3.4)
Maternal education at childbirth (years)
Low 598048 (25.6) 18726 (27.7) 194 (28.6) 6697 (19.9) 623665 (25.6)
Medium 1000397 (42.8) 30175 (44.6) 301 (44.3) 15029 (44.6 1045902 (42.9)
High 698 445 (29.9) 18013 (26.6) 174 (25.6) 11620 (34.4) 728252 (29.9)
Unknown 38733 (1.7) 769 (1.1) 10 (1.5) 387 (1.1) 39899 (1.6)
Maternal cohabitation at childbirth
No 1069832 (45.8) 35080 (51.8) 374 (55.1) 15781 (46.8) 1121067 (46.0)
Yes 1264965 (54.2) 32585 (48.1) 304 (44.8) 17943 (53.2) 1315797 (54.0)
Unknownt 826 (0.04) 18 (0.03) - 9(0.03) 854 (0.0)
Parental medical history before birth of child
Maternal CVD:
No 2273674 (97.3) 65420 (96.7) 655 (96.5) 31926 (94.6) 2371675 (97.3)
Yes 61949 (2.7) 2263 (3.3) 24 (3.5) 1807 (5.4) 66043 (2.7)
Paternal CVD:
No 2235720 (95.7) 64380 (95.1) 644 (94.9) 31852 (94.4) 2332596 (95.7)
Yes 77595 (3.3) 2399 (3.5) 24 (3.5) 1462 (4.3) 81480 (3.3)
Unknown 22308 (1.0) 904 (1.3) 11 (1.6) 419 (1.2) 23642 (1.0)
Maternal diabetes mellitus
No 2296701 (98.3) 64769 (95.7) 646 (95.1) 31332(92.9) 2393448 (98.2)
Yes 38922 (1.7) 2914 (4.3) 33 (4.9) 2401 (7.1) 44270 (1.8)
Maternal income
No income 422287 (18.8) 10407 (15.9) 118 (18.0) 5024 (15.2) 437836 (18.6)
Less than lower tertiles 608422 (27.0) 18700 (28.6) 201 (30.7) 8067 (24.4) 635390 (27.0)
Lower and higher tertiles 609553 (27.1) 18633 (28.5) 173 (26.4) 10044 (30.4) 638403 (27.2)
More than higher tertiles 611273 (27.1) 17 652 (27.0) 162 (24.8) 9903 (30.0) 638990 (27.2)
Unknownt 433 (0.02) - - - 442 (0.0)
Pre-pregnancy maternal BMI§
<18.5 36933 (4.3) 567 (2.2) 8 (3.1) 396 (2.0) 37904 (4.2)
18.5-24.9 521731 (60.4) 11475 (45.4) 120 (47.2) 8405 (43.1) 541731 (59.6)
25.0-29.9 174229 (20.2) 6442 (25.5) 64 (25.2) 4779 (24.5) 185514 (20.4)
>30.0 98718 (11.4) 6067 (24.0) 47 (18.5) 5360 (27.5) 110192 (12.1)
Unknown 31840 (3.7) 747 (3.0) 15 (5.9) 556 (2.9) 33158 (3.6)

BMI=body mass index; CVD=cardiovascular disease.
*Includes all pre-eclampsia diagnoses (moderate, severe, HELLP (haemolysis, elevated liver enzymes, low platelets) syndrome, and unspecified).
1<6 patients therefore not allowed to report owing to data protection in Denmark.
$Data available in Denmark 1991-2018.

