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ABSTRACT

Objectives The association between hypertensive
disorders in pregnancy (HDP) and an increased risk of
asthma in offspring remains controversial. No systematic
review of this topic has been performed. The aim of

this systematic review was to summarise the available
evidence regarding the association between HDP and the
risk of asthma in offspring.

Design Systematic review and meta-analysis.

Methods On the basis of a prepared protocol, a
systematic search of PubMed, EMBASE, the Cochrane
Library and Web of Science was performed using a
detailed search strategy from the database inception to 17
January 2020. Cohort, case—control and cross-sectional
studies published in English reporting the diagnoses of
maternal HDP and asthma in offspring were included. The
Meta-analysis of Observational Studies in Epidemiology
guidelines were followed throughout the study. The
estimated pooled ORs of HDP and asthma in offspring
were calculated from the studies, and the meta-analysis
was performed using random-effects models.

Results Ten cohort studies involving a total of

6270430 participants were included. According to the
Newcastle-Ottawa Scale, the overall methodological
quality was good since 8 studies were of high quality
and 2 studies were of moderate quality. After controlling
for potential confounders, HDP was associated with a
possible increased risk of asthma in offspring, with a
pooled adjusted OR (aOR) of 1.19 (95% Cl 1.12 to 1.26).
The subgroup analyses according to HDP subgroups,
sibling design, study quality, study location, offspring
ages, singleton status, exposure assessment, outcome
assessment and adjusted factors showed similar results.
Conclusions Exposure to HDP may be associated with
an increased risk of asthma in offspring. Further research
is needed to verify the results and determine whether the
observed relationship is causal.

PROSPERO registration number CRD42020148250.

INTRODUCTION

Hypertensive disorders in pregnancy (HDP),
which are estimated to affect 5% to 15% of
all pregnancies, are recognised as among the
most common obstetrical complications.' *
HDP are defined as any hypertension condi-
tion (systolic blood pressure (BP) =140
mmHg and/or diastolic BP =90 mm Hg)
that manifests before gestation or before 20

Strengths and limitations of this study

» The studies included in this meta-analysis adopted
a prospective cohort design, and 10 studies were
of high quality, which could eliminate various con-
founding factors.

» An extremely large sample size of more than 6 mil-
lion participants was included; thus, our findings are
potentially more robust than those of any individual
study.

» This study was based on a pre-prepared protocol and
followed meta-analysis guidelines and the Meta-
analysis of Observational Studies in Epidemiology
guidelines.

» The diagnostic criteria for hypertensive disorders in
pregnancy and asthma varied among the included
studies, which may increase clinical heterogeneity.

weeks and hypertension starting at or after
20 weeks.” There are mainly four subtypes
of HDP, including pre-eclampsia—eclampsia,
chronic hypertension, chronic hypertension
with superimposed pre-eclampsia, and gesta-
tional hypertension.* All HDP subtypes pose
serious threats to the health of the offspring.
Recent studies have confirmed that HDP
are closely associated with a risk of offspring
diseases, including lung disease,” high blood
pressure,’ congenital heart defects,” obesity,”
autism spectrum disorder, attention-deficit/
hyperactivity disorder, low cognitive function,
anxiety/depression and other neurodevelop-
mental disorders.” '

Theoretically, HDP induce a detrimental in
utero environment, causing systemic inflam-
mation and oxidative stress in the vulnerable
fetal lung. Therefore, the development of
the fetal lung may be disturbed by abnormal
inflammation and immune function. These
disturbances may persist through late life
in offspring, leading to subsequent respira-
tory diseases. HDP may have great impacts
on the fetal airway structure and respiratory
and immune system development during
the prenatal period, significantly increasing
the susceptibility of offspring to asthma.” "'
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Asthma, which affects 1%-18% of the population, is the
most common lung disease associated with abnormal
inflammation and immune function. " Asthma is char-
acterised by variable symptoms, such as wheezing, short-
ness of breath, chest tightness and/or cough, and variable
expiratory airflow limitation.'*® Since asthma can cause
recurrent school absences, emergency department visits
and hospitalisations, it has been regarded as a major
public health challenge worldwide.

