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Abstract

Aims/hypothesis The association between a history of hypertensive disorders of pregnancy (HDP) and subsequent type 2
diabetes (referred to throughout as diabetes) remains inconclusive. We reviewed the most recent evidence to quantify the
association of previous HDP with incident diabetes.

Methods A systematic search of MEDLINE, Embase and CINAHL was performed up to 17 February 2020 to identify obser-
vational studies of the association between HDP (pre-eclampsia or gestational hypertension) and incident diabetes. Studies of
women with pre-pregnancy diabetes were excluded. Two independent reviewers screened citations and abstracted results. Study
quality was assessed in duplicate using the Newcastle—Ottawa Scale. Random-effects models were used to pool effect estimates.
Heterogeneity was assessed using the 7 statistic.

Results After screening 4617 citations, 16 cohort studies with a total of 3,095,457 participants were included (unspecified HDP
n =75, pre-eclampsia only n =4, gestational hypertension and pre-eclampsia 7 = 7). Risks of subsequent diabetes were signifi-
cantly higher in women with a history of any HDP (HDP: adjusted hazard ratio [aHR] 2.24, 95% CI 1.95, 2.58; gestational
hypertension: aHR 2.19 [95% CI 1.69, 2.84]; pre-eclampsia: aHR 2.56 [95% CI 2.02, 3.24]; preterm pre-eclampsia: aHR 3.05
[95% CI 2.05, 4.56]). The association between HDP and diabetes persisted in studies that adjusted for gestational diabetes
mellitus (aHR 2.01 [95% CI 1.77, 2.28)).

Conclusions/interpretation HDP are independently associated with a higher risk of diabetes. Further study is needed to determine
how HDP contribute to diabetes risk prediction to develop evidence-based screening and prevention strategies.

Keywords Diabetes - Gestational hypertension - Hypertensive disorders of pregnancy - Meta-analysis - Pre-eclampsia -
Systematic review

Abbreviations Introduction

aHR  Adjusted hazard ratio

GDM  Gestational diabetes mellitus Hypertensive disorders of pregnancy (HDP) affect approxi-
HDP  Hypertensive disorders of pregnancy mately 15% of parous women and are among the leading
ICD  International Classification of Diseases causes of maternal and perinatal mortality worldwide [1-3].
NOS  Newcastle—Ottawa Scale HDP are classified into pre-existing (chronic) hyperten-

sion, gestational hypertension, pre-eclampsia/eclampsia, and
pre-eclampsia superimposed on chronic hypertension [4]. For
our study, HDP included gestational hypertension and pre-
59 Grace Zhao eclampsia, including HELLP (haemolysis, elevgted liver
grace.zhao @mail.utoronto.ca enzymes, lowered platelets) syndrome and eclampsia.
Women with HDP are more often hyperinsulinaemic than
- L those with normotensive pregnancies [5] and may exhibit
MD Program, Faculty of Medicine, University of Toronto, ) R . i L.
Toronto. ON. Canada insulin resistance during pregnancy that is independent of
obesity and glucose intolerance [6, 7]. HDP may thus be an
early marker of type 2 diabetes (referred to throughout as

Institute of Health Policy, Management and Evaluation, Dalla Lana
School of Public Health, University of Toronto, Toronto, ON,

Canada diabetes) risk based on shared metabolic risk factors. It has
3 Women’s College Rescarch Institute, Women’s College Hospital, al§o been postulatgd that systemic inflammation associated
Toronto, ON, Canada with pre-eclampsia may damage the maternal vascular

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-020-05343-w&domain=pdf
http://orcid.org/0000-0002-8819-8490
https://orcid.org/0000-0002-9621-0672
https://orcid.org/0000-0002-0422-5448
https://orcid.org/0000-0001-7412-7993
mailto:grace.zhao@mail.utoronto.ca

492

Diabetologia (2021) 64:491-503

What is already known about this subject?

e Hypertensive disorders of pregnancy (HDP) are among the leading causes of maternal and perinatal mortality

worldwide

e The association between previous HDP and type 2 diabetes remains inconclusive

e  Current diabetes screening guidelines do not include HDP as an independent risk factor for diabetes

What is the key question?

e  Are previous HDP independently associated with a higher subsequent risk of type 2 diabetes mellitus?

