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Abstract

Background

Obesity increases the risk for developing gestational diabetes mellitus (GDM) and pre-
eclampsia (PE), which both associate with increased risk for type 2 diabetes mellitus
(T2DM) and cardiovascular disease (CVD) in women in later life. In the general population,
metabolic syndrome (MetS) associates with T2DM and CVD. The impact of maternal MetS
on pregnancy outcomes, in nulliparous pregnant women, has not been investigated.

Methods and findings

Low-risk, nulliparous women were recruited to the multi-centre, international prospective
Screening for Pregnancy Endpoints (SCOPE) cohort between 11 November 2004 and 28
February 2011. Women were assessed for a range of demographic, lifestyle, and metabolic
health variables at 15 + 1 weeks’ gestation. MetS was defined according to International Dia-
betes Federation (IDF) criteria for adults: waist circumference >80 cm, along with any 2 of
the following: raised trigycerides (>1.70 mmol/l [>150 mg/dl]), reduced high-density lipopro-
tein cholesterol (<1.29 mmol/l [<50 mg/dI]), raised blood pressure (BP) (i.e., systolic BP
>130 mm Hg or diastolic BP >85 mm Hg), or raised plasma glucose (>5.6 mmol/l). Log-
binomial regression analyses were used to examine the risk for each pregnancy outcome
(GDM, PE, large for gestational age [LGA], small for gestational age [SGA], and spontane-
ous preterm birth [sPTB]) with each of the 5 individual components for MetS and as a com-
posite measure (i.e., MetS, as defined by the IDF). The relative risks, adjusted for maternal
BMI, age, study centre, ethnicity, socioeconomic index, physical activity, smoking status,
depression status, and fetal sex, are reported. A total of 5,530 women were included, and
12.3% (n =684) had MetS. Women with MetS were at an increased risk for PE by a factor of

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002710 December 4, 2018

1/16


http://orcid.org/0000-0001-8554-4696
http://orcid.org/0000-0001-9915-7873
http://orcid.org/0000-0002-8922-083X
https://doi.org/10.1371/journal.pmed.1002710
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1002710&domain=pdf&date_stamp=2018-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1002710&domain=pdf&date_stamp=2018-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1002710&domain=pdf&date_stamp=2018-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1002710&domain=pdf&date_stamp=2018-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1002710&domain=pdf&date_stamp=2018-12-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1002710&domain=pdf&date_stamp=2018-12-04
https://doi.org/10.1371/journal.pmed.1002710
https://doi.org/10.1371/journal.pmed.1002710
http://creativecommons.org/licenses/by/4.0/
mailto:amy.aherne@ucc.ie
mailto:amy.aherne@ucc.ie

@’PLOS ‘ MEDICINE

Metabolic syndrome and pregnancy complications

Consortium is keen to promote collaboration
among researchers and to see our unique SCOPE
database and pregnancy biobank used in studies
which meet our ethics and consenting process.
The SCOPE consortium is a member of the
International Pregnancy Collaboration (https:/
pregnancycolab.tghn.org/) and has participated in
several studies involving shared data.

Funding: The SCOPE database is provided and
maintained by MedSciNet AB (http://medscinet.
com). The Australian SCOPE study was funded by
the Premier’s Science and Research Fund, South
Australian Government (http://www.dfeest.sa.gov.
au/science- research/premiers-research-and-
industry-fund). The New Zealand SCOPE study was
funded by the New Enterprise Research Fund,
Foundation for Research Science and Technology;
Health Research Council (04/198); Evelyn Bond
Fund, Auckland District Health Board Charitable
Trust. The Irish SCOPE study was funded by the
Health Research Board of Ireland (CSA/2007/2;
http://www.hrb.ie). The UK SCOPE study was
funded by National Health Service NEAT Grant
(Neat Grant FSD025), Biotechnology and Biological
Sciences Research council (www.bbsrc.ac.uk/
funding; GT084) and University of Manchester
Proof of Concept Funding (University of
Manchester); Guy’s and St. Thomas’ Charity
(King’s College London) and Tommy’s charity
(http://www.tommys.org/; King’s College London
and University of Manchester); and Cerebra UK
(www.cerebra.org.uk; University of Leeds). JAG
was supported by the NHMRC Centre for Research
Excellence (GNT1099422) awarded to CTR and
GAD. LEG is supported by an Australian National
Health and Medical Research Council (NHMRC)
Early Career Fellowship (ID 1070421). LCK is
supported by a Science Foundation Ireland
Program Grant for INFANT (12/RC/2272). CTR was
supported by a National Health and Medical
Research Council (NHMRC) Senior Research
Fellowship (GNT1020749). The funders had no role
in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: LCK is a minority
shareholder in Metabolomic Diagnostics, an SME
which has licensed IP pertaining to biomarkers
predictive of pre-eclampsia which LCK invented.
JEM receives a stipend as a specialty consulting
editor for PLOS Medicine and serves on the
journal’s editorial board.