The aetiology of asthma is not completely clear. In addi-
tion to genetic and environmental fa(:tors,17 it is widely
accepted that asthma originates early in life." Negative
events during the perinatal period increase the risk of
asthma and impair lung function later in life.** *' Asthma
symptoms beginning in adulthood may have originated
in childhood.” Recurrent wheezing and other asthma-
like symptoms usually begin as early as the first few weeks
or months after birth, highlighting the need for the
early recognition of and interventions for the risk factors
of asthma to minimise the development of asthma and
its potential long-term sequelae. Recent epidemiolog-
ical studies have reported that maternal HDP may be a
potential risk factor for asthma in offspring.”** However,
evidence of the association between maternal HDP and
asthma in offspring is inconsistent.***® Hence, clarifying
the magnitude of this association is extremely important.
Therefore, we performed the current systematic review
and meta-analysis to synthesise the available evidence
regarding the relationship between HDP and asthma in
offspring.

METHODS

Search strategy

We followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines,”
Meta-analysis of Observational Studies in Epidemi-
ology (MOOSE) guidelines,” and a prepared protocol
registered in the international prospective register of
systematic reviews and published in BMJ Opm.Sl Two
reviewers (PL and TX) independently conducted a
systematic search of the literature in PubMed, EMBASE,
the Cochrane Library and Web of Science from data-
base inception to 17 January 2020. Search terms related
to HDP and asthma were combined according to the
principles of Boolean logic (using AND, OR or NOT).
The full search strategy is included in online supple-
mental table 1. In addition, the reference lists of the
included studies were manually searched to further iden-
tify eligible studies. The authors further requested the
full text or research data of articles with only abstracts
or unpublished articles. The authors of three studies
were contacted for additional information. The searches
were limited to human studies published in English. No
restrictions were placed on the publication date, location
of the study or the age of the participants.

Study selection

Two investigators (PL and YH) independently inspected
the titles and abstracts of the citations and obtained the
full texts. When consensus regarding eligibility could
not be reached, a third reviewer (TX) was involved in
the discussion. The eligibility criteria for inclusion in the
systematic review included the following: (1) cohort, case—
control or cross-sectional studies in which a diagnosis of
HDP was reported, asthma was the primary outcome of
interest, and the secondary outcomes consisted of recur-
rent wheezing/wheezing, lung/pulmonary function,
the severity of asthma (active asthma or asthma exacer-
bations) or asthma treatment; (2) studies in which the
association between HDP and asthma was a main objec-
tive of the study; (3) studies that contained original data
and confirmed HDP through medical records and/or
physician-diagnosed selfreporting; (4) peerreviewed
published studies. The exclusion criteria were as follows:
(1) case series, case reports, conference abstracts, letters
to the editor, reviews and commentary articles; (2) studies
with overlapping data (same data from the same popula-
tion in two or more studies); (3) studies without raw data
(no data were provided for the meta-analysis).

Data extraction

Two reviewers (PL and YH) independently extracted the
data from the eligible studies using a standardised data
extraction form. The titles and abstracts were retrieved
from each article, stored and managed using EndNote
reference manager. From each included study, we
extracted the following information: first author’s last
name, year of publication, study location, study design,
sample size, exposure (HDP and its subgroups), outcome
diagnostic criteria, offspring age at diagnosis, adjusted/
matched confounding variables and effect estimates (risk
ratios (RRs) or ORs) with the 95% CIs. Any discrepancies
were resolved by consensus with a third reviewer (TX).

Bias and quality assessment

The quality assessments of the included studies were
conducted by two reviewers (PL and YH) independently,
and any discrepancies were resolved by a third reviewer
(TX). The quality assessment followed our published
protocol.” The quality of the cohort studies was assessed
using the Newcastle-Ottawa Scale (NOS).”* The study
quality was classified into the following three categories:
high quality (scores 7-9), moderate quality (scores 4-6)
and low quality (scores 0-3).