§Data available in Denmark 2004-18.

in 781 (58.94 per 100000 person years) offspring
exposed to pre-eclampsia, 17 (133.73 per 100000
person years) exposed to eclampsia, 223 (44.38 per
100000 person years) exposed to hypertension, and

19119 (41.99 per 100000 person years) not exposed
(table 2). The cumulative incidence of all cause
mortality was higher in the exposed cohort (2.06%,
95% confidence interval 1.82% to 2.34%) compared
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Table 2 | Hazard ratios for associations between maternal hypertensive disorder of pregnancy (HDP) and all cause (main outcome) and cause specific

(secondary outcomes) mortality in offspring

Rate (per 100000 Crude hazard ratio Adjusted hazard ratio*

Outcome and exposure No of deaths  Follow-up (person years) person years) (95% ClI) (95% CI)
Overall mortality
No maternal HDP 19119 45534378.72 41.99 1.0 (Reference) 1.0 (Reference)
Maternal HDP 1021 1840136.80 55.49 1.28 (1.21to0 1.37) 1.26 (1.18 to 1.34)
Pre-eclampsia or eclampsia 798 1337690.23 59.66 1.42(1.32t01.52) 1.30 (1.21to 1.40)
Pre-eclampsia 781 1324978.47 58.94 1.40 (1.30to 1.50) 1.29(1.20t0 1.38)
Severity of pre-eclampsia:

Moderate 423 1013731.05 41.73 1.00 (0.91 to 1.10) 0.90 (0.82 t0 0.99)

Severe 279 208 803.94 133.62 3.10 (2.7510 3.49) 2.99 (2.66 t0 3.37)

HELLP syndrome 30 18671.24 160.67 3.11 (2.18 t0 4.45) 4.79 (3.34 to 6.86)

Unspecified 49 83772.24 58.49 1.44 (1.09t0 1.91) 1.30 (0.98t0 1.72)
Eclampsia 17 12711.76 133.73 3.17 (1.97 t0 5.10) 2.88 (1.79 10 4.63)
Hypertension:

Overall 223 502 446.57 44.38 0.96 (0.841t0 1.10) 1.12(0.98t0 1.28)

Pregestational 81 181836.48 44.55 0.90(0.72t01.12) 1.27 (1.02t0 1.58)

Gestational 142 320610.09 44.29 1.00 (0.851t01.18) 1.06 (0.90to 1.25)
Cause specific mortality
Cardiovascular diseases:

No HDP 572 45534378.72 1.26 1.0 (reference) 1.0 (reference)

HDP 36 1840136.80 1.96 1.57 (1.12t0 2.20) 1.52 (1.08t0 2.13)
Malignant neoplasms:

No HDP 1819 45534378.72 3.99 1.0 (reference) 1.0 (reference)

HDP 78 1840136.80 4.24 1.07 (0.85t0 1.34) 1.04 (0.83 to 1.31)
Infectious and parasitic diseases:

No HDP 578 45534378.72 1.27 1.0 (reference) 1.0 (reference)

HDP 29 1840136.80 1.58 1.18 (0.81t0 1.72) 1.26 (0.86 to 1.83)
Endocrine, nutritional, and metabolic diseases:

No HDP 498 45534378.72 1.09 1.0 (reference) 1.0 (reference)

HDP 30 1840136.80 1.63 1.45 (1.00 to 2.09) 1.56 (1.08 t0 2.27)
Mental and behavioural disorders:

No HDP 134 45534378.72 0.29 1.0 (reference) 1.0 (reference)

HDPt 1840136.80 0.11 0.38 (0.09 to 1.53) 0.36 (0.09 to 1.48)
Nervous system and sense organs diseases:

No HDP 955 45534378.72 2.10 1.0 (reference) 1.0 (reference)

HDP 41 1840136.80 2.23 1.04 (0.76 to 1.42) 1.01 (0.74 to 1.38)
Respiratory diseases:

No HDP 467 45534378.72 1.03 1.0 (reference) 1.0 (reference)

HDP 23 1840136.80 1.25 1.17 (0.77 t0 1.77) 1.22 (0.80to 1.86)
Digestive diseases:

No HDP 210 45534378.72 0.46 1.0 (reference) 1.0 (reference)