Abbreviations: AUC, area under the curve; BP,
blood pressure; CVD, cardiovascular disease;

1.63 (95% Cl 1.23 to 2.15) and for GDM by 3.71 (95% Cl 2.42 to 5.67). In absolute terms, for
PE, women with MetS had an adjusted excess risk of 2.52% (95% CI 1.51% to 4.11%) and,
for GDM, had an adjusted excess risk of 8.66% (95% CI 5.38% to 13.94%). Diagnosis of
MetS was not associated with increased risk for LGA, SGA, or sPTB. Increasing BMI in
combination with MetS increased the estimated probability for GDM and decreased the
probability of an uncomplicated pregnancy. Limitations of this study are that there are sev-
eral different definitions for MetS in the adult population, and as there are none for preg-
nancy, we cannot be sure that the IDF criteria are the most appropriate definition for
pregnancy. Furthermore, MetS was assessed in the first trimester and may not reflect pre-
pregnancy metabolic health status.

Conclusions

We did not compare the impact of individual metabolic components with that of MetS as a
composite, and therefore cannot conclude that MetS is better at identifying women at risk.
However, more than half of the women who had MetS in early pregnancy developed a preg-
nancy complication compared with just over a third of women who did not have MetS. Fur-
thermore, while increasing BMI increases the probability of GDM, the addition of MetS
exacerbates this probability. Further studies are required to determine if individual MetS
components act synergistically or independently.

Author summary

Why was this study done?

o Obesity increases the risk for developing gestational diabetes mellitus (GDM) and pre-
eclampsia (PE), which both associate with increased risk for type 2 diabetes mellitus
(T2DM) and cardiovascular disease (CVD) in women in later life.

o In the general population, metabolic syndrome (MetS) associates with T2DM and CVD.

o The impact of maternal MetS on pregnancy outcomes in nulliparous pregnant women
has not been thoroughly investigated.

What did the researchers do and find?

» We assessed the association between MetS, measured at 15 + 1 weeks’ gestation, and a
range of pregnancy complications in low-risk, nulliparous women recruited to the
multi-centre, international prospective Screening for Pregnancy Endpoints (SCOPE)
study.

o Women with MetS in early pregnancy had an increased risk for GDM and PE, after
adjustment for a range of demographic and lifestyle variables.
What do these findings mean?

« Diagnosis of MetS may be useful to broadly identify a group of women at risk for preg-
nancy complications, which may additionally associate with future CVD risk.
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GAM, generalised additive model; GDM, gestational
diabetes mellitus; HDL-C, high-density lipoprotein
cholesterol; IDF, International Diabetes Federation;
LDL-C, low-density lipoprotein cholesterol; LGA,
large for gestational age; MetS, metabolic
syndrome; PE, preeclampsia; RR, relative risk;
SCOPE, Screening for Pregnancy Endpoints; SEI,
socioeconomic index; SGA, small for gestational
age; sPTB, spontaneous preterm birth; T2DM, type
2 diabetes mellitus; TGs, trigycerides; WG, waist
circumference.

« Future studies are required to substantiate our findings and to determine whether MetS
is a useful discriminator of pregnancy complications in lean and obese women. Future
studies are also encouraged to define clear metabolic health phenotypes that will pro-
duce the optimal probability threshold for each outcome.

Introduction

Obesity is an established risk factor for pregnancy complications, increasing risk for gesta-
tional diabetes mellitus (GDM), preeclampsia (PE), and delivering large for gestational age
(LGA) infants, by 2- to 3-fold [1-4], and small for gestational age (SGA) infants, by 24% [5].
Such adverse outcomes place women and their infants at greater risk for cardiovascular and
metabolic diseases both perinatally and in later life [6,7]. However, not all obese women expe-
rience a pregnancy complication [8], nor do they all develop chronic disease [9].