What are the new findings?

e  Women with previous HDP had a twofold increased risk of developing type 2 diabetes later in life that was
independent of BMI and the presence of gestational diabetes

e Women with previous HDP developed diabetes earlier than women with normotensive pregnancies, with the
highest risk occurring within 20 years after the index pregnancy

e There was a dose-response relationship between HDP severity and diabetes incidence, with greatest risk observed

in pre-eclampsia or preterm pre-eclampsia

How might this impact on clinical practice in the foreseeable future?

e This paper provides evidence that previous HDP are an independent risk factor for type 2 diabetes that may be
used to risk-stratify women for postpartum screening and prevention. Prospective studies are needed to identify
an optimal follow-up strategy targeted for women with a history of HDP that is cost-effective and patient centred

endothelium, further predisposing such women to develop
diabetes and future CVD [8, 9]. Indeed, several studies have
suggested a link between HDP and an increased risk for diabe-
tes later in life [10—12]. As the prevalence of diabetes
continues to rise globally [13, 14], it is critical to identify at-
risk populations that can be targeted for timely diabetes
screening and prevention strategies. The increased metabolic
demands and frequent healthcare contact of pregnancy
provide a unique window of opportunity to identify and
reduce risk of future disease.

It is well known that gestational diabetes mellitus (GDM) is
an independent risk factor for the development of diabetes
[12, 15-18], and guidelines currently recommend that all
women with GDM be screened for diabetes and offered
prevention counselling postpartum [16, 19, 20]. However, it
remains to be determined how the presence of HDP influences
future risk of diabetes, and whether postpartum diabetes
screening guidelines should include women with HDP.
Previous meta-analyses were limited by either: (1) potential
confounding from comorbid GDM, pre-existing diabetes or
chronic hypertension [21]; or (2) the small number of studies
that did account for confounders [22], making it difficult to
delineate the independent contribution of HDP to risk of
diabetes. Several higher quality studies with longer follow-
up times, larger sample sizes and more complete adjustment
for pre-pregnancy confounders have since been published on
the association between HDP and diabetes [23—27], which
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provide more clarity regarding the relationship between
HDP and diabetes.

In this systematic review and meta-analysis, we aimed to
review the most recent evidence to quantify the risk of inci-
dent diabetes in women with previous HDP independent of
the presence of GDM. Our secondary aim was to estimate the
impact of time since a pregnancy complicated by HDP and
risk of diabetes. The findings of this study will help inform
future recommendations on the influence of a history of HDP
on diabetes risk stratification, screening and prevention for
postpartum women.

Methods

The protocol was developed a priori in accordance with the
Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines (ESM Checklist 1) [28, 29].
The Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) reporting guidelines were followed (ESM
Checklist 2) [30]. The present systematic review was prospec-
tively registered with PROSPERO (registration ID
CRD42020168399).

Search strategy We developed the search strategy in consul-
tation with a health sciences information specialist and
searched MEDLINE (Ovid), Embase (Ovid) and CINAHL
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(EBSCO) from inception to 17 February 2020 for cohort and
case—control studies, for which a validated search filter was
used [31]. Studies were restricted to the English language due
to lack of professional translators. Electronic search terms
included but were not limited to ‘pregnancy-induced hyper-
tension,” ‘diabetes mellitus’ and ‘pre-eclampsia’. Reference
lists of included studies and relevant reviews were screened
to identify additional relevant studies. Authors were contacted
for data clarification when necessary. The full search strategy
can be found in ESM Table 1.

Eligibility criteria and outcomes Study eligibility was defined
using the following PECO (population, exposure, comparison
group, outcome) criteria: (1) parous women; (2) included
HDP as a predictor; (3) included a comparison group of
women without HDP; and (4) reported risk estimates of type
2 diabetes later in life as an outcome. Studies that did not
explicitly exclude women with pre-gestational diabetes (type
1 or 2) at baseline were excluded. Similarly, we excluded
studies that did not account for the presence of chronic hyper-
tension at baseline by way of exclusion, stratification or multi-
variable analysis; however, studies where chronic hyperten-
sion status was not explicit were kept in our review and
handled in subgroup analyses. Studies of women who report-
ed hypertension within one year after their delivery were also
excluded because this may represent previously undetected
chronic hypertension. To capture the most robust original
evidence that has undergone peer review, abstracts, confer-
ence proceedings, letters to the editor and literature reviews
were excluded.

