:' frontiers ‘ Frontiers in Endocrinology

SYSTEMATIC REVIEW
published: 20 May 2022
doi: 10.3389/fendo.2022.868441

OPEN ACCESS

Edited by:
Claire Joanne Stocker,
Aston University, United Kingdom

Reviewed by:

Zheng Liu,

Peking University, China

Charis Bridger Staatz,
University College London,
United Kingdom

Alexandre A. da Silva,
University of Mississippi Medical
Center, United States

*Correspondence:
Zahra Raisi-Estabragh
Zzahraraisi@doctors.org.uk

"These authors have contributed
equally to this work and share
last authorship

Specialty section:

This article was submitted to
Obesity,

a section of the journal
Frontiers in Endocrinology

Received: 03 February 2022
Accepted: 14 April 2022
Published: 20 May 2022

Citation:

Kankowski L, Ardissino M,
McCracken C, Lewandowski AJ,
Leeson P, Neubauer S, Harvey NC,
Petersen SE and Raisi-Estabragh Z
(2022) The Impact of Maternal Obesity
on Offspring Cardiovascular Health: A
Systematic Literature Review.

Front. Endocrinol. 13:868441.

doi: 10.3389/fendo.2022.868441

Check for
updates

The Impact of Maternal Obesity on
Offspring Cardiovascular Health:
A Systematic Literature Review

Lois Kankowski', Maddalena Ardissino?°, Celeste McCracken*?,
Adam J. Lewandowski*®, Paul Leeson*®, Stefan Neubauer®®,
Nicholas C. Harvey®’, Steffen E. Petersen®°" and Zahra Raisi-Estabragh®°™"

1 Barts and the London School of Medicine and Dentistry, London, United Kingdom, 2 Imperial College School of Medicine,
Imperial College London, United Kingdom, 3 Nuffield Department of Population Health, University of Oxford, Oxford, United
Kingdom, 4 Division of Cardiovascular Medicine, Radcliffe Department of Mediicine, University of Oxford, Oxford, United Kingdom,
5 National Institute for Health Research Oxford Biomedical Research Centre, Oxford University Hospitals NHS Foundation Trust,
Oxford, United Kingdom,  MRC Lifecourse Epidemiology Centre, University of Southampton, Southampton, United Kingdom,

7 NIHR Southampton Biomedical Research Centre, University of Southampton and University Hospital Southampton NHS
Foundation Trust, Southampton, United Kingdom, & William Harvey Research Institute, NIHR Barts Biomedical Research Centre,
Queen Mary University of London, London, United Kingdom, ° Barts Heart Centre, St Bartholomew’s Hospital, Barts Health
NHS Trust, West Smithfield, United Kingdom

Objective: Obesity and cardiovascular disease are major global public health problems.
Maternal obesity has been linked to multiple adverse health consequences for both mother
and baby. Obesity during pregnancy may adversely alter the intrauterine environment,
which has been hypothesised to predispose the offspring to poorer cardiovascular health
throughout life. In this paper, we systematically review current literature examining the links
between maternal obesity and offspring cardiovascular health.

Methods: This study is registered with PROSPERO (CRD42021278567) and was
conducted in accordance with the PRISMA guidelines. A comprehensive systematic
literature search was conducted, including two electronic databases (Ovid Medline,
Embase), cross-referencing, author searching, and grey literature searches. We
selected studies exploring the relationship between maternal obesity and offspring
cardiovascular health, using pre-defined eligibility criteria. Studies were critically
appraised using the ROBINS-I tool.

Results: From 1,214 results, 27 articles met the eligibility criteria. Multiple cardiovascular
outcomes were considered, including congenital heart disease, cardiometabolic
parameters, and cardiovascular diseases in neonates, children, and adults. In these
studies, maternal obesity was consistently associated with congenital heart disease,
several adverse cardiometabolic parameters throughout life including higher body mass
index and insulin levels, and greater risk of cardiovascular disease in adulthood.
Hypothesized underlying mechanisms are complex and multifactorial comprising
genetic, environmental, and socioeconomic components, which can be difficult to
quantify. Heterogeneity in study designs, highly selected study samples, and high risk
of bias in some studies limit conclusions regarding causality.
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Conclusions: We identified consistent evidence of links between maternal obesity and
poorer offspring cardiovascular health throughout the lifecourse, extending from the
neonatal period into adulthood. Although underlying mechanisms are unclear, our
findings support consideration of targeted maternal obesity prevention for promotion of
offspring cardiovascular health. This all-encompassing systematic review provides critical
appraisal of the latest evidence, defines gaps and biases of existing literature, and may
inform potential new public health strategies for cardiovascular disease prevention.

Systematic Review Registration: [https://www.crd.york.ac.uk/prospero], identifier
PROSPERO (CRD42021278567).

Keywords: obesity, maternal obesity, women’s health, cardiovascular disease, congenital heart disease,

cardiometabolic disease, lifecourse epidemiology

INTRODUCTION

The World Health Organisation (WHO) has characterised the
rising prevalence of obesity as an epidemic. As a risk factor for a
multitude of diseases, obesity poses a major global public health
challenge (1).

The prevalence of obesity in women of reproductive age is
increasing alongside that of the general population (2). Current
estimates suggest that 30% of reproductive age women in the UK
are obese (3). Maternal obesity is a risk factor for numerous
pregnancy complications, including miscarriage, pre-eclampsia,
and gestational diabetes mellitus (GDM). Obesity is also a major
risk factor for the leading causes of maternal death:
cardiovascular disease (CVD) and pulmonary embolism (4, 5).
Indeed, between 2015-2017, almost 60% of the women who died
within the first 6 weeks post-partum were overweight or obese
(5). Maternal obesity also increases the risk of still-birth and
neonatal mortality and is associated with significantly greater
risk of foetal macrosomia, intra-uterine growth restriction, and
congenital structural abnormalities (2).

Increasing evidence suggests that the adverse health
consequences of maternal obesity for the oftspring may extend
beyond pregnancy throughout the entire life course (6, 7).
Several studies have linked maternal obesity with greater
likelihood of congenital heart disease (CHD) (8, 9), adverse
cardiometabolic profile in childhood (10-13), and higher risk
of CVD in adulthood (14). Whilst some studies have suggested
that the period in-utero is a critical determinant of long-term
offspring health (6, 7), others have not corroborated these
findings (14-16). Another key consideration is the influence of
shared home lifestyle on the mother-child cardiovascular risk
profile. Indeed, a shared obesogenic diet and similar attitudes to
physical exercise can importantly influence cardiovascular health
of both mother and child, with such behavioural traits persisting
into adulthood (17, 18). Furthermore, the genetic inheritance of
obesogenic traits is likely to play an additionally important role
in driving poorer cardiovascular health in the offspring of
mothers with obesity. These factors are complex and intimately
intertwined. Greater understanding of the relationship between
maternal obesity and offspring cardiovascular health may

provide insight into potential disease mechanisms and may
inform targeted population-level CVD prevention strategies.

With the increasing rates of maternal obesity and the rising
global burden of CVD, examining the relationships between
maternal obesity and offspring life-long cardiovascular health is a
public health priority. Research in this area faces unique challenges
with multiple potential sources of bias. Previous reviews of literature
in this area have limited to specific cardiovascular outcomes and
life-stages, and as such do not capture the entire spectrum of
cardiovascular consequences that may be related to maternal
obesity. The aim of this paper is to provide an all-encompassing
systematic review and critical appraisal of the literature exploring
the impact of maternal obesity on offspring cardiovascular health
across the entire life course.

METHODS

This systematic review was performed according to the Preferred
Reporting Items for Systemic Reviews and Meta-analyses
(PRISMA) protocol. Prior to conducting the review, the study
was registered on the International Prospective Register of
Systematic Reviews (PROSPERO; https://www.crd.york.ac.uk/
prospero/; Registration Number: CRD42021278567) (19).
Methods are aligned with the PRISMA statement (Transparent
Reporting of Systematic Reviews and Meta-Analyses) (20) and
the PRISMA checklist is provided in Supplementary Table 1.

Eligibility Criteria

We set a broad remit for the review with pre-defined study
inclusion criteria (Table 1). We included studies with any
measure or estimate of maternal obesity set as the exposure of
interest, and the outcome as any measures of offspring
cardiovascular health at any age. We included studies of both
adult and paediatric populations in the English language.

Search Strategy

The searches were carried out by two independent investigators
(LK, MA) using the Ovid Medline (1946-October 2020) and
EMBASE electronic databases. In Ovid Medline, we used the
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TABLE 1 | Selection criteria for assessment of study eligibility.

Inclusion Criteria

Exposure +  Maternal obesity — pre-pregnancy, during pregnancy.
*  Excessive gestational weight gain

Exclusion Criteria

e Primary focus of the study on other maternal conditions e.g. gestational
diabetes, hypertensive disorders of pregnancy.

*  Maternal BMI or other objective measure of obesity not recorded before or
during pregnancy

Outcome -
outcome at any age (paediatric or adult) accepted

*  Surrogate markers of offspring cardiovascular health e.g. blood <

Offspring cardiovascular health - any cardiovascular disease ¢

Focus on other aspects of offspring health not relating to cardiovascular
health
Primary focus of study on maternal health

pressure
Time ¢ Any time frame

frame

Study «  Original research study *  Reviews*

Design *  Quantitative studies *  Systematic Reviews*

*  Qualitative studies
¢ Human studies

¢ Meta-analyses*
*  Case Reports
«  Opinion Papers
¢ Animal studies

Availability «  Able to access full text PDF**
«  English language

«  Non-English language

*these papers were screened for relevant original research papers as part of our “cross-reference” searches. **As per institutional access of authors.

advanced search option to select relevant MeSH (Medical Subject
Headings) terms. To capture broad results, we used the explode
function, included all subheadings, and included a keyword
search for each term using the multi-purpose (mp) function.
Search terms were combined using Boolean operators. The
results were limited to English language articles and human
studies (Table 2). The titles and abstracts of the search results
were visually screened for eligibility according to pre-defined
criteria by LK and MA (Table 1). A similar approach was taken
to searching the Embase database to identify further unique hits.
Additional studies were sought through cross-referencing,
author searches, and grey-literature searches. The full text of
selected papers was then examined to confirm eligibility. Papers
that did not meet these criteria were excluded. In cases of
ambiguity, eligibility for inclusion was determined after full
text review and discussion with project supervisors (ZRE, SEP).

Risk of Bias Assessment

The studies were assessed for their risk of bias using the ROBINS-I
(Risk of Bias in Non-randomised Studies — of Interventions) tool
(21). This tool assesses the risk of bias in seven domains by asking a
series of questions, before coming to an overall judgement about
risk of bias (low, moderate, serious, critical). The seven domains

TABLE 2 | Search terms and combinations used for EMBASE and Ovid:
Medline searches.

Search Terms

EMBASE (Maternal Obesity OR (Mothers AND (Obesity OR Body Mass))
AND (Cardiovascular Disease OR Heart Disease)

Ovid: (Obesity, Maternal OR (Mothers AND (Overweight OR Body Mass

Medline Index)

AND (Cardiovascular Diseases OR Heart Diseases)

The search terms presented comprise Medical Subject Headings (MeSH) for Medline and,
the equivalent Emtree for EMIBASE, linked using Boolean operators.

comprise potential bias from confounding, participant selection,
intervention (exposure) classification, deviations from intended
intervention (exposure), missing data, outcome measurement, and
selective reporting of results. Further explanations of these domains
and criteria for assessment of overall risk of bias are available in a
dedicated publication (21).

