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BACKGROUND: Asthma is a chronic long-term inflammatory disease of the airways and is a major global health challenge. The
primary aim of this study was to investigate the association between hypertensive disorders of pregnancy (HDP) and the risk of
asthma at or before the age of seven years using the UK Millennium Cohort Study (MCS).
METHODS: Overall, 18,552 families were recruited for wave one of the MCS when the child was 9 months old, and subsequently
participated in waves two, three and four when they were three, five and seven years respectively. HDP were self-reported by
mothers in wave one. The primary outcome was a parent-reported diagnosis of “ever asthma” at seven years, based on responses
to a validated questionnaire.
RESULTS: Following adjustment for a range of potential confounding factors, HDP was found to be associated with asthma in the
offspring (adjusted odds ratio (AOR 1.35; 95% CI: 1.15–1.59)). A larger effect estimate was observed amongst children exposed to
HDP and born preterm (AOR 1.81; 95% CI: 1.25–2.61) or small for gestational age (SGA) (AOR= 1.58; (95% CI: 1.15–2.18)).
CONCLUSIONS: In conclusion, children exposed to HDP may be at increased odds of asthma diagnosis by age seven, particularly if
they were born preterm or SGA.
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IMPACT:

● There is a paucity of data investigating the relationship between hypertensive disorders of pregnancy and childhood asthma,
with recent studies showing conflicting results.

● Our study investigated this relationship using a large cohort with ample information on a wide range of confounding factors.
● Our study showed that individuals exposed to HDP may be at increased odds of asthma diagnosis by age seven years,

particularly if they were also born SGA or preterm.

INTRODUCTION
Asthma is a chronic long-term inflammatory disease of the airways
and is a major global health challenge, with an estimated
prevalence of one in five children in the UK.1,2 Children with
asthma are more likely to be hospitalised, require more frequent
healthcare visits, miss more day-care/school, and their parents are
more likely to be absent from work as a result.3,4 In countries
without universal healthcare, severe and uncontrolled asthma can
cause a high financial burden for families.5 Recent evidence
suggests the National Health Service in the UK spends in excess of
£1.1 billion on asthma annually.6 The significant health and
socioeconomic impacts of asthma have underscored the need to
identify the contributing factors that increase the risk of an asthma
diagnosis in childhood, to improve aetiological understanding,
and to allow more targeted surveillance of those most at risk.
There is a growing body of evidence suggesting that exposure

to an adverse intrauterine environment is involved in the
aetiology of childhood respiratory conditions, including asthma.
One such potential risk factor is fetal exposure to hypertensive

disorders of pregnancy (HDP) which affect 10–15% of pregnan-
cies.7 HDP is an umbrella term for several hypertensive conditions
including gestational hypertension, chronic hypertension, pre-
eclampsia and eclampsia.7 HDP have been reported to be
associated with impaired lung function in infancy.8 However, the
effect of HDP on lung function in later childhood is unclear, with
studies showing conflicting results.
Pre-eclampsia,9–11 maternal essential hypertension12 and indi-

vidual readings of high maternal blood pressure13 have been
associated with increased risk of asthma in the offspring in the
recent registry-based and cohort studies. However, other studies
have contradicted these findings reporting no association
between pre-eclampsia,14,15 gestational hypertension,16 or chronic
hypertension17 with childhood asthma.
The inconsistencies in the current literature highlight the

importance of studying the effect of HDP on the risk of asthma
in the offspring in large cohorts which have ample information on
a wide range of confounders and used validated tools to assess a
diagnosis of asthma. Thus, the primary aim of this study was to
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explore the association between HDP and the development of
asthma at or before the age of seven years using the UK
population-based Millennium Cohort Study (MCS).