Study selection Abstracts and full texts were assessed for
eligibility in duplicate by two independent reviewers (two of
GZ, FJ, DB), with one reviewer (GZ) reviewing all abstracts
and full texts. As recommended by the Cochrane Handbook
for Systematic Reviews of Interventions [32], disagreements
on study eligibility (<15% of the screened full-text sample)
were discussed with the study team and resolved by
consensus.

Data abstraction Data abstraction was performed by one
reviewer (GZ) and verified by a second reviewer (DB). For
included articles, GZ extracted study characteristics (i.e. year,
country, study design), population characteristics, sample
size, types of HDP studied, ascertainment of HDP and type
2 diabetes, whether the study focused on first pregnancy,
confounding factors (i.e. pre-gestational diabetes, GDM,
chronic hypertension, cardiovascular risk factors), exclusion
of postpartum hypertension and diabetes (<6 months postpar-
tum), follow-up length from the index pregnancy (pregnancy
used to mark the start of follow-up time to the onset of diabe-
tes), age at type 2 diabetes diagnosis, incidence and risk esti-
mates of type 2 diabetes subcategorised into gestational

hypertension, pre-eclampsia, preterm pre-eclampsia (pre-
eclampsia that resulted in preterm birth <37 weeks) and
unspecified HDP (studies that did not specify the subtype of
HDP), as well as adjustment factors.

Risk of bias Quality appraisals were performed by two
reviewers (GZ, FJ) independently. Any discrepancies were
resolved by discussion and involvement of a third independent
reviewer (DB). As recommended by the Cochrane Non-
Randomized Studies Methods Group [33], we assessed the
quality of cohort and case—control studies using the
Newecastle—Ottawa Scale (NOS) [34]. The NOS allocates up
to 9 points according to three quality domains: selection of
study groups (4 points); comparability between the exposure
and non-exposure group (2 points); and ascertainment of
outcomes (3 points). For the ‘comparability’ domain, control-
ling for pre-pregnancy diabetes and chronic hypertension
were deemed to be particularly important as these are known
independent risk factors for diabetes. Studies deemed ‘low
risk’ had a minimum of 3 points in the selection domain, 1
point in comparability and 2 points in the outcomes domain.
Studies that had 2 points in the selection domain—at least 1
point in comparability and 2 points in outcomes—were clas-
sified as ‘medium risk’. Studies that scored 0 in comparability
or 1 in any other domain were deemed ‘high risk’. Funnel
plots were produced to assess the risk of publication bias.
Visual inspection and Egger’s test of the intercept were used
to assess funnel plot asymmetry [32].

Statistical analysis Random-effects meta-analyses were
performed to quantify the effect of HDP on the risk of devel-
oping subsequent type 2 diabetes. The random-effects method
is preferable when there is significant heterogeneity, as it
assumes the existence of a distribution of distinct but related
exposure effects on the outcome [32]. This approach therefore
reports the average exposure effect on the outcome [32].
Studies were combined using DerSimonian—Laird inverse
variance method, which assigns weights to individual esti-
mates based on their precision level [32, 35]. Only the most
adjusted study estimates were pooled to minimise confound-
ing. The majority of studies reported adjusted hazard ratios
(aHR). ORs can be thought to approximate RRs under the rare
events assumption [36-38]. Although ORs/RRs are conceptu-
ally different from HRs [39], a decision was made to pool
them with HRs, as their exclusion in the sensitivity analyses
did not meaningfully modify the pooled estimates (ESM
Table 2) [38]. If a study reported multiple unique effect size
estimates, they were all entered into the meta-analyses as long
as they represented mutually-exclusive subgroups of individ-
uals. In studies of overlapping participant subgroups, the more
representative and/or conservative estimate was chosen.
Heterogeneity was assessed using the /> statistic, which
describes the variability of effect size estimates attributable
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to study differences, rather than chance [32]. Heterogeneity
was explored through subgroup and sensitivity analyses by
HDP type, follow-up duration, study quality, and confounders
accounted for by way of exclusion, stratification, or multivar-
iable adjustment (i.e. BMI, cardiovascular risk factors, GDM,
chronic hypertension), provided at least three unique effect
size estimates were available [32]. Specifically, to assess the
robustness of effect size estimates for the association between
HDP and diabetes to confounding, we pooled studies that did
and did not account for one of the key confounding factors
above into separate subgroups. The influence of these factors
was first considered individually and then together, to provide
the most independent estimate of the effect of HDP on diabe-
tes risk. All analyses were two-tailed and results were consid-
ered significant at p < 0.05. All analyses were performed using
Cochrane’s Review Manager (RevMan), version 5.3
(Copenhagen, Denmark), and the ‘meta’, ‘metafor’ and
‘dmetar’ packages in RStudio, version 4.0.2.