Metabolic syndrome (MetS) is a cluster of risk factors that encompasses metabolic, vascular,
and inflammatory indicators. Although there are several definitions and cut-points used to
describe and characterise MetS [10], the metabolic disturbances underpinning MetS are con-
sistent and include atherogenic dyslipidemia, raised blood pressure (BP), insulin resistance,
obesity, and pro-thrombotic and pro-inflammatory states. While some expert definitions
deem obesity an essential criterion [11,12], other definitions largely focus on insulin resistance
[11,13,14]. To date, there are no obligatory components to define MetS [11] but rather a con-
stellation of risk factors that, irrespective of components and cut-offs, have consistently been
demonstrated to increase risk for cardiovascular disease (CVD) [15], some cancers [16], type 2
diabetes mellitus (T2DM) [17], and chronic kidney disease [18] in the adult population.

Normal pregnancy is a pro-inflammatory, pro-thrombotic, highly insulin resistant [19],
and hyperlipidemic state [20]. However, there are no recognised healthy metabolic variable
cut-points in pregnancy. Studies that have assessed metabolic components in pregnancy have
generally used accepted definitions for the adult population [21,22] or used a range of popula-
tion-specific criteria [23-25]. Appropriate definitions that associate metabolic health parame-
ters and pregnancy complications have yet to be defined, and the utility of using previously
defined variables from the non-pregnant adult population is unclear.

Given the established links between MetS and chronic diseases in adulthood [15,17], as well
as between pregnancy complications such as PE and GDM and later life T2DM and CVD
[26,27], pregnancy may offer a window of opportunity to identify women with MetS and ele-
vated risk of adverse pregnancy outcomes, as well as later life chronic disease. Most studies to
date, however, have only assessed individual metabolic components in pregnancy: raised tri-
glycerides (TGs) and low-density lipoprotein cholesterol (LDL-C) and reduced high-density
lipoprotein cholesterol (HDL-C) are associated with increased risk for GDM, PE, LGA, and
spontaneous preterm birth (sPTB) [24,25,28]. In a small study, multiparous Greek women
who had MetS, determined in early pregnancy, were at a 3-fold increased risk for preterm
birth [29].

Assessment of MetS and a broader range of pregnancy complications in nulliparous
women has not been done. We hypothesized that women with MetS are at greater risk for
pregnancy complications than women who do not have MetS. The aims of this study were to
(i) determine the prevalence of MetS in women participating in the Screening for Pregnancy
Endpoints (SCOPE) study and (ii) determine whether MetS is associated with maternal and
neonatal outcomes including GDM, LGA, PE, SGA, and sPTB.
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Methods
Study population

Participants recruited to SCOPE were nulliparous pregnant women recruited from Adelaide
(Australia), Auckland (New Zealand), Cork (Ireland), Leeds (UK), London (UK), and Man-
chester (UK) (n = 5,628). SCOPE is a multi-centre prospective cohort study with the primary
aim of developing screening tests for prediction of PE, sPTB, and SGA babies. Recruitment
was between 11 November 2004 and 28 February 2011, and data collection occurred until 30
September 2011, when the last babies were born. Included women were nulliparous with sin-
gleton pregnancies. Women were excluded if they were considered to be at high risk for PE,
SGA, or sPTB due to underlying medical conditions (e.g., chronic hypertension requiring anti-
hypertensive medication or diabetes); if they had previous cervical knife cone biopsy; if they
had 3 terminations or 3 miscarriages; if their pregnancy was complicated by a known major
fetal anomaly or abnormal karyotype; or if they received interventions that may modify preg-
nancy outcome (e.g., aspirin or cervical suture). Women were also excluded if they were taking
supplements of calcium (>1 g/d), eicosopentanoic acid (>2.7 g/d), vitamin C (>1,000 mg/d),
or vitamin E (>400 IU/d) or if they had diabetes (type 1 or type 2). An uncomplicated preg-
nancy was defined as a normotensive pregnancy, delivered at >37 weeks, resulting in a live-
born, non-SGA, and non-LGA baby. Pregnancies with other complications—such as placenta
praevia, placental abruption, cholestasis of pregnancy, or other significant pregnancy compli-
cation—were not included in the uncomplicated pregnancy group.