RESULTS

The search generated 1,213 results, including 9 duplicates. One
study was identified from unpublished literature (doctoral thesis)
searching. 1,159 papers were excluded following the title and
abstract screen. This left 46 articles, which were read in full. Of
these, 27 studies met the eligibility criteria and are included in the
review (Figure 1).

Study Characteristics

The 27 included studies were published between 2011 and 2020 in
11 different countries. All were observational studies. All used
Maternal pre-pregnancy body mass index (MppBMI) or maternal
body mass index (BMI) during pregnancy as the main exposure of
interest. Six studies used gestational weight gain (GWG) as an
additional exposure. One study also used skinfold thickness and fat
percentage by bioimpedance. The studies measured cardiovascular
health outcomes in offspring at various ages: 10 papers studied
neonates, 11 studied children (0-18years), and eight studied adults
(17-86 years). A diverse range of outcomes were considered,
including CHD, cardiometabolic parameters (such as, BMI, blood
pressure (BP) measurement, serum lipids, and serum insulin levels),
and incident/prevalent CVD.

We organised the identified studies according to the age range
studied and the outcome measured: neonatal CHD (n=7), neonatal
cardiometabolic parameters (n=1), childhood cardiometabolic
parameters (n=11), adult cardiometabolic parameters (n=5) and
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FIGURE 1 | PRISMA Flow Diagram. Flow chart as per: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting ftems for
Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi: 10.1371/journal.pmed1000097.

adult CVD (n=3). The characteristics, outcomes, and exposures of
studies are summarised in Figure 2, and in Tables 3-7.

Risk of Bias Assessment

The studies were evaluated for their risk of bias using the
ROBINS-I tool. 16 studies were appraised to be of moderate
risk of bias, while 5 were of severe risk and 5 of critical risk. One
study did not have enough information available to come to a
bias assessment. No studies were at a low risk of bias. The results
of the bias assessment are displayed in Supplementary Table 2
and summarised in Tables 3-7.

Neonatal Congenital Heart Disease

Several studies examined the link between maternal obesity and
neonatal CHD. Brite et al. (24) conducted a retrospective electronic
records review of maternal and offspring records of 121,815

deliveries across 19 hospitals included in the Consortium on Safe
Labour cohort study. Odds of any offspring CHD ascertained from
hospital discharge records are reported for different pre-pregnancy
BMI categories (overweight, obese, and morbidly obese) compared
to normal weight mothers as defined by WHO categories.
Additionally, odds of disease-specific CHDs were considered in
mothers with obesity (BMI >30kg/m?) compared to mothers with
BMI<30kg/m®. Models were adjusted for study site, age, race,
insurance status, and maternal smoking. A further analysis on a
subset of 5,131 pairs was also adjusted for maternal glucose
tolerance. The sample included 1,388 (1%) cases of CHD. The
authors report a dose-dependent increase in odds of any CHD
across increasing BMI categories. Compared to normal weight
mothers, mothers with morbid obesity (BMI 24Okg/m2) were at
highest risk of having a child with CHD [OR 1.36 (1.03-1.78)],
followed by mothers with obesity [OR 1.25 (1.08-1.45)], and

Neonatanal period

Childhood Adulthood

4

N~
v

Maternal obesity

’,/‘ Congenital heart disease

Adverse cardiometabolic
markers

FIGURE 2 | Summary of areas examined by studies included in the review.

\ I

G

2o

Childhood obesity Obesity in adulthood

Adverse
cardiometabolic profile

Adverse
cardiometabolic profile

Increased risk of
incident cardiovascular
diseases

Unhealthy left ventricular
and arterial remodelling
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TABLE 3 | Characteristics of studies: Maternal obesity and neonatal congenital heart disease.

Study parameters Exposures and outcomes Confounders and exclusions Summary of results Overall
bias
Alvarado-Terrones et al., Exposure: MppBMI, unclear =~ Confounders: Maternal age, sex Pre-pregnancy obesity is associated with increased risk ~ Moderate
2018 (22), Mexico when and how measured of neonate, parity. of TAPVC in offspring; compared with normal/ideal
Population: Neonates Outcome: Presence of Exclusions: Maternal history of weight mothers:
Cases: 55 TAPVC addiction, pre-eclampsia, or «  overweight [OR: 1.9 (0.9, 3.8)]
Controls: 152 Ascertainment of outcome: diabetes (typel, 2, or gestational). «  obese [OR: 3.7 (1.5, 9.5)]
Setting: Not specified Echocardiography
Tang et al., 2015 (23), Exposure: MppBMI (self- Confounders: Folic acid intake Pre-pregnancy obesity is associated with increased risk  Critical
USA report, unclear when during pregnancy, maternal of OHD in offspring:
Population: Neonates measured) and several SNPs  ethnicity. *  overweight [RR: 1.27 (1.07, 1.51)]
Cases: 569 via blood or buccal sample Exclusions: Cases where *  obese [RR: 1.37 (1.15, 1.63)]
Controls: 1,644 genotyping. pregnancy was affected by a Identified 19 maternal SNPs and 33 infant SNPs
Setting: National Birth Outcome: Presence of known single gene disorder, that interacted with maternal obesity to increase the
Defects Prevention Study. OHDs. chromosomal abnormality or risk of OHDs.
Cases and controls were Ascertainment of outcome: syndrome. Of these, there were 10 SNPs that were protective
identified retrospectively Medical records in normal weight women, but adverse expression in
through medical records (echocardiography, surgical obese women.
from 19 hospitals. reports, cardiac catherizations
reports, autopsies)
Brite et al., 2014 (24), USA Exposure: MppBMI (medical Confounders: Hospital site, age, Pre-pregnancy obesity is associated with increased risk ~ Moderate

Population: Neonates
Cases: 1,388
Controls: 120,427
Setting: Consortium on
Safe Labor prospective
cohort study, across 19
hospitals

records) race, insurance, maternal smoking.
Outcome: Presence of CHD  In a subset of 5,131 pairs, further .
Ascertainment of outcome: adjustment was made for abnormal
Discharge records maternal glucose tolerance. .
Exclusions: Multiples gestations,
mothers with pregestational maternal obesity:
diabetes. Infants with aneuploidy. «  conotruncal defects [OR: 1.33 (1.03, 1.72)]
«  atrial septal defects [OR: 1.22 (1.04, 1.43)]
*  ventricular septal defects [OR = 1.38 (1.06, 1.79)]
In a subset of 5,131 pairs, obesity was still
associated with increased risk of CHD after
adjusting for maternal glucose tolerance.

of CHD in offspring:

overweight [OR: 1.15 (1.01, 1.32)))

obese [OR: 1.26 (1.09, 1.44)]

significant trend effect (increasing risk with BMI)
Increased risk for specific types of CHD with

Ghaderian et al., 2014 Exposure: MppBMI (medical Confounders: None No association between pre-pregnancy obesity and risk  Critical

(25), Iran records, questionnaire) Exclusions: Family history of CHD, of CHD in confounder-adjusted models:
Population: Neonates Outcome: Presence of CHD  eclampsia, exposure to cardiac *  Overweight [OR: 0.98 (0.31, 3.10)] and obese
Cases: 164 Ascertainment of outcome: teratogens, substance abuse or women [OR: 1.16 (0.34, 4.00)] were not more likely

Controls: 158

Setting: Admissions to
cardiology during 2011-
2012. Controls were
matched by region of birth,
place of residence and age.

Established diagnosis of CHD
by echocardiography,
angiography, or other
appropriate methods.

radiation, mothers with gestational
diabetes or pre-existing diabetes.
Infants with genetic syndromes.

to have an infant with a congenital heart defect.

Madsen et al., 2013 (26), Exposure: MppBMI Confounders: Gestational Pre-pregnancy obesity is associated with increased risk ~ Moderate
USA (maternal pre-natal record, diabetes of CHD in offspring [OR: 1.22 (1.15, 1.3)]. The strength
Population: Neonates hospital medical record, or Exclusions: Multiple births, of the association increased with increasing BMI [e.g.,
Cases: 11,263 self-report if neither available).  preterm births with patent ductus BMI 40+: OR: 1.49 (1.32, 1.69)]
Controls: 140,470 For deliveries prior to 2003, arteriosus, all infants with potentially MppBMI is associated with significantly higher risk of
Setting: Cases were height was not recorded on CHD-associated chromosomal several subtypes:
identified through birth- birth certificate so was taken  abnormalities, women with existing ¢  Left ventricular outflow tract defects [OR: 1.27
hospital discharge records ~ from driver’s license records.  diabetes. (1.02, 1.59)]
in the Comprehensive Outcome: Presence of CHD *  Right ventricular outflow tract defects [OR: 1.43
Hospital Abstract Reporting  Ascertainment of outcome: (1.2, 1.69)]
System (CHARS). Controls  Birth-hospital discharge ¢ Hypoplastic left heart syndrome [OR: 1.86 (1.13,
were randomly selected and  records. 3.05)].
matched on year of delivery. * There was no association with CTDs [OR: 1.04

(0.82, 1.33)].
Dolk et al., 2020 (27), UK Exposure: MppBMI - Confounders: Adjusted for Compared with normal BMI mothers, obesity, based on  Moderate
Population: Neonates recorded by midwife at maternal age, previous pregnancy, BMI at booking, was not associated with CHD risk,
Cases: 242 booking (10-12weeks maternal education, socioeconomic before or after adjustment for diabetes and other
Controls: 966 gestation). deprivation area of residence, folic  covariates for any obesity category:
Setting: The Baby Hearts ~ Outcome: Presence of CHD  acid supplementation, smoking,

(Continued)
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TABLE 3 | Continued

Study parameters Exposures and outcomes Confounders and exclusions Summary of results Overall
bias
Study - Northern Ireland Ascertainment of outcome: antidepressant prescription in first ~«  Overweight [OR: 1.07 (0.76, 1.48); aOR: 1.02 (0.71,
Paediatic Cardiology Cases were classified by trimester, dietary class, pregnancy 1.46)]
Centre. paediatric cardiologists based stress, multiple stressors. ¢ Obese [OR: 1.00 (0.67-1.48); aOR: 0.98 (0.63-
on clinical records and Exclusions: Mothers with pre- 1.51)]
International Paediaric gestational diabetes. Infants with *  Morbidly obese [OR: 0.86 (0.37-1.99); aOR: 0.70
Cardiology Code criteria. genetic syndromes. (0.28-1.81)]
Kaplinski et al., 2018 (28), Exposure: Genetic risk Confounders: None Among parents of children with CTD, there was no Severe

USA scores for obesity (maternal
Population: Neonates and paternal)

Cases: 721

Setting: Parents of children
with conotruncal defects
identified via Children’s
Hospital of Philadelphia
(1992-2010) and the
Paediatric Cardiac Genomic
Consortium (2010-2012).

Ascertainment of outcome:
Echo/other imaging,
confirmed by a paediatric
cardiologist.