METHODS
Study population
The Millennium Cohort Study (MCS) is a nationally representative sample
drawn from all births in the UK between 2000–2002.18 Eligible children were
identified using government child benefit records, a benefit with almost
universal coverage.19 Surveys of the MCS have been conducted in several
waves including age 9 months (wave 1), 3 years (wave 2), 5 years (wave 3)
and 7 years (wave 4). Information was collected via face to face interviews as
well as self-completed questionnaires. The study began with an original
sample of 18,818 cohort members, with 14,043 cohort members remaining
at wave 4. This study uses exposure and covariate data from the first wave,
and outcome and covariate data from the fourth wave. Ethical approval for
the MCS was granted from the London Multicentre Research Ethics
Committee. All survey materials are available online (www.cls.ioe.ac.uk/mcs).
The study cohort consisted of singleton births who were recruited into

the MCS cohort at 9 months of age, were present at the age 7 survey (wave
4) and answered any of the three asthma questions; ‘Ever asthma’,
‘Wheezing in the last 12 months’ or ‘Taking regular medication (for
asthma)’. Children were excluded if the natural mother was not the main
respondent at the 9 months (wave 1) interview.

Exposure measure
HDP was measured at the first wave of the MCS when the offspring were
9 months old using a two-tiered question. Firstly, women were asked if
they had suffered from ‘any illnesses or other problems during pregnancy
that required medical attention or treatment’. Those that answered ‘yes’ to
this question were then asked to choose from a list of illnesses which
included ‘raised blood pressure, eclampsia/pre-eclampsia or toxaemia’.
Women who indicated this were considered to have a HDP. There were no
questions relating to individual HDPs in the survey.

Outcome measures
At the fourth wave, when the children were 7 years old, mothers were asked
a series of questions about asthma and wheezing including occurrence,
frequency and severity indicators for each child. These questions were taken
from a validated questionnaire, the International Study of Asthma and
Allergies in Childhood (ISAAC) core questionnaire. This validated ques-
tionnaire has been widely used to measure childhood asthma and wheezing
illnesses.20,21 In this study the primary outcome was parent-reported
diagnosis of asthma in the offspring (ever asthma) by age seven. Secondary
outcomes were parent-reported ‘wheezing in the last 12 months’ and
regular use (every day for two weeks or more) of anti-asthmatic medications
by the child at age seven. A child was recorded as taking asthma medication
if they were prescribed one or more medications in the following categories
based on British National Formulary Codes: Bronchodilators such as
Salbutamol, Corticosteroids such as Fluticasone, and Leukotriene Receptor
Antagonists such as Montelukast.

Potential confounding factors
A range of potential confounding factors was identified a priori; (1)
Sociodemographic factors: ethnicity, maternal age at birth, family poverty
status (defined as income under 60% of OECD national median) and
maternal education; (2) Birth related factors: birth order and sex of the
offspring; (3) Other established risk factors for asthma: maternal history of
asthma,22 maternal smoking during pregnancy23 and maternal pre-
pregnancy body mass index.24

Data analysis
Logistic regression models were used to examine the association between
HDP and each outcome. For each outcome, four logistic regression models
were performed. Firstly, we performed crude analysis (model 1). Second, we
adjusted for a range of sociodemographic factors including maternal age,
ethnicity, maternal education, poverty and maternal asthma, which we
considered the main model (model 2). Third, we adjusted for maternal
smoking in pregnancy and maternal BMI (model 3). Finally, we controlled
for birth related factors including birth order and sex of the offspring
(model 4). Children who had missing data on potential confounders were
categorised into a separate group using the missing data indicator method.

To examine the effect of small for gestational age (SGA) (calculated using a
customised centile calculator accounting for maternal height and weight,
ethnicity, birth order, sex, gestational age and birthweight)25 on the
association between HDP and child outcomes, we created a variable with
the following four categories; (1) no HDP and no SGA (reference group); (2)
HDP but no SGA; (3) HDP and SGA (concurrent); (4) SGA but no HDP. Although
the main focus in this study is on HDP, we report the results of SGA only for
completeness. Similarly, we created a variable for HDP and preterm delivery
(born alive before 37 weeks of pregnancy completed) with the following four
categories; (1) term delivery without HDP; (2) HDP and term delivery; (3) HDP
and preterm delivery; and (4) preterm delivery without HDP. For complete-
ness, we also conducted analysis restricted to those born term and not SGA in
our supplementary material. The relationship between HDP, SGA and preterm
delivery is complex. We considered that SGA and preterm birth may act as
both mediators and confounders of the HDP-asthma association. For example,
if HDP precedes SGA or preterm delivery, the latter variables may act as
mediators of the HDP-asthma association. However, it is also plausible that
women who experience preterm delivery may not have had sufficient time
during pregnancy to develop HDP. Moreover, SGA or IUGR may underlie cases
of iatrogenic preterm delivery. Some of these women may have gone on to
develop HDP (e.g. pre-eclampsia or gestational hypertension) if they had not
been delivered early. Thus, they may also play a role as potential confounders.