Results

Study characteristics The systematic search yielded 4617 cita-
tions after duplicates were removed, of which 16 studies met
our relevance screen (Fig. 1). Individual study characteristics
are presented in Table 1.

The included 16 studies were published between 2007 and
2019, with 12 retrospective and four prospective cohort stud-
ies (Table 1). A total of 3,095,457 women were included, with
a median age of 32 at delivery and median follow-up of 11
(range 1-40) years after the index pregnancy. Five studies
examined unspecified HDP [10, 25-27, 40], four examined
pre-eclampsia only [24, 41-43], four examined both gesta-
tional hypertension and pre-eclampsia [11, 12, 44, 45], and
three examined HDP, gestational hypertension and pre-
eclampsia [23, 46, 47]. Four studies focused on the first preg-
nancy [23, 24, 42, 44], three studies explicitly excluded post-
partum hypertension [11, 23, 45] and four excluded postpar-
tum diabetes [11, 12, 26, 41]. About half were conducted in
Europe (n=7; 44%) and the remaining studies were from
North America (n=5; 31%), Asia (n=3; 19%) and
Australia (n=1; 6%) (Table 1). The confounding factors
accounted for varied (Table 1), where 11 studies accounted
for GDM [10-12, 25, 26, 40-42, 45-47] (six by stratification
[12,40-42, 45, 46]), ten studies accounted for chronic hyper-
tension through exclusion, stratification, or adjustment [11,
12, 23, 24, 40-42, 45-47] and seven studies adjusted for
BMI [10, 11, 23, 25-27, 40]. The mean sample HDP preva-
lence was 21.5% for HDP, 9.1% for gestational hypertension
and 12.7% for pre-eclampsia. Four studies reported ORs [10,
25,43, 45] and the remaining 11 studies reported HRs [11, 12,
23, 24, 26, 40-42, 44, 46, 47]. One study did not report a

@ Springer

relative measure of effect size and thus was only included
for the narrative synthesis [27].

Ascertainment of HDP Hypertensive disorders of pregnancy
were determined using administrative data (registries, remu-
neration claims, insurance databases) in nine studies [12, 24,
25,41, 42, 44-47], self-report in five studies [23, 25-27, 40],
medical records in two studies [11, 43] and consultant obste-
tricians in one study [10]. One self-reported definition was
validated by medical records [23] and another medical record
definition was validated by obstetricians [11]. For the studies
that did include GDM (n=11) [10-12, 25, 26, 4042, 45-47],
only one study specified that GDM was diagnosed by
Carpenter and Coustan criteria [42]. In the remaining studies,
GDM was ascertained in the same way as HDP, using
International Classification of Diseases (ICD) diagnostic
codes or self-report.

Ascertainment of diabetes Status was determined by admin-
istrative data in ten studies [11, 12, 24, 41-47] and self-report
in six studies [10, 23, 25-27, 40]. Of these, six studies used
ICD codes [11, 24, 42, 44, 46, 47], two used diabetes data-
bases [12, 43], one used hospital discharge diagnoses [45],
and another used prescription drugs as proxy for diabetes
(insulin, biguanides, sulfonamides, alpha glucosidase inhibi-
tors, thiazolidinediones, meglitinides) [41]. It should be noted
that two self-reported outcomes also utilised laboratory
results, glucose-lowering medications or lifestyle therapy
when diabetes was not self-reported [25, 40]. One study that
used administrative data confirmed the diagnosis through
laboratory or pharmaceutical prescription records (metformin,
sulfonylureas, thiazolidinediones, acarbose, miglitol,
nateglinide, repaglinide, insulin) [42]. All but six studies
[12, 24,41, 42,45, 47] had at least 10 years of follow-up after
the index pregnancy.