Exclusions: Non-Caucasian
ethnicity. Patients with genetic
Outcome: Presence of CTDs  syndromes were excluded.

significant difference in genetic obesity risk score
between mothers and fathers — Obesity (30 SNPs): OR:
1.73(0.82, 3.64)

Sensitivity analysis excluding mothers with, pre-
eclampsia, hypertension and pregestational diabetes
yielded similar results.

aOR, adjusted odds ratio; CHD, Congenital heart disease; CTDs, conotruncal defects; MppBMI, Maternal pre-pregnancy body mass index; OHD, obstructive heart defects; OR, odds
ratio; RR, Risk ratio; SNPs, Single Nucleotide Polymorphisms,; TAPVC, total anomalous pulmonary venous connection.

mothers who were overweight [OR 1.18 (1.03-1.34)]. Compared to
mothers without obesity, those with BMI >30kg/m”® had
significantly greater odds of having an infant with conotruncal
defects [OR 1.33 (1.03-1.72)], atrial septal defects [OR 1.22 (1.04-
1.43)], or ventricular septal defects [OR 1.38 (1.06-1.79)]. In the
subset of 5,131 pairs adjusted for maternal glucose tolerance, these
results remained consistent.

Madsen et al. (26) report a large population-based case-control
study evaluating the relationship between maternal obesity and
offspring CHD using linked birth-hospital discharge records
between 1992-2007. The authors considered any CHD recorded
within three years of birth. The sample comprised 14,142 infants
with CHD and 141,420 comparators without CHD selected at
random and matched on year of delivery. In models adjusted for
gestational diabetes, infants with CHD were more likely to have a
mother with obesity [OR 1.22, (1.15-1.30)]. Consistent with the
observations by Brite et al. (24), Madsen et al. (26) also report a
dose-response relationship between increasing BMI and higher risk
of offspring CHD. They also report association of higher BMI with
greater risk of specific CHDs, namely left [OR 1.27 (1.02-1.59)] and
right [OR 1.43 (1.20-1.69)] ventricular outflow tract defects, and
hypoplastic left heart syndrome [OR 1.86, 95% (1.13-3.05)]. In
contrast to Brite et al. (24), they report no statistically significant
association with conotruncal defects [OR 1.04 (0.82-1.33)]. These
studies have several strengths, both making use of large,
standardised health records to ascertain maternal BMI and
offspring health outcomes. However, notably, Brite et al. (24)
report missing BMI data for 77,000 women, and noted a higher
prevalence of CHD in women with missing BMI data. This suggests
not-at-random missingness in a manner relevant to the outcome of
interest and may thus be a source of systematic bias. Similarly,
Madsen et al. (26) used self-reported BMI for women who had
missing physical measurements of BMI, potentially introducing
recall/reporting bias in ascertainment of the exposure. Furthermore,
neither study considered key modifying variables, such as exposure

to teratogens, folic acid intake, and maternal co-morbidities other
than gestational diabetes, which may represent important sources
of confounding.

A small case control study by Alvarado-Terrones et al. (22),
investigating maternal factors associated with incidence of total
anomalous pulmonary venous connection (TAPVC) presented
findings consistent with these observations. This study included
55 mother-child cases with isolated TAPVC and 152 healthy
mother-child cases. Both groups had no maternal history of
addiction, pre-eclampsia, type 1 diabetes, type 2 diabetes, or
GDM. They report no difference in rates of family history,
addiction, folic acid supplementation, or alcoholism in cases vs
controls. The authors report that compared to normal weight
mothers, those with pre-pregnancy BMI in the overweight and
obese categories had significantly higher risk of infant TAPVC
[OR 1.9 (0.9-3.8); OR 3.7 (1.5-9.5), respectively].

Complementary to these findings, Tang et al. (23) report
association of elevated MppBMI with increased risk of obstructive
heart defects (OHDs). This study identified several infant and
maternal single nucleotide polymorphisms (SNPs) that interacted
with maternal obesity to increase the risk of OHDs, some of which
were protective in normal weight women (23) but not in those with
obesity. These findings suggest important genetic evidence
supporting the association between maternal BMI and infant CHD.

Several studies have failed to reproduce the observed
associations between maternal BMI and infant CHD risk.
Ghaderian et al. (25) present a retrospective case-control study
of 164 CHD consecutive cases of infants referred to their
paediatric unit and 158 infants without major malformations
and their mothers. Infants with syndromic CHD, genetic
syndrome, or chromosomal defects were excluded, as were
mothers with gestational or pre-pregnancy diabetes. Maternal
BMI was extracted from medical records and categorised into
WHO obesity groups. In contrast with previously mentioned
studied (22, 24, 26), Ghaderian et al. (25) report no statistically
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TABLE 4 | Characteristics of the studies: Maternal obesity and neonatal cardiometabolic parameters.

Study parameters Exposures and outcomes

Overall
bias

Confounders and exclusions Summary of results

Lemas et al., 2015 (29), USA
Population: Neonates (within

Exposure: MppBMI (medical records

Confounders: Child gestational age and sex,
90%, self-report 10%). Gestational weight maternal age, gravidity, race/ethnicity, smoking

After adjusting for infant fat Moderate
mass, higher pre-

72hrs) gain - difference between pre-pregnant in pregnancy, household income, infant birth pregnancy BMI is

Cases: 753 weight and last weight before delivery. weight/infant fat mass significantly associated
Controls: 1,012 Outcome: Neonatal cardio-metabolic Exclusions: \WWomen expecting multiple births,  with:

Setting: The Healthy Start markers including; Cord blood glucose, previous preterm (<25 wks) birth or stillbirth, ¢ Lower HDL-c [B:
study. Pregnant women were insulin, glucose-insulin ratio, total pre-existing diabetes, asthma managed with -0.11 (-0.21, -0.02)]
recruited from the University cholesterol, HDL-c, TG, free fatty acids, steroids, cancer or serious psychiatric illness. «  Higher leptin [beta =
hospital obstetric clinics from leptin. 0.51 (0.33, 0.69)]
2009-2014. Ascertainment of outcome: Sampling < There is borderline

and biochemical assays

evidence for higher
insulin and lower
glucose/insulin ratio
with higher MppBMI.

HDL-c, high-density lipoprotein cholesterol; MppBMI, Maternal pre-pregnancy body mass index; TG, triglyceride.

significant association between maternal obesity and infant
CHD. It is possible that by more careful exclusion of genetic
causes of CHD and mothers with history of diabetes, Ghaderian
et al. (25) were able to elucidate the true nature of the maternal
obesity-CHD relationship isolated from these confounding
factors. However, the authors may also have been
underpowered to detect an association with obesity due to the
small number of mothers in the obesity categories (n=23 cases,
14%) as indicated by the wide confidence intervals reported by
these authors (Table 3). There is also ambiguity around the
timing of BMI measurement, without explicit reporting that the
measures were taken before or during pregnancy.

Dolk et al. (27) also present a case control study of babies
diagnosed with CHD before 6 months of age, excluding those
with genetic syndromes and children born to mothers with
pre-gestational diabetes. In a different approach to other
studies, they also included stillborn babies with prenatal
diagnosis of CHD, mitigating the effect of survivor bias. This
is an important consideration, as CHD may result in intra-
uterine death and maternal obesity is also associated with an
increased risk of stillbirth. Therefore, in excluding stillborn
babies, cases of CHD may be missed, underestimating the
effect of MppBMI on CHD. In the study by Dolk et al. (27)
cases were ascertained by paediatric cardiologists based on
clinical records and International Paediatric Cardiology Code
criteria. Controls were babies without CHD recruited from
routine maternity outpatient clinics. BMI data was extracted
from maternity health records. Mothers with pre-gestational
diabetes were excluded. Similar to Ghaderian et al. (25), Dolk
et al. (27) report no significant association between maternal
BMI category and infant CHD in crude or multivariable
models (adjusted for: maternal age, previous pregnancy,
maternal education, socioeconomic deprivation, diet).

In a further study, Kaplinski et al. (28) investigated the
association between genetically determined maternal obesity
and offspring conotruncal defects in 466 patients identified via
Children’s Hospital of Philadelphia (1992-2010) and the
Paediatric Cardiac Genomic Consortium (2010-2012). This

study reported no significant association (in contrast to Brite
et al. (24) and Madsen et al. (26)), suggesting that the
relationship may not be causal (28). However, only the
genetic risk of obesity was assessed, not the actual presence
of maternal pre-pregnancy obesity phenotype. Since obesity
develops through a complex interaction of genetic and
lifestyle factors, genetic non-compliance may be an issue in
this study. Nevertheless, these studies highlight the need to
consider the role of the genetic risk of obesity as well as
BMI itself.

Neonatal Cardiometabolic Parameters
Lemas et al. (29) recruited 753 mothers and infants from the
Healthy Heart Study and 1,012 controls (Table 4). The
exposure of interest was MppBMI. The outcomes considered
were neonatal cardio-metabolic markers including cord blood
glucose, insulin, glucose-insulin ratio, total and high-density
lipoprotein cholesterol (HDL-c), TG, free fatty acids, and leptin
(29). The study found that MppBMI was positively associated
with cord-blood insulin and glucose, and negatively associated
with HDL-c (29). Adjustment for neonatal adiposity and foetal
growth rendered the association with insulin levels non-
significant, suggesting the effects may be partially mediated
by neonatal adiposity. This study adjusted for multiple
potential confounders relating to health and environmental
status of mother and child. A potential limitation is
measurement of MppBMI, which was obtained from medical
records in 90% and self-report in 10%; this approach may
introduce erroneous and non-standardised reports as well as
recall and information bias.

Childhood Cardiometabolic Parameters

A total of 12 studies investigated the association between
maternal BMI and cardiometabolic parameters during
childhood (Table 5). The age range was 2-18 years. The papers
studied a range of different outcomes split into six domains:
childhood anthropometrics, BP, insulin levels, lipids,
cardiovascular phenotypic measures.
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TABLE 5 | Characteristics of the studies: Maternal obesity and childhood cardiometabolic parameters.