Sensitivity analysis. We sought to examine the effect of maternal history
of atopy (asthma, eczema or hayfever) on the association between HDP
and child outcomes. We report the results of the association between HDP
and child outcomes for children with and without maternal atopy
separately. All analysis was completed using SPSS, Version 24.

RESULTS
A total of 18,552 families (18,818 children) participated in the first
wave of this survey, including 18,241 singleton births whose
natural mother was the main respondent at the first interview. Of
these, 13,163 (72.2%) participated in the fourth wave and 13,089
(71.8%) answered at least one of the three asthma questions (‘Ever
asthma’, ‘Wheezing in the last 12 months’ or ‘Taking regular
medication’) and were included in the analysis (Fig 1). Sixteen per
cent (n= 2151) of children had developed asthma by age seven
years, 12% (n= 1585) reported wheezing in the past 12 months
and 4% (n= 523) of the cohort were taking anti-asthmatic
medications regularly. Eight per cent (n= 986) of mothers
reported having HDP at the first wave of the MCS.
Parent and child characteristics are presented in Table 1. Boys

were more likely to have asthma by age 7 than girls (19.2% vs
13.7%). Children with parent-reported asthma by age 7 were more
likely to have a family history of asthma, to be born to parents
who were less wealthy or less educated, to be born to mothers
who were younger, obese or smoked during pregnancy, to be
born preterm, and were less likely to be breast fed than children
without asthma. For completeness, baseline characteristics of
those who dropped out of the MCS by wave four are included in
Supplementary Table 1.

HDP and risk of asthma in the offspring
In the crude logistic regression model, HDP was significantly
associated with asthma (OR 1.37; [95% CI: 1.17–1.61]) and the
association did not change materially when the model was
adjusted for maternal age, ethnicity, education, socioeconomic
status and maternal asthma (model 2) (AOR 1.35; [95% CI:
1.15–1.59]). The association remained almost unchanged in
further models adjusting for maternal BMI, maternal smoking
and birth related factors (Table 2 and Supplementary Table S2).
In a post-hoc analysis, we did a subgroup analysis to examine the
association between HDP and the odds of ever asthma by age 7
(Supplementary Table S3). The OR was higher for males than
females, however, the difference between the two ORs was not
statistically significant (OR= 1.25; [95% CI: 0.96–1.62] for females;
and OR= 1.42; [95% CI: 1.14–1.75] for males; p-value for
interaction 0.46).
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Combined analysis of HDP and SGA/preterm birth
We examined the odds of asthma in children exposed to HDP with
or without concurrent SGA. Children who were exposed to HDP
and born appropriate for gestational age (AGA) had higher odds
of asthma (AOR 1.27; [95% CI: 1.05–1.53]) compared with AGA
children not exposed to HDP. However, the odds of asthma were
further increased among children exposed to concurrent HDP and
SGA (AOR 1.58; [95% CI: 1.15–2.18]).
Similarly, we examined the odds of asthma in children born

preterm and exposed to HDP. Children who were exposed to HDP
and born at term had increased odds of asthma compared with
those unexposed to HDP (AOR 1.32; [95% CI: 1.10–1.58]). However,
the highest odds of asthma were observed among children born
preterm and exposed to HDP (vs. term delivery without HDP, AOR
1.81; [95% CI: 1.25–2.61]) (Table 3).
We then completed an exploratory post-hoc analysis examining

the odds of asthma in children exposed to HDP restricting the
analysis to those born at term (AOR 1.32; [1.10–1.59]) and those
born AGA (AOR 1.28; [1.06–1.54]) (Supplementary Table S4).