HDP 17 1840136.80 0.92 1.99 (1.21t0 3.26) 2.09 (1.27 t0 3.43)
Musculoskeletal system or connective tissue
diseases:

No HDP 51 45534378.72 0.11 1.0 (reference) 1.0 (reference)

HDPt 1840136.80 0.11 0.99 (0.24 t0 4.07) 1.08 (0.26 to 4.48)
Genitourinary diseases:

No HDP 34 45534378.72 0.07 1.0 (reference) 1.0 (reference)

HDPt 1840136.80 0.16 2.16 (0.66 t0 7.03) 2.34(0.71t07.72)
Conditions originating in perinatal period:

No HDP 2768 45534378.72 6.08 1.0 (reference) 1.0 (reference)

HDP 310 1840136.80 16.85 2.57 (2.28t0 2.89) 2.04 (1.81t0 2.30)
Congenital malformations and chromosomal
abnormalities:

No HDP 3514 45534378.72 7.72 1.0 (reference) 1.0 (reference)

HDP 153 1840136.80 8.31 1.01 (0.861t0 1.19) 1.04 (0.881t0 1.22)
External causes of morbidity and mortality:

No HDP 4345 45534378.72 9.54 1.0 (reference) 1.0 (reference)

HDP 184 1840136.80 10.00 1.07 (0.93 to 1.25) 1.05 (0.90to 1.21)
Other causes:

No HDP 3174 45534378.72 6.97 1.0 (reference) 1.0 (reference)

HDP 113 1840136.80 6.14 0.84 (0.70t0 1.02) 0.94(0.78t0 1.13)

Cl=confidence interval.

*Offspring age as time scale, adjusted for calendar year; sex; singleton; parity; birth year of child; maternal age, smoking, cohabitation, country of origin, residence, education, income at birth,

pre-pregnancy body mass index, and history of diabetes; and parental history of cardiovascular disease before birth of the child.
<6 cases therefore not allowed to report owing to data protection in Denmark.

with non-exposed cohort (1.69%, 1.65% to 1.73%),
and the difference was 0.37% (0.11% to 0.64%) (fig
1). The population attributable fraction for maternal

HDP on mortality in offspring was estimated as 1.09%
(95% confidence interval 0.77% to 1.41%). Offspring
exposed to maternal HDP had a 26% higher risk (hazard
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Cumulative incidence of deaths
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40 45
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509970 255085 38564 0
20594 10120 1327 0

Fig 1 | Cumulative incidence of all cause mortality among offspring prenatally exposed or not exposed to maternal hypertensive disorder of

pregnancy (HDP)

ratio 1.26, 95% confidence interval 1.18 to 1.34) of
all cause mortality than non-exposed offspring (table
2). The associated increased risk for pre-eclampsia,
eclampsia, and hypertension was 29% (1.29, 1.20 to
1.38), 188% (2.88, 1.79 to 4.63), and 12% (1.12, 0.98
to 1.28), respectively. For severity of pre-eclampsia, we
observed a dose-response association: moderate 0.90
(0.82 to 0.99), severe 2.99 (2.66 to 3.37), and HELLP
syndrome 4.79 (3.34 to 6.86).

The increased risk of cause specific mortality
among offspring exposed to maternal HDP reached
more than twofold for deaths from digestive diseases

Table 3 | Risk of all cause mortality in offspring according to timing and severity of