Study data were obtained by a research midwife at 15 + 1 weeks’ gestation, including demo-
graphics; smoking; family, medical, and gynaecological history; diet and supplement use; sys-
tolic and diastolic BP; height and weight (measured at 15 + 1 weeks’ gestation, to determine
BMI), and waist circumference (WC). The socioeconomic index (SEI) is a measure of the indi-
vidual’s socioeconomic status and is derived from the specific occupation of the woman, pro-
ducing a score between 10 and 90, with a lower score reflecting greater disadvantage [30]. The
Edinburgh Postnatal Depression Scale was evaluated at 15 weeks’ gestation, and women were
categorised as unlikely to experience depression (score <5), at increased risk of depression in
the next year (score of 5-9), or likely depressed (score >9). Physical activity at 15 weeks’ gesta-
tion was categorised as none (no moderate or vigorous exercise, with <1 instance/day of recre-
ational walking), light (no moderate or vigorous exercise, with >1 instance/day of recreational
walking), or moderate or vigorous (some moderate or vigorous exercise, with or without recre-
ational walking). Ethnicity was binary, coded as white or other. Smoking status was binary,
coded as yes or no for any cigarette smoking at 15 + 1 weeks’ gestation.

A non-fasting blood sample was taken for measurement of HDL-C and TGs at 15 £ 1
weeks’ gestation. Details of the immunoassay methodology for measuring lipids can be found
in previous publications [31,32]. Plasma blood glucose was measured as a random blood sam-
ple by glucometer at 15 + 1 weeks’ gestation. Additional information on data collection has
been provided in detail previously [33]. Ethical approval was obtained from local ethics com-
mittees (New Zealand AKX/02/00/364; Australia REC 1712/5/2008; London, Leeds, and Man-
chester 06/MRE01/98; and Cork ECMS5 [10] 05/02/08), and all women provided written
informed consent. The study is reported as per STROBE guidelines (S1 STROBE Checklist).

Maternal exposure: MetS

We defined MetS using the International Diabetes Federation (IDF) MetS criteria [12],
assessed at 15 + 1 weeks’ gestation. A WC >80 cm is a prerequisite risk factor, along with any
2 of the 4 following variables: raised TGs (>1.70 mmol/l [>150 mg/dl]), reduced HDL-C
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(<1.29 mmol/l [<50 mg/dl]), raised BP (i.e., systolic BP >130 mm Hg or diastolic BP >85
mm Hg), or raised fasting plasma glucose (>5.6 mmol/l). As this was a pregnancy cohort, a
random plasma glucose was measured. The utility of random plasma glucose has recently been
demonstrated in a sample of 25,543 women in the UK, showing that in 69% of these women,
random plasma glucose was able to predict GDM (area under the curve [AUC] 0.8) better
than maternal BMI (AUC 0.65) and maternal age (AUC 0.60) [34].

Primary outcome measures: Pregnancy and birth outcomes

PE was defined as systolic BP >140 mm Hg or diastolic BP >90 mm Hg, or both, on at least 2
occasions at least 4 hours apart after 20 weeks’ gestation but before the onset of labour, or post-
partum, with either proteinuria (24-hour urinary protein >300 mg or spot urine protein:creat-
inine ratio >30 mg/mmol creatinine or urine dipstick protein > ++) or any multisystem
complication of PE [33,35]. GDM was defined using the new World Health Organization clas-
sification (fasting glucose of >5.1 mmol/l or, following an oral glucose tolerance test, a 2-hour
level of >8.5 mmol/l) [36]. Universal screening was not employed for GDM in Ireland and the
UK; women were only screened if they were identified as being at risk based on factors such as
family history and BMI. Therefore, GDM analysis was confined only to women from Australia
and New Zealand (n = 3,126). sPTB was defined as spontaneous delivery before 37 + 0 weeks’
gestation. Infant measurements (head circumference, length, and birth weight) were recorded
by research midwives within 72 hours of birth. Customised birth weight centiles were calcu-
lated correcting for gestational age at birth, maternal ethnicity, maternal weight and height in
early pregnancy, parity, and infant sex [37]. SGA and LGA were defined as a birth weight
<10th or >90th customised centile, respectively.

Statistical analyses

Missing data. For the 5,628 eligible women for whom follow-up data were available, the
proportion of missing data for the metabolic variables and the covariates was <2% (S1 Table),
such that 97.5% of the data were included in the complete case analysis.