Systematic review Women with prior HDP developed diabe-
tes at earlier ages than women with normotensive pregnancies
[23, 27]. Many studies did not indicate the time interval from
the index pregnancy to diabetes diagnosis, particularly if the
study focused on midlife diabetes development [25, 26].
Despite that, several studies indicated that for women with
prior HDP, the greatest risk of diabetes occurred between ages
35 and 40 [12, 23, 42, 46, 47]. Stuart et al (2018) found that
women with pre-eclampsia had a statistically significant 2.6-
fold increased risk of diabetes as early as 6-10 years after their
first birth which continued throughout a 40-year follow-up
period [23]. For women with gestational hypertension, this
increased risk began 21-25 years after their first birth. Wang
etal (2012) found the strongest risk of type 2 diabetes mellitus
for women with HDP aged 35-40 with an adjusted HR of 8.87
(95% CI 2.46, 32.0) and an incidence of 87.3 per 10,000
person-years [47].
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Fig. 1 PRISMA flow diagram of P
literature search and selection Records identified through
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Interestingly, Timpka et al (2019) found a significant inter-
action between post-pregnancy BMI and HDP for the risk of
diabetes later in life with the greatest additive effect for
women with obesity [26]. However, across all BMI groups,
women with HDP appeared to have a higher cumulative inci-
dence of diabetes after age 50.

Meta-analysis Fifteen studies were included in the meta-anal-
ysis, all of which had a cohort design (Fig. 2). Overall, the risk
of diabetes in women with any prior HDP was 2.24 (95% CI
1.95, 2.58, P= 94%) relative to no HDP. We found a dose—
response relationship between HDP severity and diabetes risk,
with pre-eclampsia/preterm pre-eclampsia having the greatest
risk (gestational hypertension: aHR 2.19 [95% CI 1.69, 2.84]
I = 87%; pre-eclampsia: aHR 2.56 [95% CI 2.02, 3.24] I* =
94%; preterm pre-eclampsia: aHR 3.05 [95% CI 2.05, 4.56]
PP =82%) (Table 2). The risk for diabetes associated with
HDP remained elevated even among studies that accounted
for the presence of GDM (aHR 2.01 [95% CI 1.77, 2.28)).

Studies with a shorter follow-up duration (less than 20 years)
showed a greater risk of diabetes than those with more extend-
ed follow-up (Table 2). Heterogeneity was somewhat
explained by HDP type, types of confounders accounted for,
follow-up duration and a focus on first pregnancy in subgroup
analyses, but the overall magnitude of effect size for the asso-
ciation between HDP and diabetes remained robust (Table 2
and ESM Table 3). In studies that controlled for BMI, the
association between HDP and diabetes remained significant
but was attenuated (aHR = 1.69 [95% CI 1.47, 1.94] = 62%)
compared with studies that did not control for BMI (aHR =
2.71 [95% CI 2.26, 3.25] F=95%). The effect of HDP on
diabetes risk was also attenuated in studies that controlled for
all of GDM, BMI, chronic hypertension, and history of CVD
or cardiovascular risk factors together (aHR 1.89 [95% CI
1.17, 3.04] P = 82%).

Assessment of methodological quality Methodological quali-
ty varied across studies (ESM Table 3). Overall, 12 studies
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Table 2 Sensitivity and subgroup analyses examining the influence of
follow-up duration and selected confounding factors

Sensitivity analysis Studies (n) aHR (95% CI) P (%)

Hypertensive disorder type

HDP (all) 15 2.24 (1.95,2.58) 94

GH 7 2.19 (1.69, 2.84) 87

PEC 11 2.56 (2.02, 3.24) 94

Preterm PEC 3 3.05 (2.05, 4.56) 82
Controlled for GDM*

HDP (all) 11 2.01(1.77,2.28) 85

GH 5 2.01 (1.54,2.63) 80

PEC 7 2.38(1.92,2.96) 80
Controlled for chronic HTN

HDP (all) 9 2.29(1.91,2.74) 91

GH 5 2.19(1.59, 3.01) 72

PEC 7 3.03(2.33,3.94) 75
Controlled for BMI

HDP (all) 8 1.69 (1.47,1.94) 62

GH 4 1.57 (1.29, 1.92) 0

PEC 4 2.32 (1.46, 3.68) 71
Controlled for CVD risk factors

HDP (all) 8 240 (2.02, 2.85) 95

GH 5 2.18 (1.57,3.01) 85

PEC 6 3.10(2.20, 4.37) 96
Controlled for BMI, GDM, chronic HTN, CVD risk factors

HDP (all) 3 1.89 (1.17, 3.04) 82

GH 2 - -

PEC 2 - -

Individual follow-up duration”
<20 years 7
>20 years 2

2.64(2.23,3.12) 95
1.34 (1.20, 1.50) 0

All included studies in the meta-analysis have controlled for baseline
diabetes mellitus

aHR = pooled adjusted hazard ratios, reference groups = no history of
HDP

# Studies that controlled for GDM either by exclusion or regression

® Studies that followed women from the time of delivery (mean age:
28.2 years, range: 25-33 years)