maternal pre-eclampsia*

Rate (per
100000
Variables for pre- No of Follow-up person Crude hazard ratio Adjusted hazard
eclampsia deaths  (person years) years) (95% CI) ratiot (95% ClI)
No HDP 19119  45534378.72 41.99 1.0 (reference) 1.0 (Reference)
Timing:
Late onset 338 913226.04 37.01 0.90 (0.81t0 1.01) 0.80 (0.72 t0 0.89)
Early onset 394 327980.19 120.13 2.63(2.381t02.90) 2.71 (2.45 to 3.00)
Severity:
Moderate 423 1013731.05 41.73 1.00 (0.91t0 1.10) 0.90 (0.82 t0 0.99)
Severe and 309 22747518 135.84 3.10 (2.77 t0 3.47) 3.10 (2.77 to 3.47)
HELLP syndrome
Timing and
severity
interaction:
Late onset:
Moderate 287 786320.06 36.50 0.90 (0.80t0 1.01) 0.78 (0.70t0 0.88)
Severeand 51 126905.99 40.19 0.92 (0.70t0 1.22) 0.90 (0.68to 1.18)
HELLP syndrome
Early onset:
Moderate 136 227 410.99 59.80 1.29(1.09t0 1.53) 1.33(1.12t0 1.57)
Severeand 258 100569.19 256.54 5.79 (5.12t0 6.54) 6.06 (5.35 t0 6.86)

HELLP syndrome

Cl=confidence interval; HDP=hypertensive disorder of pregnancy; HELLP=haemolysis, elevated liver enzymes, and

low platelets.

*Includes moderate pre-eclampsia, severe pre-eclampsia, and HELLP syndrome.
tOffspring age as time scale, adjusted for calendar year; sex; singleton; parity; birth year of child; maternal age,
smoking, cohabitation, country of origin, residence, education, income at birth, pre-pregnancy body mass index,
and history of diabetes; and parental history of cardiovascular disease before birth of the child.

(2.09, 1.27 to 3.43) and from conditions originating
in the perinatal period (2.04, 1.81 to 2.30), followed
by 56% for deaths from endocrine, nutritional, and
metabolic diseases (1.56, 1.08 to 2.27) and 52% for
cardiovascular diseases (1.52, 1.08 to 2.13). We did
not observe a significant association between maternal
HDP and cancer mortality in offspring (1.04, 0.83 to
1.31) (table 2).

We observed a much higher increased risk of all
cause mortality in offspring prenatally exposed
to early onset pre-eclampsia (2.71, 2.45 to 3.00)
compared with offspring exposed to late-onset pre-
eclampsia (0.80, 0.72 to 0.89). When both timing of
diagnosis and severity of maternal pre-eclampsia were
considered, the strongest association was observed in
offspring prenatally exposed to early onset and severe
pre-eclampsia (6.06, 5.35 to 6.86) (table 3).

Moreover, we found that the offspring of mothers
with both HDP and a history of diabetes had a 57%
higher risk of all cause mortality (1.57, 1.16 to 2.14)
compared with offspring of mothers with HDP alone
(1.26, 1.18 to 1.34) (fig 2). Offspring of mothers with
both HDP and low education had a 49% higher risk of
all cause mortality (1.49, 1.34 to 1.66), and offspring
of mothers with both HDP and medium education had
a 42% higher risk of all cause mortality (1.42, 1.28 to
1.58) compared with offspring of mothers with no HDP
and high education (fig 2).

The sibling matched analysis yielded results for all
cause mortality similar to those of the main analyses in
both half siblings and full siblings (see supplementary
table S3). A weaker association between paternal
hypertension and mortality in offspring (1.20, 0.94 to
1.54) was observed when using paternal hypertension
before pregnancy as the control exposure (see
supplementary table S4). When performing analyses
stratified by small for gestational age, we found
that the association between maternal HDP and all
cause mortality was stronger in the offspring who
were small for gestational age (1.53, 1.36 to 1.73)
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Attributing effect

deaths (personyears) person years)
Maternal HDP and maternal diabetes
Main effect
No HDP and no diabetes 18869 45080 120.82 41.86
HDP only 980 177792214 55.12
Diabetes only 250 454 257.90 55.03
Joint effect
HDP and diabetes 41 62214.65 65.90
Maternal HDP and pre-pregnancy education
Main effect
No HDP and high education 3412 1114461248 30.62
HDP and high education 195 19663051.26 36.62
No HDP and medium education 7200 14270 138.85 57.25
No HDP and low education 8170  410007.82 47.56
Joint effect
HDP and medium education 403 812 856.46 49.58
HDP and low education 405 603 443.36 67.11
0.80