Study parameters Exposures and outcomes Confounders and exclusions Summary of results Overall
bias
Cox et al., 2020 (30), Exposure: MppBMI| based  Confounders: Sex, gestational age, parity, In confounder-adjusted models, higher Severe
Belgium on measurements at first newborn race/ethnicity, maternal age, maternal MppBMI (per 1 kg/mz) is associated with
Population: Children 4-6 antenatal visit (7-9 weeks education, maternal smoking, gestational weight higher values in offspring for:
years gestation). gain, date of follow up, season of follow-up, age of +  BMI (kg/m?): 0.08 (0.04, 0.12)
Cohort size: 240 Outcome: Child’s BMI, the child at follow-up, child’s birth weight and *  Waist circumference (cm): 0.14
Setting: Mother-newborn waist circumference, SBP, current BMI. (0.03, 0.25)
pairs were recruited from DBP, mean arterial pressure. *  SBP (mmHg): 0.27 (0.03, 0.51)
Environmental Influence on  CRAE, CRVE, AVR, TlI. +  DBP (mmHg): 0.26 (0.08, 0.45)
Early Ageing birth cohort Ascertainment of * Mean arterial pressure (mmHg):
study. Recruited at birth. outcome: Anthropometric 0.26 (0.08, 0.44)
measurements, automated . Tl (x10% 0.40 [0.01, 0.80]
BP measurement, analysis of In adjusted models, there was no
retinal images. significant association between pre-
pregnancy BMI and:
+ CRAE[-0.18 (-0.55, 0.18)]
+ CRVE[0.31(-0.17, 0.79)]
*+ AVR[-0.10 (-0.26, 0.06)].
Paternal BMI was not associated
with blood pressure of offspring,
suggesting direct intrauterine (rather
than shared familial) mechanisms.
Veena et al., 2013 (31), Exposure: Maternal Confounders: Child’s sex and age, SES, maternal ~ Both maternal and paternal adiposity Moderate
India adiposity by sum of skinfold  age, parity, breast-feeding duration, maternal and associate with cardiometabolic features
Population: Children 9.5 thickness measurements paternal adiposity mutually adjusted, maternal of children, but these effects are largely
years (SS) during pregnancy - glucose concentrations during pregnancy. mediated by the child’s adiposity.
Cohort size: 504 measured at 30+/- 2weeks.  Further adjustment by child’s current sum of *  Higher maternal skinfold
Setting: The Mysore Paternal adiposity - skinfold thickness. measures were associated with
Parthenon study. Women measured at 5 years. Excluded: GDM higher BMI, sum of skinfold, fat
were recruited at antenatal  Outcome: Anthropometry, percentage, waist circumference
clinics at Holdsworth fat percentage, plasma and lower TAG concentrations in
Memorial Hospital. glucose, insulin, LDL, HDL, offspring.
TAG concentrations and BP. *  Higher paternal skinfold measures
Ascertainment of were associated with higher BMI,
outcome: BMI, WC, SS, Fat sum of skinfold, waist
% was measured by bio- circumference, fasting insulin and
impedance. Manual BP HOMA-IR in offspring.
measurement. Blood *  After adjustment for child’s current
sampling. sum of skinfold, only the effect of
maternal skinfold on lower offspring
TAG remained significant.
Toemen et al., 2016 (32), Exposure: MppBMI (self- Confounders: Child age and sex, maternal age, In confounder-adjusted models, higher Moderate
The Netherlands report questionnaire given at  education, folic acid, alcohol, paternal age, first MppBMI is associated with (SD change):
Populations: Children 6 13weeks), early 13weeks, trimester calorie intake, ethnicity. ¢ Greater LVM [B: 0.10 (0.08, 0.13)]
years mid 20weeks and late Additional adjustment for child’s current BMI. «  Greater LVMi [B:0.06 (0.03, 0.09)]
Cohort size: 4,852 30weeks (measured). Exclusions: Multiple births, children with cardiac * Aortic root diameter [B: 0.09 (0.06,
Setting: Generation R Outcome: LVM, LVMi, abnormalities. 0.12)].
study, studying fetal life relative wall thickness, aortic However, these effects were fully
onwards in Rotterdam. root diameter, fractional explained/mediated by child’s BMI
shortening, eccentric LVH, at 6 years.
concentric remodelling.
Ascertainment of
outcome: Echocardiography
Gaillard et al., 2015 (33), Exposure: MppBMI (self- Confounders: In confounder-adjusted models, higher Severe
The Netherlands report questionnaire given at  Child sex and age at outcome measurements, MppBMI is associated with greater BMI,
Population: Children 6 13weeks and early 13weeks; gestational age at maternal weight measurement, SBP, HDL, insulin, and all body fat
years measured at mid 20weeks maternal age, educational level, ethnicity, parity, measures in offspring at 6 years.
Cohort size: 5,908 and late 30weeks). height at intake, smoking during pregnancy, alcohol However, these effects were largely
Setting: Generation R Outcome: BMI, total body consumption during pregnancy and folic acid mediated by the addition of child’s BMI
study, studying fetal life and abdominal fat supplement use, total calorie intake during at 6 years.
onwards in Rotterdam. distribution, BP and blood pregnancy, delivery mode, breastfeeding duration, In confounder-adjusted models, GWG in
(Continued)
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TABLE 5 | Continued

Study parameters Exposures and outcomes Confounders and exclusions Summary of results Overall
bias
levels of lipids, insulin and c-  timing of introduction of solid foods and child’s early and mid-pregnancy are associated
peptide. average duration of tv-watching. with higher offspring BMI
Ascertainment of Further adjustment by child’s current BMI. « early pregnancy (std beta 0.06
outcome: Anthropomorphic [0.04, 0.09))
measurements, body fat by *  mid pregnancy (std beta 0.03 [0.01,
dual-energy x-ray 0.05])
absorptiometry, multiple Other than this, GWG had no
automated BP association with childhood
measurements, blood outcomes (including fat mass, BP,
sampling. lipids or insulin)
Filler et al., 2011 (34), UK Exposure: MppBMI (self- Confounders: None considered In age-adjusted correlation analyses, Critical
Population: Children 2-18  report questionnaire), higher MppBMI was associated with
years birthweight (questionnaire), *  higher SBP (r=0.090, p<0.0001),
Cohort size: 3,204 gestational age *  higher DBP (=0.062, p=0.0007)
Setting: Prospective cohort  (questionnaire), child BMI-z and
study of patients attending  score (measured). *  higher BMI (r=0.202, p<0.0001) in
the Children’s Hospital, Outcome: BP offspring.
London Health Science Ascertainment of
Centre were recruited from  outcome: Random BP
the emergency department ~ measurements using a
and large outpatient clinics.  standardized protocol were
taken at the clinic visits using
automated oscillometric BP
machines. BMI measured
using high-precision
industrial scales.
Techur-Pedro 2015 (35), Exposure: MppBMI (self- Confounders: Maternal age, self-reported maternal  (Chapter 4: Study 3) Critical
USA report) height, parity, tobacco use during pregnancy, Among children age 4-6yr, the risk of
Population: Children 4-6 Outcome: Offspring BMI anaemia, gestational weight gain overweight or obesity was 2.57 times
years Ascertainment of Exclusions: Multiple births, pre-term births higher among those born to mothers
Cohort size: 441 outcome: BMI-z score with pre-pregnancy obesity compared to
Setting: Retrospective the risk in children 4-Byr born to mothers
longitudinal cohort study of with normal pre-pregnancy BMI.
live births registered on the
Palau Ministry of Health
Maternal and Child Health
Birth Registry
Litwin et al., 2020 (36), Exposure: MppBMI (self Confounders: Child lean body mass, age, sex, In confounder-adjusted models, Serious
Finland report or measured) GDM —  SBP, HR, maternal lean body mass. MppBMI was not associated with
Population: Children 6 assessed via Oral Glucose Excluded: Children with body size exceeding the offspring left ventricular diastolic and
years Tolerance Test (OGTT), 95" percentile systolic function across a wide range of
Cohort size: 201 MppBMI - measured and atrial and ventricular measures of
Setting: Longitudinal self-report, unclear gestation. structure and function. Among obese
observational follow-up Outcome: Childhood mothers, each additional kg/m? of BMI
study from Finnish anthropometrics, body was associated with a 0.06 (0.01, 0.011)
Gestational Diabetes composition, left ventricular point increase in child body fat.
Prevention Study (RADIEL).  function
Ascertainment of
outcome:
Echocardiography.
Perng et al., 2014 (37), Exposure: MppBMI (self- Confounders: Child sex and age, maternal In confounder-adjusted models, each Moderate
USA report), asked at enrolment.  ethnicity, parity, smoking habits, father's BMI, 5kg/m2 higher MppBMI corresponded
Population: Children 6-10  GWG (difference between household income. with the following features in children:
years last clinically measured Further adjustment by child’s total fat mass *  higher total fat mass 0.92kg (95%
Cohort size: 1,090 weight prior to delivery and Exclusions: Mother-child pairs with a prenatal Cl 0.7 - 1.14),
Setting: Recruited from self-reported pre-pregnancy  history of type 1 or type 2 diabetes, and «  higher BMI-for-age z-score 0.27 SD
Project Viva, a prospective  weight). pregnancies < 34 wks. (0.21 - 0.32),
cohort of pregnant women  Outcome: Childhood overall *  higher trunk fat 0.39kg (0.29 - 0.49),
and their children in the US. and central adiposity, SBP, « larger waist circumference 2.08 cm
fasting insulin, glucose, (1.64 - 2.52)
(Continued)
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TABLE 5 | Continued

Study parameters Exposures and outcomes Confounders and exclusions Summary of results Overall
bias
HOMA-IR, TG, leptin, *  higher HOMA-IR 0.10 (0.04 - 0.16)
adiponectin, CRP, IL-6. * higher leptin 0.10 ng/mL (0.04 -
Ascertainment of 0.16)
outcome: Anthropometric *  higher hsCRP 0.23 mg/L (0.11 —
measurements, whole-body 0.35)
DXA scanning, automated e higher IL-6 0.09 pg/mL (0.02 -
BP measurements, blood 0.15)
sampling. *  higher SBP 0.77 mmHg (0.27 — 1.27)
However, after adjustment for child’s
total fat mass, only IL-6 remained
borderline significant.
Tan et al., 2015 (38), USA  Exposure: MppBMI Confounders: Offspring birth weight, maternal In confounder-adjusted models, higher Moderate
Population: Children 8-18  (medical records and self- medical condition, Tanner stage, race/ethnicity. MppBMI was significantly associated
years report in 16 mothers, unclear Further adjustment by child’s percentage body fat with child’s BMI z-score and whole-body
Cohort size: 68 when asked during the Exclusions: GDM, smoking, in-utero infections, insulin sensitivity index (WBISI). Child’'s
Setting: Recruited from pregnancy). chromosomal abnormality, history of chronic health  BMI z-score remained significant after
Children’s Nutrition Outcome: Childhood body  problems/medications that may affect growth. adjustment for child’s percentage body
Research Centre at Baylor ~ composition, abdo fat fat, while the effect for WBISI became
College of Medicine distribution, BP borderline.
(through advertisement), measurement, fasting lipids, After adjusting for ethnicity, children of
and from the University of glucose tolerance obese mothers were observed to have
Pittsburgh - participants in ~ Ascertainment of higher SBP, higher hs-CRP, and adverse
Prenatal Exposures and outcome: BMI, WC, BP, insulin and lipid profiles* compared to
Preeclampsia Prevention DXA, CT/MRI for abdominal children of normal weight mothers,
project. fat distribution, OGTT, fasting however, results adjusted by child’s
LDL, HDL, TG. C Reactive percentage body fat were not presented.
Protein (CRP), HbA1c. *effect sizes and 95% ClI's were not
Plasma glucose, Insulin/ provided
Glucose ratio, Whole Body
Insulin Sensitivity Index,
HOMA-IR.
Wang et al., 2017 (39), Exposure: MppBMI (self- Confounders: Maternal age, race, education, In confounder-adjusted models, pre- Moderate
USA report questionnaire 2-3days ~ smoking, alcohol intake, parity, perceived stress pregnancy obesity is significantly
Population: Children 9 post-partum). Maternal plasma  during pregnancy, hypertensive disorders, diabetes  associated with risk of elevated SBP in
years homocysteine (blood sampled  and plasma Hcy. offspring at 9 years (OR: 1.48 [1.12,
Cohort size: 1,279 2-3 days post-partum). Exclusions: Some exclusions based on incomplete  1.97]).
Setting: Mother-infant pairs  Outcome: Offspring SSBP data.
drawn from the Boston Ascertainment of outcome:
Birth Cohort. Manual SBP measurement
Brandt et al., 2014 (40), Exposure: MppBMI Confounders: Gender, gestational age, BMI at Higher MppBMI was significantly Moderate
Germany (medical records, measured  birth, maternal and paternal BMI values at the 8year associated with higher offspring fasting
Population: Children 8 at first visit to gynaecologist ~ follow up. plasma insulin concentrations at age 8
years during pregnancy). Exclusions: GDM, birth weight < 2000g or preterm (partial correlation r=0.16 with
Cohort size: 422 Outcome: Offspring insulin -~ <32 weeks. adjustment for child’s gender).
Setting: All women concentrations, BMI GWG was not correlated with offspring
admitted to the University of Ascertainment of fasting insulin concentration at age 8 (r=-
Ulm to give birth to a baby ~ outcome: Anthropometric 0.05).
between 2000 and 2001 measurements, cord blood
were recruited. sampling, follow-up blood
sampling.
Sundholm et al., 2020 Exposure: MppBMI Confounders: Child sex and age, GDM - GDM Children of obese mothers have Critical
(41), Finland (measured prospectively diagnosis, OGTT results, HOMA-IR. significantly higher BMI, blood pressure
Population: Children 6 during pregnancy). and carotid IMT than the healthy
years Outcome: Offspring population.
Cohort size: 201 anthropometrics, arterial However, in confounder-adjusted
Setting: Women in early morphology and stiffness. models, arterial features were associated
pregnancy with increased Ascertainment of with child’s lean body mass and not
risk of GDM due to BMI 30+ outcome: Offspring BMI, child or maternal adiposity.
were recruited between WC, body composition, lean
2008 and 2012 into RADIEL  body mass, body fat
(Continued)
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TABLE 5 | Continued