HDP and risk of recent wheeze or use of anti-asthmatic
medication
On crude analysis, children exposed to HDP were significantly
more likely to experience recent wheeze and take anti-asthmatic
medications regularly; OR 1.28; [95% CI: 1.06–1.54] and OR 1.34;
[95% CI: 1.00–1.81], respectively (Table 2). After adjustment for a
range of confounding factors including maternal age, ethnicity,
maternal education, poverty and familial asthma, the associations
were slightly attenuated, but remained significant for recent
wheeze (AOR 1.26 [95% CI: 1.04–1.51]). In further models adjusting
for maternal BMI, maternal smoking and birth related factors the
results remained largely unchanged (Supplementary Table S2). For
completeness, we undertook an analysis investigating the
association between HDP and a combination of; 1. Asthma plus
wheeze and; 2. Asthma plus regular use of anti-asthmatic
medications. This analysis did not show any meaningful difference
from our main results (Supplementary Table S5).

Sensitivity analysis
When only individuals with a maternal history of atopy (asthma,
eczema or hayfever) were included in our analysis the association

between HDP and asthma in the offspring remained significant, as
per the main cohort results (AOR 1.32; [95% CI: 1.06–1.64]) (Table 4).

DISCUSSION
HDP and asthma
In this population-based prospective cohort study involving over
13,000 individuals, we identified a positive association between
HDP and asthma among seven year old children. This association
remained consistent after adjustment for several potential
confounders including sociodemographic factors, birth-related
factors and known risk factors for asthma. Interestingly, we found
that when the offspring were born SGA or preterm, and exposed
to HDP, a larger effect estimate was evident, which is consistent
with recently published data.10,12

Sensitivity analysis revealed that when the analysis was
restricted to individuals with a family history of atopy the
association between HDP and asthma remained significant, as
per the main cohort results. Familial aggregation of asthma and
atopic disease has frequently been noted, with studies finding
numerous candidate genes, epigenomic modifications and
chromosomal regions playing a role in the development of
asthma,26,27 most pronounced when there is a maternal history of
asthma28,29 which was adjusted for in our main analysis. The fact
that the association remained significant in this high-risk group
strengthens the results of our study.

Comparison with previous studies
Results from previous studies examining the effect of HDP on the
development of asthma in the offspring have been inconsistent.9–17

Two large Danish9 and Norwegian10 studies involving over 500,000
individuals found a positive association between pre-eclampsia and
asthma in the offspring. The overall association was weakly positive,
and attenuated to null after sibling-matched analysis.
In our study, sensitivity analysis revealed that the OR of the

association between HDP and asthma remained significant among
children with a maternal history of atopy. This is consistent with
another large Danish Study,11 which found an association
between pre-eclampsia and ongoing treatment with inhaled
corticosteroids at age 7 years among children whose mothers had
doctor-diagnosed asthma. Interestingly, in the aforementioned

Recruited at 9 months
N=18,818

Eligibility at baseline
N=18,241

Responded to main questionnaire at age 7
N=13,163

Lost to follow up: 5078

Excluded: 577
Multiples: 522
Birth mother not main respondent: 55

Answered wheeze
questions
N=13,087

Answered medication
questions
N=13,089

Answered ever asthma
questions
N=13,061

Fig. 1 Flowchart of study population. Inclusion criteria were singleton births who were present at the age 7 survey and answered any of the
three asthma questions; ‘Ever asthma’, ‘Wheezing in the last 12 months’ or ‘Taking regular medication (for asthma)’. Children were excluded if
the natural mother was not the main respondent at the 9 month interview.
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three studies9–11 the definition of asthma was not based on a
validated tool but instead based on hospitalisations for asthma
during a 14 year period,9 dispensed asthma medication in the past
12 months10 or clinical investigator diagnosed endpoints.11 Whilst
these definitions may account for severe cases of asthma, they
may exclude milder cases of asthma and may not be representa-
tive of all asthma cases in the general population. Furthermore,
clinical investigator diagnosed endpoints may lead to subjective
bias in the diagnosis of asthma.
More recently, a prospective study in the Netherlands13

investigated the association between individual blood pressure
readings in pregnancy and HDP (gestational hypertension and
pre-eclampsia) with asthma at age 10 years. They found a positive
association between high maternal blood pressure measurements
in late pregnancy and asthma at age 10, but no association
between HDP diagnosis and asthma at age 10. It was not explicitly
stated whether individuals with HDP were excluded from their
analysis of blood pressure measurements in late pregnancy. Thus,
it is plausible that uncontrolled hypertension in late pregnancy
may increase the risk of asthma in childhood. A recent British
prospective study12 involving 6974 participants investigated the
relationship between HDP and asthma at 7 years. They reported a
positive association between chronic hypertension, but not
gestational hypertension or pre-eclampsia, and asthma in the
offspring. Further research is required to elucidate the association
between individual HDP and asthma risk in the offspring.