Main analyses. Log-binomial regression analyses were used to examine the risk for each
pregnancy outcome (GDM, LGA, PE, SGA, and sPTB) with each of the 5 individual components
for MetS and as a composite measure. The relative risks, adjusted for maternal BMI, age, study
centre (Adelaide, Auckland, Cork, Leeds, London, or Manchester), ethnicity, SEI, physical activ-
ity, smoking status, depression status, and fetal sex, are reported. The corresponding 95% Cls for
MetS and its components were calculated defined by pd[(RR — 1)/RR] [38], where pd is the pro-
portion of cases with MetS and RR is the adjusted relative risk. Generalised additive models
(GAMs) [39], using the GAMLSS R package, were used to examine the risk for each pregnancy
outcome by MetS status, with a non-linear penalised spline for BMI and an interaction term
between BMI and MetS status, adjusting for potential confounders identified a priori. The statisti-
cal software used was R version 3.4.3. The alpha level of significance was set at 5% (i.e., P <0.05).

Supplementary analyses. Box plots demonstrating median (interquartile range) for each
metabolic abnormality, split by MetS status, were drawn, and frequencies (1, percent) of
women with each pregnancy complication and with each metabolic abnormality were
described. To identify the frequency for each combination of MetS components, with and
without stratification for BMI, UpSet plots were used to show the overall frequency of each cri-
terion (left bar chart in S3-S5 Figs) and all observed combinations (indicated by dots at the
bottom of the figures), sorted from highest to lowest frequency.

Analysis formulation. A detailed analysis plan was not written prior to the initiation of
the project. However, based on the objectives of this study, we defined all basic analyses to be
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undertaken in a written document approved by the SCOPE Consortium Scientific Committee

(S1 Text), as well as in meetings with all primary authors, including epidemiologists, clinicians,
and statisticians, before the start of the analyses. Confounders were identified a priori through

the use of directed acyclic graphs. Changes in the analysis plan are described in S1 Text.

Results

Descriptive characteristics

A total of 5,530 women were included in the current analysis. S1 Fig shows the participant
flow. Overall, 12.3% (n = 684) had MetS. Table 1 describes maternal and infant characteristics
according to whether women did or did not have MetS. Women with MetS had an approxi-
mately 5-kg/m? higher average BMI, had a lower average SEI, and were more likely to smoke,
and the mean gestational age at birth was slightly lower.

Metabolic health characteristics

Box plots of measured values for each metabolic component in women with and without MetS
are shown in S2 Fig. S2 Table shows the number and percentage of women with each meta-
bolic abnormality, in women with and without MetS. In women with MetS, 88.3% of women
had TGs above the IDF MetS cut-point, and 83.9% had raised glucose. All women, by defini-
tion, had a high WC. In comparison, in women who did not have MetS, 55.2% had high WC,
28.4% had raised glucose, and 20.8% had raised TGs.

S3 Fig shows the UpSet plot with the frequency for each combination of MetS components,
and $4 Fig and S5 Fig show the UpSet plots for women with BMI <30 kg/m? and >30 kg/m”,
respectively. WC >80 cm was the most common single criterion, followed by the combination
of WC and glucose. S3 Table shows the number and percentage of women with each preg-
nancy complication according to MetS.

MetS and pregnancy outcomes

For each pregnancy complication, the relative risk, the number of women with MetS or its
individual components (N), and the number of women with the outcome (n) are shown in Fig
1. Individual MetS components that increased risk for PE were raised BP (RR 1.73, 95% CI
1.11 to 2.68), raised TGs (RR 1.73, 95% CI 1.37 to 2.18), and high WC (1.43, 95% CI 1.04 to
1.96), after adjusting for maternal BMI, age, study centre, ethnicity, SEL, physical activity,
smoking status, depression status, and fetal sex. Of the total cohort, the number of women
with raised BP at 15 weeks’ gestation was small (n = 158); 20 (12.7%) of these women devel-
oped PE. In all, 3,346 women had a high WC, and 213 (6.4%) developed PE. Raised glucose
and reduced HDL-C were not significantly associated with risk for PE. Women with MetS
were at an increased risk for PE, with a relative risk of 1.63 (95% CI 1.23 to 2.15), and 66
(9.7%) of these women developed PE. In absolute terms, women with MetS had an adjusted
excess risk of 2.52% (95% CI 1.51% to 4.11%), with a number needed to harm of 40.