Overall
bias

Study parameters Exposures and outcomes Confounders and exclusions Summary of results

study. This study uses a
sub-cohort of the RADIEL
study.

percentage, carotid and
peripheral artery ultrasound,
arterial pulse wave velocity.

AVR, arteriole-to-venule ratio BMI, body mass index; BP, blood pressure; CRAE, Central retinal arteriolar equivalent; CRP, C reactive protein; CRVE, central retinal venular equivalent;
CT, computed tomography; DBP, diastolic blood pressure; DXA, bone densitometry; GDM, gestational diabetes mellitus; GWG, gestational weight gain; HbATc, glycated
haemoglobin; HDL, high density lipoprotein cholesterol; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; IL, interleukin; LDL, low density lipoprotein; LVM, Left
ventricular mass; LVMI, Left ventricular mass index; LVH, Left ventricular hypertrophy; MppBMI, Maternal pre-pregnancy body mass index; OGTT, oral glucose tolerance test; OR,
odds ratio; SBP, systolic blood pressure; SD, standard deviation; TG, triglyceride; SS, skin-fold thickness, TAG, lower tri-acyl-glycerol; Tl, tortuosity index; WC, waist circumference;

WBISI, whole-body insulin sensitivity index.

Childhood Anthropometrics

Nine studies report positive associations between MppBMI and
offspring childhood anthropometrics (30, 31, 33, 35-38, 40, 41).
Of these, three studies had critical and two had severe risk of bias,
predominantly due to confounding and selection bias (Table 5
and Supplementary Table 2).

Filler et al. (34) conducted a study in children from
emergency departments and clinical hospital appointments,
and found that in confounder-adjusted models, higher
MppBMI was associated with greater BMI, SBP, HDL-c,
insulin, and all body fat measures in the offspring at 6 years.
However, recruitment from hospital clinics may have introduced
selection bias (34). As the children included in the study were in
hospital for a medical problem, they are unlikely to be
representative of the general population. Furthermore, disease
processes for which the children are hospitalised can have
independent effects on BMI and cardiometabolic markers
which may importantly influence associations in this sample.
Therefore, associations observed by Filler et al. (34) may not be
widely generalisable. Techur-Pedro’s doctoral thesis (35),
includes a retrospective longitudinal cohort study of live births
registered on the Palau Ministry of Health Maternal and Child
Health Birth Registry. This study similarly reports that among
children aged 4-6 years, the risk of overweight or obesity was
2.57-times higher among those born to mothers with pre-
pregnancy obesity compared to children born to mothers with
normal MppBMI. However, this study had a 72% attrition rate at
offspring follow-up, severely limiting the internal validity of the
study due to attrition bias (35).

Despite shortcomings in several of the studies in this category,
there is broad consistency of findings with other, more
methodologically robust studies. Perng et al. (37) report a
prospective cohort of pregnant women and their children in
the USA. They studied 1,090 mother-child pairs and measured
offspring overall and central adiposity at 6-10 years, along with
blood metabolic parameters. The study found that every 5kg/m?
increase in MppBMI was associated with 0.92kg higher total fat,
0.27 BMI z-score and 0.39kg trunk fat in the offspring (37). An
important strength of this study was its adjustment for offspring
lifestyle factors during childhood, including diet and television
watching habits, as well as paternal BMI. Having a parent with
obesity means that, beyond genetic factors, the child is more
likely to grow up in an obesogenic environment, with unhealthy

diet and exercise habits. Offspring lifestyle must be considered in
studies in this area to ensure any association is not due to the
lifestyle impact of having a parent with obesity. No other studies
adjusted for these variables, making confounding bias due to
these factors a major issue in all other studies.

Across these studies, a range of different methods were used
to assess offspring anthropometrics. BMI is a useful measure of
obesity because it is easy to calculate and correlates well with
subcutaneous fat mass. However, this correlation is not true of all
body types and some studies suggest that measures of visceral
adiposity are more predictive of adverse cardiovascular
complications of obesity. It was therefore valuable that several
studies measured additional markers of offspring obesity and
visceral adiposity (Table 5). In summary, published studies
provide consistent evidence that MppBMI is positively
associated with oftspring BMI during childhood, with higher
BMI categories conferring an increased risk.

Childhood Blood Pressure

Six studies measured the impact of MppBMI on offspring BP.
Five studies found that MppBMI was significantly associated
with higher BP in the oftspring (30, 33, 34, 37, 38) (Table 5).
Perng et al. (37) found a positive association between MppBMI
and higher offspring systolic BP. A similar association was found
by Gaillard et al. (33) who used a prospective cohort study to
assess the BMI of 5,908 mothers throughout pregnancy and
followed up their offspring at 6 years. Higher weight in early
pregnancy was associated with higher childhood systolic BP,
although this was attenuated by adjustment for the child’s BMI,
suggesting partial mediation by this variable (33). However, this
study is limited by the fact that MppBMI was ascertained from
self-report (33).

Veena et al. (31) recruited 504 pregnant women without
gestational diabetes at their booking appointment and followed-
up their offspring at 9.5 years, measuring offspring BMI, BP and
insulin levels, as well as paternal BMI at five years. They report
no association between maternal obesity during pregnancy and
offspring BP after accounting for childhood BMI (Table 5).
However, in this study maternal BMI was measured at 30
weeks’ gestation, which could reflect GWG, as opposed to
MppBMI. Indeed, Gaillard et al. (33) found only early, not mid
or late, pregnancy BMI to be positively associated with offspring
BP. Therefore, the measurement of maternal BMI at such a late
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stage in pregnancy may have missed any correlation with
offspring BP and could have contributed to the contradictory
result to other studies in this section. Although gestational
weight gain does correlate with maternal BMI, it is a proxy
estimate and introduces measurement error and noise into the
measurement, potentially diluting the effects of MppBMI.
Finally, Wang et al. (39) investigated the interaction of
maternal serum homocysteine levels and MppBMI with
offspring SBP. Elevated blood homocysteine levels are known
to be associated with increase CVD risk, and this study found a
significant combined effect of maternal homocysteine
concentration and pre-pregnancy obesity on offspring SBP,
giving an example of how cardiovascular risk factors may
compound offspring risk (39).

Currently available evidence on the association between
MppBMI and childhood BP is high in quality and consistent,
indicating a likely underlying causal effect. Gaillard et al. (33)
further demonstrate attenuation (but not complete
disappearance) of this relationship with adjustment for
childhood BMI, suggesting a partial mediating effect of this
variable. Thus overall, the current evidence suggests that
maternal obesity is linked to higher offspring BP, but that this
is almost completely mediated through greater obesity
in childhood.

Childhood Insulin Levels

Five studies assessed the impact of MppBMI on offspring insulin
levels. All studies used fasting insulin levels as the outcome
measure, and consistently found a positive correlation between
MppBMI and offspring insulin levels (31, 33, 37, 38, 40).
Generally, the studies were of good quality, with only the study
by Gaillard et al. (33) at a serious risk of bias due to the use of
self-report MppBML

However, it is insulin resistance, rather than absolute insulin
levels, that underlies the pathophysiology of type 2 diabetes
(T2DM). To assess this, Perng et al. (37) and Tan et al. (38)
used the Homeostasis Model Assessment of Insulin Resistance
(HOMA-IR), an accurate tool for assessing insulin resistance
(42). Both studies found a positive association between MppBMI
and HOMA-IR. However, in non-diabetic subjects, the HOMA-
IR is less useful and fasting insulin levels are an acceptable
surrogate for insulin resistance (42). Therefore, the additional
use of HOMA-IR by these studies may be of limited benefit.

Tan et al. (38) also used the Whole Body Insulin Sensitivity
Index (WBISI), which is of greater benefit than HOMA-IR as the
use of an Oral Glucose Tolerance Test integrates both insulin
sensitivity and secretion (43). When comparing the offspring of
normoglycaemic mothers with overweight/obesity to the
offspring of normoglycaemic normal weight mothers, Tan et al.
(38) found that MppBMI was positively associated with WBISI.
However, confounders such as sociodemographic factors were
not considered, and self-reported MppBMI was used to measure
the exposure for some participants.

Adiposity has been strongly linked to insulin resistance.
Therefore, it was important that studies adjusted for current
offspring anthropometrics: in the four studies that adjusted for
this, the association was partially attenuated (31, 33, 38, 40).

Brandt et al. (40) also showed individuals with elevated insulin
levels at age eight years had a significantly higher BMI trajectory
from one year onwards. In summary, MppBMI has been
consistently associated with both higher levels of insulin and
insulin resistance in child offspring, supporting a potential
underlying causal relationship, and this association is only
partially explained (and therefore mediated) by the offspring BMI.

Childhood Lipid Profile

Four studies investigated the role of MppBMI on offspring lipid
levels, although results were mixed. Gaillard et al. (33) and Tan
et al. (38) found a significant association between higher
MppBMI and adverse offspring lipid levels: lower HDL-c and
higher low density lipoprotein-cholesterol (LDL-c) levels, though
this analysis was not adjusted for by child body fat percentage or
BMI and sociodemographic confounders, and consequently, the
study by Gaillard et al. is at serious risk of bias from unadjusted
confounders. Additionally, these findings were not supported by
the study by Veena et al. (31), which found no association,
although maternal BMI in this study was measured late in
pregnancy at 30 weeks’ gestation. Finally, Perng et al. (37)
investigated only the impact of MppBMI on triglyceride levels,
reporting no significant relationship. Considering current
evidence, no definitive conclusions can be made regarding the
association between MppBMI and offspring lipid levels as the
results are contradictory and the quality of the studies is mixed.