Potential mechanisms
A potential explanation for the positive association found between
HDP and asthma in the offspring may be the influence of
immunological mechanisms, specifically in women with pre-
eclampsia. Immune tolerance in pregnancy plays an important role
in healthy pregnancy outcomes. Studies are now suggesting that
pre-eclampsia may be in part due to maladaptation of this maternal
immune tolerance.30–32 One may speculate that maladaptation of
this immune tolerance may have an effect on the offspring’s
development of immune-related diseases such as asthma.10

Furthermore, HDP are characterised by an imbalance in
circulating angiogenic factors.33 One recent study suggests that
the angiogenic factor imbalance in the mother is reflected in their
offspring with neonates born to mothers with pre-eclampsia
having higher levels of cord blood soluble fms-like tyrosine kinase-
1 (sFlt-1) and lower levels of placental growth factor and vascular
endothelial growth factor (VEGF) levels.34 Low levels of VEGF35,36

and high levels of sFlt-137 have been shown to reduce
alveolarization and lead to persistent abnormalities of pulmonary
vascular structures in animal studies, which in turn may potentially
lead to decreased lung function in childhood.
It is well documented that HDP are associated with low

birthweight and preterm delivery,38,39 which themselves are
independently associated with wheezing, asthma and impaired
lung function in children.40–44 The present findings which
suggested that the interaction between SGA and HDP and
preterm birth and HDP have a larger effect estimate with asthma,
compared to HDP only, may support a hypothesis that the
association between HDP and asthma may partly be explained by
SGA and preterm birth.12

Strengths and limitations
This study has several strengths. Firstly, it utilised a large
population-based cohort which, due to the sampling methods
employed, is representative of all children born in the UK between
2000 and 2002. Secondly, a validated questionnaire from the
International Society of Asthma and Allergies in Childhood was
used for our outcome measurement. This validated instrument has
been widely used to measure childhood asthma and wheezing
illnesses20,21 and all questions in the questionnaire have been

Table 1. Participant characteristics by “ever asthma” by age 7,
Millennium Cohort Study (n= 13,061).

Asthma
at age 7

No asthma
at age 7

N= 2151 (%) N= 10,910 (%)

Maternal age

14–19 years 215 (10) 763 (7)

20–24 years 450 (20.9) 1815 (16.6)

25–29 years 609 (28.3) 3039 (27.9)

30–34 years 567 (26.4) 3396 (31.1)

35–39 years 272 (12.6) 1645 (15.1)

40+ years 38 (1.8) 251 (2.3)

Missing information 0 (0) 1 (0)

Ethnicity

White ethnicity 1807 (84) 9197 (84.3)

Mixed ethnicity 69 (3.2) 273 (2.5)

Indian 48 (2.2) 268 (2.5)

Pakistani and Bangladeshi 129 (6) 683 (6.3)

Black 63 (2.9) 344 (3.2)

Other ethnic group 27 (1.3) 129 (1.2)

Missing information 8 (0.4) 16 (0.1)

Maternal education

GCSE or equivalent/
overseas

850 (39.5) 3855 (35.3)

A level or equivalent 312 (14.5) 1696 (15.5)

University degree
or higher

723 (33.6) 4185 (38.4)

No formal education 266 (12.4) 1172 (10.7)

Missing information 0 (0) 2 (0)

Poverty (income under 60% OECD national median)

Yes 749 (34.8) 3102 (28.4)

No 1400 (65.1) 7805 (71.5)

Missing information 2 (0.1) 3 (0)

Maternal Body Mass Index (BMI)

Normal weight 1276 (59.3) 6503 (59.6)

Underweight 113 (5.3) 545 (5)

Overweight 402 (18.7) 2067 (19)

Obese 201 (9.3) 850 (7.8)

Missing information 159 (7.4) 945 (8.7)

Maternal smoking during pregnancy

Never 1277 (59.4) 7438 (68.2)

Quit 286 (13.3) 1251 (11.5)

Light (1–9 cigarettes
per day)

317 (14.7) 1211 (11.1)

Heavy (10 or more
cigarettes per day)