Statistical analysis

The data were analysed using Stata V.14.0 (StataCorp,
College Station, Texas, USA). The ORs and 95% ClIs
were used as a measure of the association between HDP
and the risk of asthma in offspring among the studies.
We computed a summary OR and its 95% CIs using the
study-specific most-adjusted OR or RR (maternal HDP
exposure compared with maternal non-HDP exposure)
and its 95% CIs. We used a random-effects model to
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calculate the pooled ORs. The I? statistic (significance
level, >50%) was applied to examine heterogeneity. Forest
plots were constructed to show the study-specific OR esti-
mates and the pooled OR estimate. A protocol-based
subgroup analysis was performed.”’ Since some potential
confounding factors may exist, we performed detailed
subgroup analyses to reduce the effects of confounding
factors. Because the family situation and genetic factors
are similar in siblings, we performed a subgroup anal-
ysis of sibling-design studies. Finally, subgroups analyses
stratified by HDP subgroups, sibling design, study quality,
study location, offspring ages, singleton status, exposure
assessment, outcome assessment and adjusted factors
were performed. The sensitivity analysis was performed
by omitting one study at a time to evaluate the changes in
the pooled OR. The potential risk of publication bias was
estimated by inspection of a funnel plot. Publication bias
was further assessed by Egger’s test and Begg’s test (signif-
icance level, p<0.05) and the ‘trim-and-fill’ procedure.

Patient and public involvement
Patients or the public were not involved.

RESULTS

Literature search and selection

The original search produced 1247 unique results after
the removal of duplicates. Of these articles, 29 full-text
articles were reviewed after screening the titles and
abstracts. Of these articles, 19 articles were excluded
because they did not meet the inclusion criteria. Finally,

10 studies”™ ™ 7% were included in this study. The

reasons for exclusion are outlined in figure 1.

Study characteristics

The characteristics of the 10 included studies are shown
in table 1. The studies were published between 2003 and
2019. All selected studies™ 2 ¥ were cohort studies,
and there was a total of 6270430 participants. The
sample sizes of the studies ranged from 580 to 1 698 638,
and four studies® ***** had sample sizes of more than
I million. Nine studies® ** **** %% ywere performed in
Europe, and one study® was performed in the USA. Four
studies® ** ** % included children aged 6-7 years, and
two studies® ?” included children aged 10-12 years. In
two cohort studies,” * the authors used a sibling analysis
in which children with the same mother were included
to control for shared genetic and social confounders.
According to the NOS, the overall methodological quality
was good since eight studies™ ** 207 3 330 were of high
quality and two studies® * were of moderate quality
(online supplemental table 2). The confounders that
were adjusted in the studies are shown in online supple-
mental table 3.

Results of the meta-analyses

Primary outcome: HDP and risk of asthma in offspring

Ten studies™ ™ **% in which a diagnosis of HDP was
reported and asthma was the outcome of interest were
identified. Seven studies®**** % described that the inci-
dence of HDP ranged from 2.0% to 14.0% (mean, 6.7%;
median, 5.6%; IQR, 3.3%-10.0%), and an average of

Records identified
through databasen searching
(n=1451) (n=5)

Additional records identified
through other sources

; |

Records after duplicates removed
(n=1247)

l

Records screened by title for relevance
(n=1247)

Records removed

v

Records screened by abstract
(n=80)

(n=1167)

Records excluded (n=51):

v

Full-text articles assessed for eligibility
(n=29)

» + Reviews or comments (n=8)
* No clear exposure and/or outcome (n=43)

Records excluded (n=19):

Studies included in qualitative synthesis
(n=10)

»/ * Not pre-eclampsia as exposure and/or not
offspring asthma as an outcome (n=16)

+ Participants overlapped (n=2)

+ Abstract only (n=1)

l

Studies included in quantitative synthesis
(meta-analysis)
(n=10)