Childhood Cardiac Phenotypes

Two studies used echocardiography to measure offspring
cardiovascular structure and function in childhood (32, 36). In
a study of 4,852 parents and children, Toemen et al. (32) found
that MppBMI (self-reported) and early pregnancy BMI
(measured) were associated with higher left ventricular mass
and left ventricular mass index in the offspring at six years.
However, these associations were attenuated to non-significance
when adjusted for offspring BMI. Also, no significant association
was found with relative wall thickness or fractional shortening.
Similarly, Litwin et al. (36) found no association with oftspring
LV diastolic and systolic function, this study was at serious risk of
bias as GDM was the only confounder considered.

There is a paucity of evidence in this area, which limits the
conclusions that can be drawn. The results available suggest that
higher MppBMI is associated with adverse cardiovascular
phenotypes in childhood, but that this may be wholly related
to childhood BMI. Further studies are required before definitive
conclusions can be drawn in this field.

Childhood Vascular Parameters

Two studies assessed the association between MppBMI on the
offspring vasculature (30, 32). Toemen et al. (32) found MppBMI
was positively associated with greater aortic root diameter of
offspring measured on echocardiography. Cox et al. (30) used
fundal image analysis to calculate the retinal tortuosity index, an
indirect measure of hypertension, coronary heart disease and
stroke risk (44). Higher MppBMI was significantly associated
with an increased retinal tortuosity index, independent of BP, in
the offspring at age 4-6 years (30). However, only 56% of
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TABLE 6 | Characteristics of the studies: Maternal obesity and cardiometabolic parameters in adulthood.

Study parameters Exposures and Confounders and exclusions Summary of results Overall
outcomes bias
Hochner et al., 2012  Exposure: MppBMI (self-  Confounders: Ethnicity, sex. Maternal and offspring Higher MppBMI and GWG are Moderate
(15), Israel report after delivery), GWG  characteristics at birth - parity, mother’s age, maternal strongly associated with higher
Population: Adult (self-report after delivery). smoking during the pregnancy, socioeconomic status, offspring BMI.
offspring 32 years Outcome: Offspring BMI,  mother’s education years, maternal medical condition, birth  In confounder-adjusted models,
Cohort size: 1,400 WG, BP, insulin levels, TG weight, gestation. Offspring characteristics at age 32 - higher MppBMI was positively
Setting: Ascertainment of smoking status, physical activity, education. associated with offspring WC, SBP,
The Jerusalem outcome: Offspring BMI, Further adjustment for offspring BMI and WC at 32years as  DBP, insulin, TG at 32years.
Perinatal study includes WC, BP, insulin levels, TG potential mediators. However, these effects were not
a subcohort of births to Exclusions: Mothers on lipid lowering, BP lowering and significant after adjusting for
residents of Jerusalem diabetes medication. offspring BMI.
between 1974-1976. In confounder-adjusted models, higher
GWG was associated with higher
offspring WC, SBP and TG, however
these were also not significant after
adjusting for offspring BMI.
Kaseva et al., 2019 Exposure: Pre-pregnancy  Confounders: Age, sex, source cohort, gestational age, In minimally adjusted models, Insufficient
(16), Finland overweight/obesity (unclear birthweight SD score, maternal hypertension or offspring of obese/overweight information
Population: Adult how measured), GDM. preeclampsia during pregnancy, maternal smoking during normoglycemic mothers had higher
offspring 23-25 years Outcome: Measured pregnancy, parental educational attainment, and parental fasting glucose and fasting
Cohort size: 906 cardiometabolic hypertension, diabetes, stroke or myocardial infarction, BMI,  serum insulin.
Setting: Participants biomarkers from blood, height, and daily smoking. However, these were not significant
were from two measured BP, resting HR when adjusted for confounders and/
prospective birth Ascertainment of or current offspring characteristics,
cohorts - ESTER outcome: Fasting glucose, including BMI or body
maternal Pregnancy insulin, SHBG, HDL, LDL, fat percentage.
Disorders Study and TG, lipoprotein, ApoA1, No difference in HR, BP, SHBG, FFA,
the Arvo Ylppo ApoB, FFA, testosterone, TC, HDL-C, LDL-C, TGs, lipoprotein,
Longitudinal Studly. uric acid, CRP, ALT, AST, ApoAT, ApoB, liver test results, uric
GGT, SBP, DBP, HR. acid — similar between offspring of
obese/overweight normoglycaemic
mothers and control groups.
Lahti-Pulkkinen Exposure: MppBMI Confounders: Maternal history of diabetes before In confounder-adjusted models, Severe
et al., 2019 (46), UK (recorded at first antenatal ~ pregnancy, maternal history of hypertension, maternal age at  offspring of obese and overweight
Population: Adult visit, medical records). delivery, gestation when weight was measured, deprivation ~ mothers had an increased hazard of
offspring 1-62years Outcome: Any diabetes, category, parity and sex of offspring T2DM compared with mothers with
Cohort size: 118,201 T1DM, T2DM Did not further adjust for offspring BMI although Table 1 normal BMI
Setting: Birth records ~ Ascertainment of shows significant differences in offspring BMI between *  Overweight [2OR: 1.39 (1.06, 1.83)]
in the Aberdeen outcome: Any diabetes, maternal obesity groups. *  Obese [aOR: 3.48 (2.33, 5.06)
Maternity and Neonatal T1DM, or T2DM from Gestation when weight was measured, maternal DM before There was no association between
databank linked to Diabetes database. pregnancy, maternal history of hypertension, age at delivery, matermal BMI and T1DM:
Scottish Care maternal history of hypertension, parity, socioeconomic *  Overweight [2OR: 1.16 (0.92, 1.46))
Information-Diabetes. status, sex of offspring. ¢ Obese [aOR: 1.25 (0.89, 1.75)]
Eriksson et al., 2015  Exposure: Maternal Confounders: Age and sex. Adjusting for age, higher maternal BMI - Severe
(45), Finland obesity in late pregnancy. was associated with significantly
Population: Adult Measured in hospital prior higher BMI, lean body mass, and fat
offspring (mean age to delivery. mass among offspring, and a higher
62 years) Outcome: Offspring BMI, body fat percentage in women.
Cohort size: 2,003 lean body mass, fat mass. Maternal BMI was not associated with
Setting: Individuals SBP, DBP, fasting glucose, SBP or DBP, fasting glucose, insulin
from the Helsinki Birth  insulin concentrations, concentrations, blood lipids or
Cohort study (born blood lipids, inflammatory inflammatory markers in the offspring.
1934-44) markers, adipocytokines.
Ascertainment of
outcome: Body
measurements, fat mass
by bio-impedance, manual
BP, blood sampling.
Lawrence et al., 2014 Exposure: MppBMI and Confounders: Ethnicity and sex, characteristics at time of In confounder-adjusted models, one  Moderate
(47), Israel GWG (self-report birth (i.e., maternal years of education and smoking, SES SD change in MppBMI was
Population: Adult after delivery). based on father’s occupation, birth weight, and gestational associated with a 0.83kg/m?
offspring (birth, 17 Outcome: Interval change  age), offspring characteristics at age 17 years (i.e., BMI at increase in interval change in
(Continued)
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TABLE 6 | Continued

Study parameters Exposures and

outcomes

years, and 32 years)
Cohort size: 1,400
Setting: Jerusalem
Perinatal Study -
includes a sub-cohort
of all births to residents
of Jerusalem between
1974-1976.

in offspring BMI
Ascertainment of
outcome: Interval change
in offspring BMI from
17-32years

Confounders and exclusions

Overall
bias

Summary of results

age 17 years), and off- spring characteristics at age 32 years offspring BMI between time points.
(i.e., smoking, physical activity, caloric intake, education
type, and years of education).
Further adjustment with two genetic scores, one for
maternal adiposity and one for offspring adiposity

This was not affected by

genetic scores.

In confounder-adjusted models, one
SD change in GWG was associated
with a 0.75kg/m? increase in interval
change in offspring BMI. With the
addition of genetic scores, this effect
was substantially weakened but
remained significant.

ALT, Alanine transferase; aOR, adjusted odds ratio; ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; AST, aspartate transaminase; BMI, body mass index; BP, blood pressure; CRP, C
reactive protein; DBP, diastolic blood pressure; DM, diabetes mellitus; FFA, free fatty acids; GDM, gestational diabetes mellitus; GGT, gamma glutamyl transferase; GWG, gestational
weight gain; HDL, high density lipoprotein cholesterol; HR, heart rate; LDL, low density lipoprotein cholesterol; MppBMI, Maternal pre-pregnancy body mass index; OR, odds ratio; T1DM,
Type 1 diabetes mellitus; T2DM, Type 2 diabetes mellitus; TG, triglyceride; SBP, systolic blood pressure; SD, standard deviation; SHBG, sex hormone binding globuline; WC, waist

circumference.

participants were followed-up, placing the study at serious risk of
bias (30). The low number of studies and heterogenous designs
mean conclusions cannot be drawn about the impact of MppBMI
on offspring vasculature. However, these results suggest a
potential association that warrants further investigation.

Adult Anthropometrics

Two studies measured offspring anthropometrics in adulthood
(15, 45). Both studies found a positive association between
MppBMI and offspring BMI (Table 6). Hochner et al. (15)
prospectively followed-up 1,400 offspring at 32 years, using a
self-report questionnaire to measure MppBMI and GWG. For
every one standard deviation (SD) increase in MppBMI,
offspring BMI increased by 1.8 kg/m* and waist circumference
(WC) increased by 3.5 cm, and similarly, greater GWG was
associated with higher offspring BMI in adulthood (15). Eriksson
et al. (45) followed up 2,003 offspring at 62 years and found
MppBMI was positively associated with lean body mass, fat mass,
and BMI of the offspring. However, this study failed to adjust for
confounders, except birthweight. Maternal BMI was also
measured before delivery, so measurements may reflect
gestational weight gain, as opposed to MppBMI. This study is
likely impacted by survival bias as those who survived until 62
years may have had a more favourable body composition than
those who died. Lawrence et al. (47) measured the change in
offspring BMI from 17-32 years and found a significant
association between higher MppBMI and a greater interval
increase in offspring BMI, even after adjustment for genetic
risk scores. Overall, the results are suggestive of a positive
association between MppBMI and offspring obesity in
adulthood. However, the extent to which this is caused by
genetic factors, environmental factors or pregnancy-related
factors is difficult to isolate.