GH, gestational hypertension; HTN, hypertension; PEC, pre-eclampsia

were rated to be of low risk of bias [10—12, 23-25, 4042, 44,
46, 47], while four studies were rated to be of high risk of bias
[26, 27, 43, 45]. In addition, five studies either did not adjust
or were ambiguous about whether they adjusted for GDM [23,
24,27,43,44]. Seven studies did not explicitly exclude chron-
ic hypertension [10, 11, 25-27, 43, 44], although Mannisto
et al (2013) reported the effects of HDP and chronic hyper-
tension separately [11]. Eight studies controlled for the pres-
ence of other pre-pregnancy cardiovascular risk factors (e.g.
history of hypercholesterolaemia, myocardial infarction, or
stroke) [12, 23-25, 40, 44, 45, 47]. Four studies did not
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specify whether the outcome of diabetes included both type
1 and type 2 diabetes mellitus [24, 41, 42, 46]. Libby et al
(2007) in particular had many potential confounding factors as
medical records from the 1950s and 1960s lacked pertinent
confounding information, such as personal and family history
of diabetes and GDM [43]. Furthermore, their control group
may have included pre-eclampsia cases from earlier pregnan-
cies, which may have attenuated the estimated association
between pre-eclampsia and diabetes due to information bias.
Stuart et al (2018) adjusted for the largest number of possible
confounders, including pre-pregnancy metabolic and behav-
ioural risk factors [23]. There was a trend that more recent
studies controlled for cardiovascular risk factors.

The funnel plot was symmetrically distributed about the
pooled effect size estimate (Fig. 3) and Egger’s test of the
intercept was not significant (p = 0.6609). This suggests that
publication bias is unlikely to play a major role in the inter-
pretation of findings, though it cannot be ruled out completely,
as high between-study heterogeneity in meta-analyses of
observational studies may contribute to the observed funnel
plot symmetry [32].

Discussion

This systematic review and meta-analysis of 16 studies with
more than 3 million women showed that women with a history
of HDP had a twofold increased risk of developing diabetes
that is independent of BMI and GDM. There was a dose—
response relationship between HDP severity and diabetes risk,
with pre-eclampsia/preterm pre-eclampsia having the greatest
risk. Furthermore, the risk of diabetes associated with HDP
was higher in studies with shorter follow-up (less than
20 years), suggesting that diabetes risk increases earlier in
women with a history of HDP.