267 (12.4) 994 (9.1)

Unknown/missing
Information

4 (0.2) 16 (0.1)

Maternal history of atopy

Maternal asthma 588 (27.3) 1525 (14)

Missing information 1 (0) 4 (0)

Maternal hayfever 672 (31.2) 2452 (22.5)

Missing information 0 (0) 3 (0)

Maternal eczema 484 (22.5) 1795 (16.5)

Missing information 0 (0) 5 (0)
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shown to have a specificity of over 90%.45 As well as this, our study
had ample information on a large number of potential confounders.
However, it does have limitations. Firstly, HDP is self-reported by

mothers 9 months following delivery. This is subject to potential
recall bias, although HDP has been shown to be accurately reported
post-delivery in a large population-based study previously.46

Secondly, HDP was reported overall, and thus could not be examined
by a specific disease or disease severity. It was not possible to identify
cases of pre-eclampsia within the dataset, nor to separate early vs.
late pre-eclampsia. Previous studies suggest that the association may
depend on the specific hypertensive disease, although more recent
studies reported that individual readings of high blood pressure in
pregnancy may also increase the risk of asthma in childhood.13

Furthermore, the MCS does not have data available on maternal
asthma medical level or asthma exacerbations in pregnancy. This
may have an impact on results reported in Table 3 as the use of
asthma medications in pregnancy could potentially have an impact
on fetal growth. Similarly, paternal data was limited in the MCS such
as paternal smoking and paternal history of atopic disease. However,
it is unlikely that these two variables are associated with maternal
HDP and therefore unlikely to confound the association between
HDP and the outcome measures. Furthermore, there was a large
amount of missing data on these factors in the MCS cohort. It is
important to note that the relationship between SGA and HDP is
rather complex. For the purposes of our analysis, we considered that
SGA may act as both a mediator and a confounder. This was because
IUGR may precede iatrogenic preterm delivery which, in some cases,
may prevent women from developing HDP—particularly if they

Table 1. continued

Asthma
at age 7

No asthma
at age 7

N= 2151 (%) N= 10,910 (%)

Sex

Male 1271 (59.1) 5349 (49)

Female 880 (40.9) 5561 (51)

Missing information 0 (0) 0 (0)

Birth order

First born 762 (35.4) 3772 (34.6)

Missing information 379 (17.6) 1841 (16.9)

Small for gestational age (SGA)

SGA 346 (16.1) 1705 (15.6)

Not SGA 1805 (83.9) 9205 (84.4)

Missing information 0 (0) 0 (0)

Gestational age at birth

40 weeks 577 (26.8) 3121 (28.6)

<28 weeks 10 (0.5) 19 (0.2)

28–34 weeks 50 (2.3) 138 (1.3)

34–36 weeks 137 (6.4) 501 (4.6)

37 weeks 128 (6) 570 (5.2)

38 weeks 298 (13.9) 1447 (13.3)

39 weeks 449 (20.9) 2297 (21.1)

41+ weeks 493 (22.9) 2697 (24.7)

Missing information 9 (0.4) 120 (1.1)

Breast feeding

Breast feeding >4 months 248 (11.5) 1600 (14.7)

No breast feeding/breast
feeding <4 months

1903 (88.5) 9310 (85.3)

Missing information 0 (0) 0 (0)
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deliver very/extremely preterm. Similarly, preterm birth could have a
potential confounding or mediating role between HDP and child
atopic disease. To avoid over adjusting the regression models, we
conducted separate models to assess the role of SGA and preterm
birth in the association between HDP and child atopic disease.
Finally, as with all cohort studies, loss to follow up is a potential
limitation. 18,818 were recruited in the first wave of this study,
however by sweep four there were 14,043 (74.6%) responses. For
completeness, we have provided Supplementary Table S1 comparing
information between those included in the study and those lost to
follow up before MCS 4. The group lost to follow up were more
ethnically diverse than those who participated in wave 4. This could
introduce some bias into our results. However, other baseline
characteristics between the two groups were similar limiting the
potential for the same.

CONCLUSION
This study suggests that children exposed to HDP may be at
increased odds of asthma diagnosis by age seven years,
particularly if they were also born SGA or preterm. Further studies
examining subgroups of HDP and their effect on asthma risk in the
offspring are warranted.
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