Adult Blood Pressure

Three studies measured the impact of MppBMI on offspring BP
in adulthood (15, 16, 45). Only Hochner et al. (15) found a
significant positive association between MppBMI and offspring
systolic and diastolic BP. However, the association was

attenuated after adjustment for the current offspring BMI,
indicating that offspring BMI is a full mediator of this
association. Kaseva et al. (16) found no significant association
between MppBMI and oftspring BP at 24 years. Eriksson et al.
(45) found no significant association at 62 years. In summary,
MppBMI may be associated with oftspring BP during adulthood,
though this relationship, similar to relationships with childhood
BP, may be mediated by offspring BML

Adult Insulin Levels

Three studies addressed the role of MppBMI on oftspring insulin
levels during adulthood (15, 16, 45). Hochner et al. (15) and
Kaseva et al. (16) found a significant association between
MppBMI and offspring insulin levels at 32 and 24 years
respectively. Kaseva et al. (16) also found a significant
association with fasting glucose levels, although there is
insufficient information available in the study to assess bias.
The associations were attenuated to non-significance in both
studies when adjusted for current offspring BMI. Eriksson et al.
(45) found no association between maternal obesity and neither
insulin or fasting glucose levels in offspring at 62 years but was at
a serious risk of bias. While the results suggest there may be an
association between MppBMI and offspring adult insulin and
glucose levels, it is likely to be mediated by the offspring’s
current BML

Two studies assessed the role of MppBMI in the risk of
offspring type 2 diabetes. Lahti-Pulkkinen et al. (46) and Eriksson
et al. (48) found a significant association between MppBMI and
offspring diabetes risk. Lahti-Pulkkinen et al. (46) linked the
birth records of 118,201 children born in Aberdeen between
1950-2011 to the Scottish register for diabetes (up to 2012).
Offspring of mothers who were overweight or obese had an
increased hazard of T2DM compared to normal BMI mothers
(hazard ratio 3.48 and 1.39 respectively) (46).

Eriksson et al. (48) used the Helsinki Birth Cohort study to
follow disease outcomes in 13,345 individuals born in Helsinki
between 1934 to 1944. Maternal BMI was associated with an
increased risk of diabetes (48). However, maternal BMI was
measured at the end of pregnancy and did not adjust for the
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TABLE 7 | Characteristics of the studies: Maternal obesity and adult cardiovascular disease.

Study parameters Exposures and Confounders considered Summary of results Overall Bias
outcomes Assessment
Reynolds et al., 2013 Exposure: BMI Confounders: Maternal In confounder-adjusted models, obesity during pregnancy is associated ~ Moderate
(14), UK during pregnancy age at delivery, gestation with increased risk of adverse outcomes in offspring:
Population: Adult (measured at first when weight was *  All-cause mortality [HR: 1.35 (1.17, 1.55)]
offspring 34-61 years antenatal visit, measured, social class, »  Death before age 65 years [HR: 1.40 (1.17, 1.68)]
Cohort size: 37,709 some >20weeks).  parity, sex of offspring, »  Combined cardiovascular events [HR: 1.26 (1.06, 1.57)]
Setting: Birth records Outcome: all- gestation at delivery, birth *  Maternal overweight during pregnancy was also associated with
from the Aberdeen cause mortality, weight, current age of increased risk for the same events, but with smaller point estimates
Maternity and Neonatal incident offspring. (HRs: 1.11 to 1.19).
databank linked to the cardiovascular
General Register of hospitalisations (up
Deaths, Scotland and to 1 Jan 2012).
the Scottish Morbidity Ascertainment of
Record systems. 1950-  outcome: Hospital
2012. records
Eriksson et al., 2014 Exposure: Confounders: Mother’s In confounder-adjusted models, maternal BMI in late pregnancy is Moderate
(48), Finland Maternal BMI prior  age and parity and for associated with increased risk of incident adverse events in offspring
Population: Adult to delivery (medical  childhood and adult socio-  across 62-72 years. Each additional kg/m? of maternal BMI, is
offspring 62-72 years records). economic status, education, associated with:
Cohort size: 13,345 Outcome: Death,  and income. +  Cardiovascular disease [HR: 1.03 (1.01, 1.04)]
Setting: The Helsinki cancer, coronary *  Coronary heart disease [HR: 1.03 (1.01 to 1.05)]
Birth Cohort study heart disease, »  Stroke [HR: 1.03 (1.00, 1.05)]
includes people born in  stroke, diabetes. +  Diabetes [HR: 1.04 (1.01, 1.07)]
one of the two maternity ~ Ascertainment of *  Hazard ratios for the obese category (compared to normal weight)
hospitals in Helsinki outcome: All- are between 1.13 and 1.20 for these events
between 1934-44 who cause mortality, Association with all-cause mortality, cancer incidence, and cancer
also attended child hospital admissions death were not statistically significant:
welfare clinics in the city.  due to *  All-cause death [HR:1.012 (0.997, 1.028)]
cardiovascular »  Cancer death [HR: 1.013 (0.983, 1.044)]
disease, coronary »  Cancer incidence [HR: 1.017 (0.998, 1.036)]
heart disease,
stroke, or T2DM.
Razaz et al., 2020 (49), Exposure: Confounders: Maternal In confounder-adjusted models, early pregnancy obesity is associated Moderate
Sweden MppBMI age, parity, mother’s with increased risk of incident adverse events in offspring over median

Population: Adult
offspring 1-25 years
Cohort size: 2,230,115
Setting: Births recorded
in the Swedish Medical
Birth Register between
Jan 1992-Dec 2016.

(measured at first
antenatal visit,
before 14 weeks in
90%).

Outcome:
Diagnosis of any
cardiovascular
disease
Ascertainment of
outcome: from
national patient
register or cause of
death register.

country of origin, education
level, cohabitation with
partner, height, smoking
status, maternal and
paternal cardiovascular
diseases, infant’s sex, year
of delivery.

follow up of 11.9 years:

Combined cardiovascular disease

obesity grade Il (BMI 35 to 39.9 kg/m?)- [HR: 1.84 (1.36, 2.4)]
obesity grade Il (BMI 240 kg/m?)- [HR: 2.51 (1.60, 3.92)]
Ischaemic heart disease

Obesity grade Il (BMI 35 to 39.9 kg/m?)- [HR: 2.39 (1.05, 5.47)]
Heart failure

Overweight (BMI 25 to 29.9 kg/m?)- [HR: 1.49 (1.09, 2.03)]
Obesity grade Il (BMI 35 to 39.9 kg/m?)- [HR: 3.69 (1.88, 7.27)]
Cerebrovascular diseases

Obesity grade IIl (BMI >40 kg/m?)- [HR: 2.45 (1.51, 3.97)]

BMI, body mass index; HR, hazard ratio; MppBMI, Maternal pre-pregnancy body mass index; T2DM, Type 2 diabetes mellitus.

gestation at which the BMI was measured, failing to distinguish
between GWG and MppBMI. Furthermore, Eriksson et al.
identified diabetes cases through prescriptions of medication,
missing diet-controlled and undiagnosed cases. This method also
relies on the completeness and accuracy of medication records.
Some diabetes medications can be used for other diseases, such as
metformin, so there is also a risk of misclassification.

The results suggest an association between MppBMI and
offspring type 2 diabetes. However, the studies have several key
limitations and neither adjusted for current offspring BMI,
limiting definitive conclusions.

Adult Lipid Profile

Three studies investigated the impact on adult offspring lipid
levels (15, 16, 45). Only Hochner et al. (15) found a positive
association between MppBMI and offspring triglyceride levels at
32 years, but this was wholly mediated by offspring current BMI,
suggesting no direct association between MppBMI and
triglyceride levels. Kaseva et al. (16) and Eriksson et al. (45)
similarly found no association between MppBMI and oftspring
lipid measures (Total Cholesterol, LDL-c, HDL-c and
triglycerides), although both have key issues. Overall, it
remains unclear whether there is an association between
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MppBMI and offspring lipid levels as existing evidence is limited
to a few studies with high risk of bias.

Adult Cardiovascular Disease

Three studies investigated the effect of maternal BMI during
pregnancy on offspring CVD. All found that an elevated
MppBMI was associated with increased risk of offspring
hospital admission and death due to CVD (14, 48, 49) (Table 7).

Reynolds et al. (14) linked the Aberdeen Maternity and
Neonatal Databank to national death and morbidity records
for 37,709 individuals aged 34-61years. The study found that the
children of mothers with obesity were more likely to be admitted
to hospital for a cardiovascular event than children of mothers
with a normal BMI (14).

Razaz et al. (49) used the Swedish Birth Register to follow up
offspring between 1-25 years. The children of mothers who were
overweight or obese were more likely to develop CVD compared
to those of normal BMI mothers (49). Interestingly, Razaz et al.
(49) conducted a sibling analysis, where CVD cases were
matched to their siblings, in order to remove the impact of
childhood environment, which the siblings likely shared. The
study found that increase in maternal BMI between pregnancies
was associated with an increase in oftspring CVD risk (49). This
finding is suggestive of a causal relationship between MppBMI
and offspring CVD. However, it is important to note that despite
the sibling study design, there may still be a degree of persistent
environmental confounding.

Importantly, none of the studies exploring the role of
MppBMI in CVD measured or adjusted for the current
offspring BMI, lifestyle factors or sociodemographic factors, so
residual confounding is very likely in these studies. Overall, the
results suggest there is a positive association between MppBMI
and risk of hospital admission and death from CVD, but this
may be partly or wholly explained by confounding, and further
investigations are needed to address this question.

Main Limitations in Appraised Studies
A main limitation of existing studies is inadequate consideration of
confounding. Residual confounding reduces specificity and
severely limits causal conclusions. Our study question cannot
ethically or practically be answered in human randomised
controlled trial. Therefore, controlling for confounders needs to
be a key focus of future observational studies. While controlling for
all variables may not be feasible, we have identified key areas where
confounding should be addressed (Supplementary Table 3).
Furthermore, experimental studies using animal models may
have a role in isolating causal relationships in this context.
Accurate and non-biased measurement of maternal obesity is
clearly highly important, given that it is the exposure of interest.
However, very few studies performed dedicated prospective
measurement of maternal BMI as part of a research protocol.
In most studies, MppBMI was ascertained from self-report
questionnaires or medical records. Using self-report methods,
women generally underestimate MppBMI in higher BMI
categories (50). This approach may also introduce recall bias as
women may forget their pre-pregnancy BMI over time.

Importantly such reporting biases may differently influence
self-reports of BMI in mothers of children with cardiovascular
illnesses compared to those with healthy children thereby
introducing systematic bias. Other studies obtained BMI from
medical records. Although this is a more objective method for
ascertainment of BMI, there is also potential to introduce biases
given that recording of BMI is not performed using pre-defined
protocols or standardised equipment.

Another important consideration is timing of maternal
obesity measurement. This is clearly important given that
women gain weight during pregnancy and that exposure to
maternal obesity may have different consequences for the
offspring depending on gestational age of exposure.
Furthermore, variation in time of measurement of maternal
obesity limits between study comparisons. Measuring MppBMI
at a later stage in pregnancy may reflect GWG, as opposed to
MppBML. Studies should therefore aim to measure the BMI as
soon as possible at a standard gestation. However, this is difficult
to achieve as women may not always have a reason to attend a
medical facility to have their BMI checked. Women gain minimal
weight during the first trimester, indicating BMI at the 10 week
booking appointment is a reliable substitute for MppBMI (51). In
our review, many studies measured maternal BMI at an
unknown, late, or inconsistent time.