No of Follow-up time Rate (per 100 000

Adjusted hazard
ratio (95% CI)

Adjusted hazard
ratio (95% CI)

1.0 (reference)
—a— 1.26 (1.18t0 1.34)
1.35(1.19t0 1.53)

» 1.57(1.16 t0 2.14)

1.0 (reference)
1.46 (1.27 t0 1.69)
1.09 (1.05t0 1.14)
—a— 1.33(1.27t0 1.39)

1.42(1.28t0 1.58)
-— 1.49 (1.34 t0 1.66)

1.25 1.60 2.00 2.50

Fig 2 | Joint effect of maternal hypertensive disorder of pregnancy (HDP) and maternal history of diabetes or maternal education before pregnancy
on all cause mortality in offspring. *Offspring age as time scale, adjusted for calendar year; sex; singleton; parity; birth year of child; maternal age,
smoking, cohabitation, country of origin, residence, education, income at birth, and pre-pregnancy body mass index; and parental cardiovascular
disease before birth of child. TOffspring’s age as time scale, adjusted for calendar year; sex; singleton; parity; birth year of child; maternal age,
smoking, cohabitation, country of origin, residence, income at birth, pre-pregnancy body mass index, and diabetes; and parental cardiovascular

disease before birth of child. Cl=confidence interval

compared with other offspring (1.12, 1.04 to 1.21)
(see supplementary table S5). Similar associations
were observed across different sex and parity (see
supplementary figure S5). Similar results to the
primary analyses were observed in subgroup analyses
additionally adjusted for paternal hypertension; and
when restricting to offspring born after 1991, 1994,
or 2004; restricting to singleton offspring; restricting
to complete cases analyses; excluding individuals
exposed to maternal pregestational hypertension;
additionally adjusting for Charlson comorbidity index
scores; including all live births in 1977-2018; and
performing analysis using restricted cubic spline for
continuous covariates (see supplementary tables S6
and S7). Results from analyses using different cutoff
points of 35 weeks or 36 weeks for early onset and late
onset pre-eclampsia were similar to those obtained
in the primary analysis (see supplementary table S8).
Allowing the effect of maternal HDP on mortality in
offspring to vary with offspring age, we observed a
peak of increased mortality risk shortly after birth
among offspring exposed to maternal HDP, followed by
a declining trend in childhood and adolescence. From
early adulthood, mortality risk showed a slight upward
trend in offspring exposed to maternal HDP compared
with non-exposed offspring (see supplementary figure
S6). A series of averaged hazard ratios from 0 to 41
years of follow-up suggested that HDP was associated
with an increased risk of mortality in offspring (see
supplementary table S9). Increased mortality risk was
observed in offspring aged both 0-18 years and =19
years (see supplementary table S10). Supplementary

thelbmj | BMJ2022;379:€072157 | doi: 10.1136/bmj-2022-072157

figures S7 and S8 show cumulative incidence curves
and incidence rates for cause specific mortality in
offspring.

Discussion

In this population based cohort study among 2.4
million live births in Denmark, offspring prenatally
exposed to maternal pre-eclampsia, eclampsia, and
hypertension had 29%, 188%, and 12% increased
risks of all cause mortality, respectively, which were
independent of several maternal and offspring factors.
The increased risks were also found in several cause
specific deaths, including deaths from digestive
diseases; conditions originating in the perinatal
period; endocrine, nutritional, and metabolic diseases;
and cardiovascular disease, but not from cancer. In
particular, the observed risk was among the highest for
offspring exposed to early onset and severe maternal
pre-eclampsia. Furthermore, a strong association was
also observed among offspring of mothers with HDP
and a history of diabetes or low education level.