Two previous meta-analyses have been conducted on the
risk of diabetes after HDP or pre-eclampsia [21, 22]. Our
estimate of the association between any type of HDP and
diabetes was higher than that from the meta-analysis of
Wang et al [21]. Differences in our estimates are likely to be
a result of (1) exclusion of studies with pre-gestational diabe-
tes and (2) inclusion of studies published since 2017. Our
estimates for the association between pre-eclampsia and
subsequent diabetes are comparable to the meta-analysis of
Wu et al [22]. However, we considered the influence of
important confounding factors, such as BMI, GDM and
cardiovascular risk factors more comprehensively.
Additionally, we included more studies that had a length of
follow-up greater than 10 years and found that among women
who participated in such studies, the risk of diabetes was
greatest at age 35—-40 years. Further, several studies have
found a relationship between HDP and future CVD [22, 23,
27, 48-51]. A large population-based retrospective cohort
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Study HDP type log[HR] SE HR  [95% CI] Weight %
Feig et al (2013) [12] GH 0.67 0.03 * 1.95 [1.83;2.07] 5.5
Lykke et al (2009) [44] GH 114 0.09 P 3.12 [2.63;3.70] 5.1
Mannisto et al (2013) [11] GH 042 0.12 —&— 152 [1.21;1.90] 4.9
Savitz et al (2014) [45] GH 0.47 0.34 —_ 1.60 [0.82;3.12] 24
Callaway et al (2007) [10] HDP 0.57 0.19 G 1.76 [1.21;2.56] 4.0
Heida et al (2015) [40] HDP 0.24 0.07 - 127 [1.11;1.46] 523
Hwu et al (2016) [46] HDP 115 0.1 L 3.15 [2.55;3.89] 4.9
Stuart et al (2018) (full-term) [23] HDP 0.57 0.05 = 1.76 [1.61;1.93] 5.4
Stuart et al (2018) (preterm) [23] HDP 0.49 0.12 — 1.64 [1.30;2.07] 4.8
Timpka et al (2018) [25] HDP 0.67 0.21 G 1.96 [1.29;2.98] 3.7
Timpka et al (2019) [26] HDP 0.73 0.34 —_— 2.08 [1.06;4.07] 2.4
Wang et al (2012) [47] HDP 1.23 0.25 s 3.42 [2.08;5.63] 3.3
Carr et al (2009) [42] PEC 0.62 0.22 S 1.86 [1.22;2.84] 3.7
Engeland et al (2011) [41] PEC 1.10 0.10 P 3.00 [2.46;3.66] 5.0
Feig et al (2013) [12] PEC 0.73 0.03 = 2.08 [1.97;2.19] 5.5
Kuo et al (2018) [24] PEC 1.69 0.15 —+— 542 [4.01;7.32] 4.4
Libby et al (2007) [43] PEC 0.34 0.1 — 1.40 [1.12;1.75] 4.9
Lykke et al (2009) [44] PEC 1.26 0.04 L= 3.53 [3.23;3.85] 5.4
Mannisto et al (2013) [11] PEC 0.35 0.22 T 1.42 [0.92;2.19] 3.6
Savitz et al (2014) [45] PEC 0.69 0.24 —_— 2.00 [1.26;3.17] 3.5
Feig et al (2013) [12] Preterm  0.80 0.12 —— 223 [1.77;2.81] 4.8
Kuo et al (2018) [24] Preterm  1.35 0.34 ————=——— 3.84 [1.99;7.40] 25
Lykke et al (2009) [44] Preterm  1.30 0.10 o 3.68 [3.04;4.46] 5.0
Overall effect - 2.24 [1.95;2.58] 100.0%
Heterogeneity: /2 = 94% [92%; 95%], 72 = 0.0913, p < 0.01 I I I

0.5 1 2 8

Fig. 2 Forest plot for risk of diabetes in women with prior HDP. Effect
size estimates depicted to the left of the overall effect represent a lower
risk of diabetes in those with HDP, while effect sizes to the right of the
overall effect represent a higher risk of diabetes in those with HDP. The

study found that maternal placental syndromes, including
HDP and placental abruption, were associated with a twofold
increase in CVD compared with those without maternal
placental syndrome, with the mean age of onset of 38 years
[52]. This is in keeping with our findings for diabetes. We
found that pre-eclampsia necessitating preterm delivery had
the highest risk for subsequent diabetes, further suggesting

values in the ‘log[HR]’ column represent natural logarithms (i.e. log to
the base of e) for HR estimates from each of the included studies.
‘Preterm’ denotes pre-eclampsia that necessitated preterm delivery
(<37 weeks). GH, gestational hypertension; PEC, pre-eclampsia

early-onset pre-eclampsia as a distinct disease entity [53,
54]. Therefore, our study provides further evidence in favour
of an independent association between HDP and subsequent
diabetes.

The strength of our study lies in the number of recent stud-
ies included, the large sample size, accounting for key
confounders such as GDM status, BMI and cardiovascular

Fig. 3 Funnel plot for the § .
assessment of publication bias in o
the meta-analysis on HDP (all 9 | N * - N
studies). The y-axis represents S .
natural logarithms (i.e. log to the ° N
base of ) for HR estimates from S o, o
each of the included studies. The _ M o
x-axis is plotted on a log scale. T |
The dotted lines represent the % S ¢
pooled random-effects HR = ° o
estimate with 95% CI B o Ve
o
9 °
o [ ]
8
o
8 | . . *
S T T T T T
2 3 4 5 6
HR
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risk factors, and the influence of time since delivery on diabe-
tes risk. We employed a comprehensive search strategy and a
rigorous review process.