Figure 1

Flow diagram of the studies selected for inclusion in the systematic review.
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Adjusted odds  Weight,
Study ratio %
(95% CI)
Mirzakhani et al, %5 2019 (PE) —E—o— 1.62 (1.02, 2.57) 1.51
Wilmink et al, 27 2018 (GH) —v—i— 0.99 (0.57,1.73)  1.07
Wilmink et al, 2 2018 (PE/HELLP) — . 0.80(0.32,2.01)  0.40
Stokholm et al,?* 2017 (PE) - 1.09 (1.05,1.12)  18.38
Shaheen et al,?® 2016 (PE) —_— 1.23(0.80,1.88)  1.74
Shaheen et al, 2 2016 (GH) —o—i- 1.05 (0.88, 1.25) 7.16
Shaheen et al,?® 2016 (HbP) — 1.34(1.00,1.79)  3.40
Magnus et al, 3 2016 (PE) - 1.29(1.19,1.39)  14.56
Liu et al, 23 2015 (PE) -> 1.19 (1.15,1.24)  18.02
Byberg et al, 28 2014 (M/M-PE) e 0.87(0.38,1.97)  0.50
Byberg et al, 26 2014 (S-PE) : 0.72(0.19, 2.77) 0.19
Aspberg et al,35 2010 (PE) - 1.24 (1.19, 1.29) 17.83
Rusconi et al, 3¢ 2007 (HDP) L ——— 1.71 (1.25, 2.36) 2.94
Nafstad et al, * 2003 (PE) — 1.08 (0.97,1.19)  12.29
Overall (l-squared = 72.5%, p = 0.000) 1.19 (1.12, 1.26) 100.00
|
NOTE: Weights are from random effects analysis . E
019 i 5.26
OR (95% Cl)

Figure 2 Forest plot of studies investigating the association between hypertensive disorders in pregnancy and asthma in
offspring. ORs were calculated using a random-effects analysis. Diamonds indicate the effect size, size of markers, 95% CI. GH,
gestational hypertension; HbP, hypertension before pregnancy; HDP, hypertension disorders in pregnancy; HELLP, hemolysis,
elevated liver enzymes and low platelets; M/M-PE, mild/moderate pre-eclampsia; PE, pre-eclampsia; S-PE, severe pre-

eclampsia.

4.6% mothers had pre-eclampsia (IQR, 2.3%-6.9%).
The incidence of asthma ranged from 4.9% to 25.5%
(mean, 14.7%; median, 12.5%; IQR, 6.5%-23.4%) in
the offspring of mothers diagnosed with HDP and 3.6%-—
17.5% (mean, 8.9%; median, 8.6%; IQR, 4.8%-13.3%) in
the controls.”>**** Fourteen estimates from 10 unique
studies included adjusted estimates and were included in
the meta-analysis. Figure 2 displays the adjusted estimates,
producing a pooled adjusted OR (aOR) of 1.19 (95%
CI 1.12 to 1.26), suggesting an increased risk of asthma
among the offspring of mothers with HDP. Statistically
significant heterogeneity was found across the studies

(I°=72.5%).

Secondary outcomes

Only a fewincluded studies reported secondary outcomes,
including recurrent wheezing/wheezing, active asthma,
asthma exacerbations or asthma treatment. Only two
studies reported the physiological parameters of lung
function. One study reported a decreased forced expira-
tory volume in 1 s, and another study reported a reduced
forced expiratory flow between 25% and 75% in offspring
of mothers with plre-eclampsia.26 2

Subgroup and sensitivity analyses
We performed subgroup analyses to explore hetero-
geneity according to subgroups of HDP, study quality,