Individual MetS components that increased risk for GDM were raised TGs (RR 3.38, 95% CI
2.24 t0 5.10), raised BP (RR 2.69, 95% CI 1.43 to 5.05), and raised glucose (RR 2.46, 95% CI 1.63
to 3.72) (Fig 1). Ninety-eight women had raised BP, of whom 12 (12.2%) developed GDM; 796
women had raised TGs, of whom 65 (8.2%) developed GDM; and 1,091 women had raised glu-
cose, of whom 67 (6.1%) developed GDM. High WC and reduced HDL-C were not associated
with risk for GDM. Women with MetS were at the greatest increased risk for GDM, with a rela-
tive risk of 3.71 (95% CI 2.42 to 5.67). In absolute terms, women with MetS had an adjusted
excess risk of 8.66% (95% CI 5.38% to 13.94%), with a number needed to harm of 12.
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Table 1. Maternal and infant characteristics according to maternal metabolic syndrome, at 15 weeks’ gestation.

Characteristic Metabolic syndrome P value
No Yes
(n =4,846) (n=684)
Age, years 28.6+54 28.8+5.9 0.5453
Body mass index, kg/m* 247 £4.5 29.5+5.7 0.0000
Socioeconomic index 42.1 £16.6 39.4 £15.7 0.0001
Ethnicity
White 4,361 (90.0%) 618 (90.4%) Ref
Other 485 (10.0%) 66 (9.7%) 0.8217
Study centre (country)
Adelaide (Australia) 952 (19.6%) 201 (29.4%) Ref
Cork (Ireland) 1,572 (32.4%) 192 (28.1%) 0.0000
Auckland (New Zealand) 1,740 (35.9%) 237 (34.6%) 0.0001
Leeds (UK) 132 (2.7%) 12 (1.8%) 0.0391
London (UK) 173 (3.6%) 6 (0.9%) 0.0000
Manchester (UK) 277 (5.7%) 36 (5.3%) 0.0732
Physical activity
None 766 (15.9%) 116 (17.0%) Ref
Light 317 (6.6%) 40 (5.9%) 0.8004
Moderate or vigorous 3,741 (77.5%) 526 (77.1%) 1.0000
Smoked at 15 weeks’ gestation 495 (10.2%) 101 (14.8%) 0.0004
Depression category
Unlikely to be depressed 1,784 (37.0%) 252 (36.9%) Ref
Increased risk of depression 1,783 (37.0%) 234 (34.3%) 0.9531
Likely to be depressed 1,257 (26.0%) 197 (28.8%) 0.6662
Fetal sex
Male 2,468 (51.1%) 338 (49.6%) Ref
Female 2,364 (48.9%) 343 (50.4%) 0.5064
Gestational age at birth, weeks 39.6 + 2.5 393+2.8 0.0027
Birth weight, g 3,402.0 £ 576.5 3,405.1 £ 673.5 0.3839
Birth weight centile 47.8 £28.9 46.5 £ 30.5 0.2156
Birth length, cm 50.3 +3.1 50.1+3.4 0.4818
Head circumference, cm 346+ 1.9 347 +2.2 0.0986
Delivered post-term
No (<41 weeks) 3,804 (78.5%) 546 (79.8%) Ref
Yes (>41 weeks) 1,042 (21.5%) 138 (20.2%) 0.4575
Ponderal index
Male 2.67 £041 2.67 £0.29 0.7445
Female 2.70 £ 0.34 2.71+£0.30 0.5101

Categorical variables are presented as number (percentage), and continuous variables as mean * standard deviation. All variables (except fetal sex and birth outcomes)
were collected at 15 + 1 weeks’ gestation. P value is compared to reference group. The socioeconomic index is a measure of the individual’s socioeconomic status and is
derived from the specific occupation of the woman, producing a score between 10 and 90 [30]. Depression status was evaluated using the Edinburgh Postnatal
Depression Scale. Customised birth weight centiles were calculated correcting for gestational age at birth, maternal ethnicity, maternal weight and height in early

pregnancy, parity, and infant sex [37].

https://doi.org/10.1371/journal.pmed.1002710.t001

Risk for SGA was increased with raised BP (RR 1.89, 95% CI 1.33 to 2.68), but not with any
of the other metabolic components, nor with MetS. For sPTB, risk was increased with raised
TGs (RR 1.35,95% CI 1.02 to 1.77), but not with any of the other metabolic components, nor
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Gestational diabetes mellitus