Several limitations were identified in our study. As the
majority of included studies were retrospective studies,
there is limitation in the quality of data collected. A number
of studies used self-report to determine either the exposure
of HDP or the outcome of diabetes. There was also signifi-
cant heterogeneity in the meta-analysis which can be
partially attributed to variability in study designs and qual-
ity ratings, as well as the inherent vulnerability of meta-
analyses of observational studies to residual confounding.
Other important confounding factors such as family history
of diabetes [55], ethnicity [56], lifestyle (diet, physical
activity, smoking) [57] and recurrent HDP [58] were
seldom adjusted for. Further, the risk estimates from
Taiwanese studies [24, 46, 47] may have amplified the asso-
ciation between HDP and diabetes due to higher insulin
resistance in Asian women [59]. Only a limited number of
studies included information on the age at diabetes diagno-
sis; however, age at pregnancy and follow-up duration were
more consistently reported, allowing us to estimate when
the risk of diabetes may be the highest. The high variability
of HDP prevalence may also be indicative of selection bias
in some studies. Nonetheless, the higher prevalence of HDP
in some study samples may bias our findings towards the
null; as such, the conclusion that diabetes risk is elevated
among women with prior HDP would still hold true.
Finally, random-effects meta-analyses award relatively
more weight to smaller, and potentially underpowered,
studies than fixed-effects models [32]. The DerSimonian—
Laird method may also underestimate confidence intervals
and lead to erroneous conclusions about the statistical
significance of findings when the meta-analysis sample size
is small and statistical heterogeneity is high [60, 61].
Subgroup analyses of fewer than four studies should thus
be interpreted with caution [62].

The exact mechanisms between HDP and future diabetes
are unknown. It has been hypothesised that insulin resistance
may play a role in the disease pathogenesis of new-onset
hypertension in pregnancy [63], which may explain the persis-
tence of metabolic abnormalities after delivery and subsequent
diabetes. Similar to GDM, HDP may be an earlier manifesta-
tion of underlying insulin resistance that is brought out by the
increased metabolic demands of pregnancy [9, 22, 63]. HDP
share many risk factors with CVD: obesity, hyperlipidaemia,
hypertension, insulin resistance and renal dysfunction [22,
64]. HDP also co-occur with GDM in about 4% of pregnan-
cies [65], which is a known strong risk factor for subsequent
diabetes [12, 15—18]. Our study showed that HDP increase the
risk of incident diabetes independent of BMI and GDM,
suggesting an additive effect of HDP on diabetes risk. This
may be related to abnormal cytotrophoblast invasion of spiral
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arterioles leading to reduced placental perfusion and subse-
quent maternal vascular endothelium dysfunction, which is
associated with upregulated levels of the antiangiogenic
placental soluble fms-like tyrosine kinase 1 [66, 67]. This
suggests that the presence of HDP may worsen pre-existing
metabolic risk factors or even induce de novo risk [68]. In fact,
a large population-based study demonstrated that most cardio-
vascular risk factors remained significantly elevated after pre-
eclampsia following adjustment for pre-pregnancy values
[69]. Additionally, recent evidence has shown a link between
HDP and future risk of chronic kidney disease that is indepen-
dent of GDM [70]. This further suggests that type 2 diabetes
may be an intermediate factor between HDP and other cardio-
metabolic diseases.

Implications of findings and future directions The time lag
between HDP and the onset of diabetes presents a window
of opportunity for timely interventions. Subclinical athero-
sclerosis is visible by cardiovascular imaging by 16 years
postpartum for women with a history of pre-eclampsia [71].
Some guidelines advise follow-up of women with HDP 6—
8 weeks postpartum [72, 73], and others recommend 6—
12 months postpartum [74]. For diabetes specifically, current
screening guidelines do not include HDP as an independent
risk factor; as such, screening would not be recommended
until the age of 40 [16, 75, 76].

As has been recommended for the prevention of cardiovas-
cular outcomes [77], counselling regarding diabetes risk may
be warranted in women with pregnancies complicated by
HDP. Lifestyle modification and weight management should
be prioritised, as elevated BMI may have a synergistic effect
with HDP on diabetes risk [26]. Such interventions may also
decrease their risk of recurrent HDP in future pregnancies.

There is a lack of evidence regarding diabetes risk stratifica-
tion and postpartum screening for women who experience
adverse pregnancy outcomes beyond GDM [78]. While earlier
screening for diabetes may be warranted among women with
HDP, our findings highlight the need for primary evidence
regarding how HDP contribute to diabetes risk prediction to
develop evidence-based screening and prevention strategies.

Conclusion This systematic review and meta-analysis showed
that HDP are independently associated with a twofold
increased risk of subsequent diabetes. Postpartum diabetes
screening and prevention counselling may be warranted in
women with a history of HDP, even in the absence of GDM.
Primary evaluative evidence is necessary to determine the
optimal follow-up strategy targeted to women with a history
of HDP.
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