study location, offspring ages, singleton births, exposure
assessment, outcome assessment and adjusted factors.
The results of the subgroup analyses are outlined in
table 2. The subgroup analysis examining the associa-
tions between subtypes of HDP and asthma in offspring
resulted in aORs of 1.18 (95% CI 1.11 to 1.25) for pre-
eclampsia and 1.26 (95% CI 0.98 to 1.61) for other HDP
(online supplemental figure 1). The sibling analysis
failed to reveal a relationship between pre-eclampsia and
asthma in offspring, with a pooled aOR of 1.06 (95% CI
0.99 to 1.14). The high quality studies yielded a signif-
icant aOR of 1.17 (95% CI 1.09 to 1.25). In addition,
significant aORs were observed in studies conducted in
both Europe and the USA. Regarding the offspring ages,
the aORs in three age groups were significant, but not
among the offspring aged 10-12 years. The aOR in the
singleton subgroup was slightly higher than that in the
non-singleton subgroup, with decreased heterogeneity of
1°=47.2%. The aORs of any type of exposure assessment
(HDP from self-reports or medical records) and any type
of outcome assessment (asthma from maternal reports
or medical records) were all significant. In the subgroup
analyses by adjusted factors, the aORs were generally
significant after adjusting for maternal smoking during
pregnancy (aOR 1.23; 95% CI 1.17 to 1.28) and maternal
asthma (aOR 1.22; 95% CI 1.12 to 1.33). Meanwhile, the
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||

No. of studies (no. of

Variable estimates) OR (95% Cl) 12 (%) P for heterogeneity

Pre-eclampsia 9 (10) 1.18 (1.11 to0 1.25) 77.0 <0.001

Sibling design (only pre-eclampsia)

No 7(8) 1.15 (1.05 to 1.26) 75.8 <0.001

Moderate 22 1.28 (1.08 to 1.51) 21.6 0.259

Location (only pre-eclampsia)

USA 1(1) 1.62 (1.02 to 2.57) 0.0 NA

6-7 4 (6) 1.23 (1.10 t0 1.38) 55.6 0.046

1.62 (1.02 to 2.57) NA NA

Only singletons

No 4(7) 1.10 (1.06 to 1.13) 0.0 0.799

Self-report 1(1) 1.71 (1.25 10 2.35) NA NA

Outcome assessment

Medical records <0.001

]
3

1.18 (1.11 to 1.26) 82.8

Adjusted

~
—
—
-
=

1.23 (1.17 t0 1.28) 30.7 0.154

Maternal asthma

Not adjusted

[
=)

1.17 (1.05 to 1.29) 84.5 <0.001

*Others include 0-25.5 years.
HDP, hypertension disorders in pregnancy; NA, not applicable.

heterogeneity obviously decreased after adjusting for
maternal smoking during pregnancy (1°=30.7%) and
maternal asthma (1>=50.4%).

The sensitivity analysis, which was performed by omit-
ting one study at a time, showed that the overall pooled
adjusted ORs did not substantially vary (online supple-
mental table 4).

Publication bias

A visual inspection of the funnel plot revealed potential
publication bias (online supplemental figure 2), although
both Egger’s test and Begg’s test were not statistically
significant (Egger’s test, p=0.709, 95% CI -1.26 to 1.80;

Begg’s test, z=0.770 (continuity corrected), Pr>1z1=0.443
(continuity corrected)). Therefore, we further applied
the trim-and-fill method to adjust for the funnel plot
asymmetry,” but the results showed that no trimming was
performed, and the data were unchanged (‘no trimming
performed, data unchanged’). There was no indication
of publication bias using Duval’s trim-and-fill method (no
new studies added).

DISCUSSION
In this systematic review and meta-analysis based on 10
observational studies involving 6270430 participants, we
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found that maternal HDP exposure was associated with
approximately 20% increased odds of asthma in offspring
compared with non-exposure. Most subgroup analyses
showed that offspring have a slightly increased asthma
risk after maternal HDP exposure. The results of the
subgroup analysis examining the association between pre-
eclampsia and asthma in offspring provided a significant
AOR of 1.18 2328333536

High heterogeneity was detected in this meta-analysis.
Therefore, we performed subgroup analyses to explore
the cause of the heterogeneity. Notably, we found that
the heterogeneity significantly decreased when studies
that considered only singletons and maternal smoking
during pregnancy as a confounding factor were included,
revealing that the number of offspring and maternal
smoking during pregnancy may have contributed to the
heterogeneity. Another explanation for the observed
heterogeneity may be due to variability in the incidence
of asthma in the offspring among the included studies.
The incidence of asthma ranged from 4.9% to 25.5% in
the offspring of mothers diagnosed with HDP and 3.6%-—
17.5% in the controls.