Comparison with other studies

Previous studies of maternal HDP and mortality in
offspring mainly focused on the negative impacts of
maternal HDP in the fetal and neonatal periods,> >’
with one exception in mid-adulthood,'? whereas no
evidence has been presented for mortality in childhood,
adolescence, and young adulthood. In our large study
we explored the association between maternal HDP and
mortality in offspring from birth to young adulthood
and also investigated specific types of maternal HDP

7
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and cause specific mortality in offspring. Our findings
are in line with those of the retrospective US study of
11039 adults born from 1947 to 1967 and aged 49-69
years at the end of follow-up, which reported a higher
risk of all cause mortality (hazard ratio 1.19, 95%
confidence interval 1.07 to 1.32) and cardiovascular
mortality (1.57, 1.16 to 2.12) in offspring exposed to
maternal HDP.'? This study also showed an increased
risk of cancer mortality (1.37, 1.04 to 1.81), which was
different from our study, probably as a result of the
heterogeneities of epidemiological profiles of cancer
across different countries.'? 2 Also, the US study
suggested that the impact of HDP on cardiovascular
mortality differed by sex and increased with higher
birth order.'” Nevertheless, our study observed similar
associations in both sexes and among different parity.
The inconsistent results in sex and parity between the
US study and our study could be related to differences
in the study period, sample size, and population
sociodemographic characteristics—in particular age
distribution.*?

The underlying physiological mechanisms between
maternal HDP and mortality in offspring remain
unclear, although some potential pathways have been
proposed.®1° 2935 Maternal HDP, a disease related to
placental disorder, might result in placental lesions,
DNA methylation in the placenta, and changes in gene
expression.’*3? HDP related placental dysfunction is
associated with impaired fetal development and could
have a negative long term effect on health outcomes
in offspring.>® 3* Furthermore, the epigenetic changes
resulting from exposure to maternal HDP in utero, or
shared environment or lifestyle behavioural factors
of offspring after delivery, may also play an important
role.® 3° For the increased risk of cause specific
mortality, numerous studies have found maternal
HDP to be associated with a broad range of health
outcomes in offspring beginning from birth, including
cardiovascular, neurodevelopmental, mental,
metabolic, and behavioural outcomes,” >*3° which
may further increase the risk of corresponding cause
specific mortality over a long period in later life.

The present study also adds to existing evidence
by providing the findings of severity and timing of
diagnosis of pre-eclampsia. Offspring whose mothers
had severe and early onset pre-eclampsia had more
than six times the mortality risk than offspring whose
mothers had no HDP, whereas moderate and late onset
pre-eclampsia seemed to have a weak protective effect
on all cause mortality in offspring. This indicates that
severe HDP would substantially increase the risk
of mortality in offspring and should be given more
consideration in clinical evaluation and management
during pregnancy.”” Neutrophil gene expression
profiles in women who developed severe pre-eclampsia
differed greatly from those who developed moderate
pre-eclampsia,*! which may partly explain the different
impact of moderate and severe pre-eclampsia on
mortality in offspring. Besides, early onset pre-eclampsia
is caused by defective placentation, whereas late onset
pre-eclampsia is most often a result of the interaction

RESEARCH

between normal senescence of the placenta and
maternal genetic susceptibility to cardiovascular and
metabolic diseases.® The distinct pathophysiological
mechanisms between early and late onset pre-
eclampsia might help to explain our findings.*® Further
investigation is needed to examine the mechanisms of
severity and timing of diagnosis of pre-eclampsia and
the protective mechanisms of moderate and late onset
pre-eclampsia on mortality in offspring.