In studies investigating the offspring during childhood or
adulthood, offspring were followed up for 2-18 years and 24-72
years respectively. The risk of obesity, hypertension, insulin
resistance, and hypercholesterolaemia increase with age;
Lawrence et al. (47) found that the children of mothers with
obesity had a higher increase in BMI between 17-32years. This
makes it difficult to draw conclusions about the impact of
MppBMI on cardiometabolic parameters because the effects
are potentially only manifest at certain ages. To understand
how the risk changes with time, measurements should be
repeated at different ages. However, drop-out, time, and cost
limit the feasibility of this recommendation.

A further consideration is the potential time-varying nature
of exposure to maternal obesity on offspring cardiovascular risk.
It is possible, for example, that the importance of maternal
obesity as a driver of adverse cardiovascular health may be
more important at younger rather than older ages. As an
individual transitions to adulthood other environmental
exposures may contribute more to the overall cardiovascular
risk than maternal obesity. However, it is also reasonable to
suggest, based on available evidence, that early life exposure to
maternal obesity is both a direct and indirect driver of adverse
cardiometabolic profile and lifestyle behaviours throughout life.
Indeed, the importance of early life exposures as determinants of
health through to older age is the key tenet of lifecourse
epidemiology theory (52). Further research, using different
approaches, is needed to determine with greater certainty the
mechanisms through which maternal obesity impacts oftspring
cardiovascular health and to isolate its independent effect over
environmental exposures in later life. Animal studies and genetic
studies are likely to provide greatest insight into such mechanism
as the separation of such tightly intertwined factors (maternal
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obesity, environment/lifestyle) using observational approaches is
extremely challenging and may not be possible.

DISCUSSION

In this study, we systematically reviewed studies investigating the
association between maternal obesity and cardiovascular health
in the offspring. A large number of studies were examined with
variable designs and quality, measuring the impact on CHD,
cardiometabolic parameters, and CVD across a range of
age groups.

Congenital Heart Disease

Our results were suggestive of a positive association between
MppBMI and CHD. Previous studies have proposed several
underlying mechanisms, although no definitive cause has been
found. Firstly, impaired glycaemic control increases CHD risk
and individuals with obesity are more likely to experience type 2
and gestational diabetes. However, most studies in this review
excluded mothers with diabetes, reducing the likelihood of this as
a potential explanation of the relationship.

Folic acid supplementation decreases the risk of neural tube
defects and CHD (53-55). Most studies in this review controlled
for folic acid supplementation, which, in theory, would indicate
folic acid deficiency does not explain the elevated risk of CHD.
However, women with obesity are more likely to be deficient in
folic acid despite supplementation and may require higher doses
(54, 56). Therefore, future studies should measure serum folate
levels, as well as supplementation. Furthermore, other
teratogenic exposures were not adequately considered in
existing studies.

Finally, previous studies have suggested women with obesity
may be less likely to comply with antenatal screening. Similarly,
increased abdominal fat may make defects less visible via
ultrasound scan. Without a prenatal diagnosis, women with
obesity may be less likely to terminate an affected pregnancy,
increasing CHD rates compared to normal weight women.

Cardiometabolic Parameters and
Cardiovascular Disease

We conclude that maternal obesity during pregnancy is
associated with an adverse offspring cardiometabolic profile
and higher CVD risk. The next question is whether these
associations are simply due to the genetic and environmental
impact of having a parent with obesity, or if exposure to maternal
obesity in-utero independently programs the foetus to have
worse cardiovascular health. The first refers to the widely
accepted view that obesity and CVD occur as a consequence of
unhealthy lifestyle habits and genetics. A mother with obesity is
more likely to eat an unhealthy diet and exercise infrequently
(57). Her children are more likely to adopt these habits,
increasing their risk of obesity, hypercholesterolaemia,
hypertension, and insulin resistance. These risk factors would
increase the offspring’s risk of CVD later in life. Furthermore, a

mother with obesity may have several genetic predispositions to
obesity that could further increase the offspring’s obesity risk,
should these be inherited. It is possible that any associations
between MppBMI and oftspring cardiovascular health are simply
due to the lifestyle effect of having a mother with obesity and the
inheritance of obesogenic genes.

However, we found evidence that adverse cardiometabolic
changes may be present in neonates of mothers with obesity.
The neonatal period is not yet strongly influenced by
environmental and lifestyle factors, suggesting the conditions in-
utero may influence offspring cardiovascular health at very early
ages. Furthermore, if the elevated risk was only due to lifestyle and
genetic factors, paternal obesity would be expected to confer an
equal risk to offspring health. Three studies in this review adjusted
for paternal BMI, of these two found a significant association with
an adverse offspring cardiometabolic profile even after adjustment
for paternal BMI. Furthermore, Perng et al. (37) found a
significant association between higher MppBMI and an adverse
offspring BMI and cardiometabolic profile after adjustment for
offspring television watching habits and diet during childhood.
These studies suggest that offspring exposure to maternal obesity
during pregnancy confers an additional risk, over that expected
from lifestyle and genetic factors.

The second mechanism involves the Developmental Origins
of Health and Disease (DOHaD). This was described by Barker
following the observation that death rates distributions from
coronary heart disease mirrored infant mortality and low birth-
weight rates 70 years earlier (7). The theory postulates that
exposure to less favourable conditions in-utero triggers
physiological adaptations that help the foetus to survive (6, 7).
Since these adaptations occur during critical periods of organ
development, the changes are likely irreversible and impact foetal
long-term development (6, 7). While these compensatory
adaptations may be helpful for in-utero survival, the infant
may be left with increased risk of developing certain non-
communicable diseases later in life (6, 7). For example, the
changes that help a foetus to survive conditions of poor
nutrient availability in-utero could be maladaptive in a post-
natal environment where there is sufficient food availability,
increasing the oftspring’s later risk of coronary heart disease.
Whilst direct causal evidence in this context is lacking, several
lines of evidence provide support for the hypothesis (58, 59).

The Foetal Overnutrition Hypothesis suggests that mothers
with obesity are more likely to have a diet high in calories and fat,
which exposes the foetus to excess nutrients in-utero (12). Several
observational studies have shown an association between
excessive maternal fat and sugar intake and the development
of childhood obesity in the offspring (12). This hypothesis is
further supported by research into diabetes during pregnancy.
Here, the foetus is exposed to excessive sugar, lipids and amino
acids, which contribute to foetal macrosomia and an increased
risk of childhood obesity (60). Furthermore, high calorie diets
during pregnancy have been associated with changes in
hypothalamic gene expression in animal models, which could
mediate appetite and satiety in the offspring and therefore
offspring obesity levels and cardiovascular risk (61).
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Epigenetic changes are the second proposed underlying
mechanism for the DOHaD (62). Epigenetic changes are
heritable alterations in gene expression, but not the underlying
genetic sequence, through DNA methylation, histone
modification and RNA processes (63). The environment in-
utero is a key period for the development of epigenetic
markers; and nutrition influences this process (63). For
example, offspring born during the Dutch Hunger Winter were
exposed to famine conditions in utero. Exposed offspring were
more likely to develop coronary heart disease in adulthood and at
a younger age (64). Such individuals were also found to have less
DNA methylation of the IGF-2 gene 60 years later compared to
unexposed siblings (63). Similar epigenetic changes have been
reported in animal studies for maternal obesity. In primates, a
high calorie maternal diet during pregnancy was shown to cause
covalent modification of histone proteins at specific sites, which
altered gene expression in the offspring (65). A mouse-model
found that a high-fat maternal diet during pregnancy decreased
global and gene-specific DNA methylation in offspring, which
altered gene expression of dopamine and opioids (66). These
offspring showed an increased preference for sucrose and fat
(66). Therefore, animal studies have shown exposure to pre-natal
maternal obesity causes epigenetic changes that adversely
influence offspring diet. However, the impact on disease risk is
unclear and human studies are limited. A systematic review by
Van Dijk et al. (67) found that obesity was associated with
different levels of methylation at several specific sites, and some
evidence that this may be reversible with weight loss programs.
Liu et al. (68) measured the impact of MppBMI on CpG
methylation in neonatal cord blood DNA. While one
significant site was identified, the impact on gene expression
and offspring long term health were not investigated, so the
clinical relevance of this observation is unknown.

Public Health Implications

The rising prevalence of obesity worldwide is a major public
health concern. Obesity is a key risk factor for numerous
conditions, and its rising prevalence is causing an increase in
the incidence of CVD, type 2 diabetes, and several cancers. We
found several associations between an elevated MppBMI and
adverse offspring cardiovascular health, including an increased
risk of CHD, obesity, worse cardiometabolic parameters, and
greater CVD burden. The children of mothers with obesity are
more likely to be obese themselves and have worse
cardiovascular health. These observations highlight the
importance of early life factors on later health outcomes (52).
These findings are concerning for many reasons. 30% of
reproductive age women are obese, which is likely to impact
the health of the next generation, further perpetuating the
increasing trend in the prevalence of obesity and CVD.
Secondly, our results suggest the associations with offspring
cardiovascular health may not be adequately explained by
sharing lifestyle and genetic factors with an obese parent.
Exposure to maternal obesity in-utero could program offspring
to have worse cardiovascular health. These offspring would be
high risk for developing CVD, given the likely presence of
genetic, environmental, and developmental risk factors for

obesity. These children could then grow up to also be mother
with obesity, creating a vicious cycle, where the obesity crisis
worsens with each generation.

To protect the offspring, we should address maternal BMI
during and before pregnancy (59). If developmental
programming is occurring, obesity prevention strategies could
hypothetically reverse such programming. Meanwhile, if
developmental programming is not occurring, MppBMI could be
used as a screening tool to identify offspring at a high risk of
cardiovascular complications. Pre- and post-natal interventions
could be targeted towards such groups, reinforcing good lifestyle
habits in the mother that she can pass on to her child. However, it
is not enough to only address diet and lifestyle through educational
interventions (69-71). Obesity is strongly influenced by health
inequalities such as socioeconomic or educational status. Access to
fresh healthy food is more difficult in some, predominantly poorer,
areas and healthy food is often more expensive than unhealthy
options, limiting its accessibility. Therefore, poverty must be
addressed, and health education must have a particular focus on
individuals in areas with greater socio-economic deprivation.

Strengths and Limitations

The broad framing of the remit of this review, in terms of
definition of the exposure, offspring cardiovascular health
indicators, and age range covered permitted a wide-reaching
assessment of the associations of maternal obesity with offspring
cardiovascular health. We used a systematic and standardised
approach validated by two independent investigators. However,
despite a thorough and broad review of the topic, we were unable
to draw definitive conclusions in several areas due to limitations
of the source literature. We cannot exclude the possibility of
publication bias. Finally, the heterogenous design of the studies
precluded meta-analysis of the results.

CONCLUSIONS

The world is facing an obesity epidemic. Currently, 30% of
reproductive age women are obese in the UK. We conducted a
systematic review of 27 papers to understand the impact of maternal
obesity on offspring cardiovascular health. We conclude that higher
MppBMI is associated with adverse offspring cardiovascular health
throughout life. Developmental programming in-utero may
contribute to the association, as the lifestyle impact of having an
obese parent does not fully explain reported findings. However, the
observational design and mixed quality of the studies limit
conclusions about causality. Future studies must minimise
confounding and measure MppBMI using standardised methods.
In the meantime, public health strategies targeting maternal obesity
are warranted to improve health of mother and child across
multiple cardiovascular health areas throughout the life course.
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