The genetic susceptibility of offspring to asthma was
evaluated through three analyses in this study. First, since
the family situation and genetic factors are similar in
siblings, we performed a subgroup analysis of two-sibling-
design studies” *® and found that there was a border-
line significant relationship between pre-eclampsia and
asthma in the offspring (aOR 1.06; 95% CI 0.99 to 1.14).
Second, a positive relationship (aOR 1.22; 95% CI 1.12 to
1.33) was observed between HDP and asthma in offspring
after adjusting for maternal asthma.?***2°#*3% The discrep-
ancy between the two analyses may be due to the limited
sample size or other unadjusted factors. The fundamental
role of genetics should be noted in future studies evalu-
ating maternal HDP and asthma in offspring.

Strengths and limitations

This systematic review has several strengths. First, this
study had an extremely large sample size involving more
than 6 million participants. Second, all 10 studies adopted
prospective cohort designs, and 8 of the 10 studies were
of high quality. Five studies included birth registry-based
cohorts.” #* ¥ %3 Third, the estimates in the original
studies were carefully adjusted for potential confounders.
Fourth, our study was based on a pre-prepared protocol
and followed the PRISMA guidelines and MOOSE
guidelines.*™" Thus, our meta-analysis provided reli-
able evidence showing a significantly increased risk of
asthma in offspring exposed to maternal HDP. However,
there are several potential limitations in this review.
First, the included studies were limited to the English
language, and potential non-English-language studies
may have been missed. Second, the generalisability of
the results worldwide should be performed cautiously
because of the geographical restriction of the included
studies, which mostly involved participants from Europe
or the USA. Future clinical investigations performed in

other regions are needed. Third, the different assess-
ments of HDP and asthma used among the studies may
potentially introduce misclassification bias. The diag-
nostic criteria for HDP and asthma varied among the
included studies, which may increase clinical hetero-
geneity.” Several studies® ** > % followed the diagnosis
of asthma according to the National Insurance Admin-
istration Register or National Prescribed Drug Register,
which might exclude offspring with mild asthma. Fourth,
important confounding factors were not fully adjusted in
the included studies. Therefore, although a significant
association exists between HDP and asthma in offspring,
future research is needed to identify a comprehensive set
of confounders to assess whether this association is causal
or attributable to residual or unmeasured confounding.
Although there was a significant influence of HDP on
asthma in offspring, the effects of HDP on the physiolog-
ical parameters of lung function, asthma exacerbations
or asthma treatment need further consideration in future
studies.

Exposure to maternal HDP in early life may be associ-
ated with an increased risk of developing asthma later in
life. HDP appears to be an interesting predictor of asthma
in offspring. This finding provides important evidence of
the long-term consequences of exposure to maternal HDP
on offspring. Furthermore, this study supports the fetal
origin hypothesis of the development of asthma. Because
maternal HDP is a common risk factor for multiple poor
outcomes in offspring, early surveillance and interven-
tions are warranted for high-risk children of mothers with
HDP. HDP increase the risk of offspring diseases, which
start from the fetus (such as preterm delivery and still-
birth) and may last to adulthood (multiorgan diseases,
such as cardiovascular, endocrine and neurodevelop-
mental functions). Early surveillance from the fetus stage
to adulthood should be comprehensive. In addition,
assessing whether maternal HDP was present when eval-
uating infants for asthma could be important. For future
asthma studies, maternal HDP should be considered a
potential risk factor.

CONCLUSION

Our study found a mild increased risk of asthma in
offspring of mothers with HDP; this reliable result was
derived from a large population and mostly high-quality
studies. Additional robust research is needed to address
the key limitations in the literature, use the gold standard
for disease diagnosis, verify the results and determine
whether the observed relationship is causal. We advocate
for improved paediatric surveillance of infants exposed to
maternal HDP as increased surveillance may be beneficial
for the early diagnosis of and interventions for asthma.
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