We found that offspring of mothers with HDP and
a history of maternal diabetes or lower maternal
education before pregnancy are at higher risk of all
cause mortality. A study showed that women with
overt diabetes might have an altered risk of HDP, which
could act together to increase the risk of mortality
in offspring.”® Previous evidence has suggested a
socioeconomic based disparity in the risk of maternal
morbidities, including HDP.* “* The risk of mortality
in offspring might also vary by maternal education, a
proxy of socioeconomic status, along with maternal
HDP.'* 1 The pathophysiology of the joint effect
of maternal HDP and history of diabetes or lower
education level on mortality in offspring remains
unclear, and further research for the underlying
mechanisms is warranted.

We observed that the effect of maternal HDP on all
cause mortality in offspring was strongest shortly after
birth, and maternal HDP was also associated with an
increase in the risk of mortality in offspring in young
adulthood. These findings highlight the importance
of preventing and managing maternal HDP in women
of childbearing age—for example, tightly controlling
for maternal blood pressure during pregnancy and
treatment for blood pressure in a monitored setting for
consistently high readings.*® Also, offspring prenatally
exposed to maternal HDP require early evaluation
and clinical attention to reduce their risk of mortality,
particularly infants born to mothers with maternal
HDP as they are in a vulnerable period with a greater
risk of mortality during infancy.** With the upward
trend of mortality risk observed starting from early
adulthood, offspring born to mothers with HDP should
also be more health conscious from an early age, as
death could result from long term health impairments
from prenatal exposure to maternal conditions such as
HDP.*

Strengths and limitations of this study

This study has several strengths. Firstly, our study
was based on a large population of more than two
million individuals, which allowed us to examine the
association between most types of HDP and all cause
and 13 types of cause specific mortality in offspring.
Secondly, this prospective cohort from Danish national
registers comprised almost all liveborn individuals
in Denmark with complete follow-up over the study
period, which helps to minimise recall bias and
selection bias. Thirdly, we performed sibling analysis
to consider the effect of genetic factors and some
unmeasured family factors, such as diet or lifestyle.
Fourthly, the validity of diagnoses in Danish registers
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was high for exposure to maternal HDP and outcome
cause of death in our study.*®

Our study also has several limitations. Firstly, we
could not rule out the influence of some unmeasured
confounders, such as smoking, alcohol use, poor diet
quality, obesity, and sedentary lifestyle in offspring,
which should be considered as time varying covariates.
However, the positive and consistent results from the
sibling analysis and subgroup analysis adjusted for
many important potential confounders lend some
support to the findings of our study.”” *® In addition,
as shown in supplementary figure S2, some of these
unmeasured confounders would be present in the same
confounding pathway with maternal characteristics,
such as maternal income, maternal education, and
maternal BMI. The influence of these unmeasured
confounders can be partially controlled by adjusting
for these maternal factors. Secondly, we did not include
stillbirths or early pregnancy losses in our study, which
potentially could result in selection bias. However, the
risk of fetal deaths in pregnancies with HDP was higher
than those in normotensive pregnancies, which would
lead to underestimated hazard ratios of mortality
in offspring when considering stillbirths and early
pregnancy losses.*’ Thirdly, Denmark has universal
health coverage with high quality health services,
which might limit the generalisability of our findings."”
Fourthly, we could have missed some individuals with
mild HDP who were identified only in the primary
care system but not registered in the Danish National
Patient Register.’® However, a validity study that
evaluated diagnoses of HDP in this register from 1998
to 2000 indicated that the validity of overall HDP
is high, especially for pre-eclampsia.’® In addition,
results from analysis excluding individuals exposed
to maternal pregestational hypertension remained
similar to the overall estimates in main analysis. In any
case, mild HDP misclassified as no HDP would mostly
lead to an effect estimate biased towards the null.

Conclusions

This large cohort study provides strong evidence
that maternal HDP, especially severe pre-eclampsia,
HELLP syndrome, and eclampsia, are associated
with increased risks of all cause and some cause
specific mortality in offspring, including deaths from
cardiovascular diseases, digestive diseases, conditions
originating in the perinatal period, and endocrine,
nutritional, and metabolic diseases from birth to
young adulthood.
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