Small for gestational age

Component RR (95% CI)

Component RR (95% CI)
Blood pressure [N=98, n=12, 12.2%)] 2.69 (1.43,5.05) —e—
Glucose [N=1091, n=67, 6.1%)] 2.46 (1.63,3.72) —e—

Waist circumference [N=1978, n=88, 4.4%] 1.41 (0.77,2.60) +—e—

HDL-C [N=216, n=16, 7.4%] 1.60 (0.89,2.88) +—e—i
Triglycerides [N=796, n=65, 8.2%] 3.38 (2.24, 5.10) —.—i
Obesity [N=517, n=47, 9.1%] 3.28 (2.22, 4.84) ——
MetS [N=410, n=50, 12.2%] 3.71 (2.42, 5.67) ——
I e
0.501.0 20 5.0
RR

Large for gestational age

Component RR (95% CI)

Blood pressure [N=158, n=36, 22.8%)] 1.89 (1.33, 2.68)
Glucose [N=1941, n=195, 10.0%] 0.86 (0.73, 1.01)
Waist circumference [N=3347, n=394, 11.8%] 0.99 (0.81, 1.21)
HDL-C [N=310, n=49, 15.8%] 1.19 (0.88, 1.62)
Triglycerides [N=1603, n=188, 11.7%] 0.99 (0.83, 1.18)
Obesity [N=828, n=118, 14.3%)] 1.27 (1.04, 1.56)
MetS [N=681, n=96, 14.1%)] 1.17 (0.93, 1.48)

[P
}}ii }

0.501.0 20 5.0
RR

Spontaneous preterm birth

Component RR (95% CI)

Blood pressure [N=158, n=11, 7.0%] 0.77 (0.43, 1.39) «»—
Glucose [N=1941, n=213, 11.0%] 1.23 (1.04, 1.45) gl
Waist circumference [N=3347, n=315, 9.4%] 1.04 (0.85, 1.28) +&
HDL-C [N=310, n=21, 6.8%)] 0.78 (0.51, 1.19) —e—

Triglycerides [N=1603, n=170, 10.6%] 1.17 (0.98, 1.40) 1
Obesity [N=828, n=73, 8.8%)] 0.93(0.73,1.19) +e

MetS [N=681, n=69, 10.1%)] 1.11(0.86, 1.44) v+

0.501.0 20 5.0
RR

Preeclampsia

Component RR (95% CI)

Blood pressure [N=158, n=7, 4.4%] 1.06 (0.50, 2.24) —e—
Glucose [N=1942, n=85, 4.4%)] 1.07 (0.82, 1.40) +&
Waist circumference [N=3349, n=136, 4.1%] 0.85 (0.61, 1.17) +e—
HDL-C [N=310, n=15, 4.8%)] 1.01 (0.60, 1.71) +—e—
Triglycerides [N=1604, n=79, 4.9%)] 1.35(1.02, 1.77) =gl
Obesity [N=828, n=35, 4.2%] 0.89 (0.62, 1.29) +e—
MetS [N=681, n=31, 4.6%)] 1.05(0.71, 1.55) +o—

0.501.0 20 5.0
RR

Uncomplicated pregnancy

Component RR (95% CI)

Blood pressure [N=158, n=20, 12.7%)] 1.73 (1.1, 2.68) —e—
Glucose [N=1941, n=102, 5.3%)] 0.99 (0.78,1.26) e+
Waist circumference [N=3346, n=213, 6.4%] 1.43 (1.04, 1.96) e
HDL-C [N=310, n=29, 9.4%)] 1.43 (0.98, 2.07) e
Triglycerides [N=1604, n=123, 7.7%)] 1.73 (1.37, 2.18) gl
Obesity [N=828, n=77, 9.3%)] 1.91 (1.47, 2.47) e
MetS [N=681, n=66, 9.7%)] 1.63 (1.23, 2.15) o
| —
0.501.0 2.0 5.0
RR

Blood pressure [N=158, n=49, 31.0%)] 0.55(0.42,0.74) &
Glucose [N=1941, n=1110, 57.2%] 0.96 (0.89, 1.03)
Waist circumference [N=3348, n=1938, 57.9%] 1.05 (0.96, 1.14)
HDL-C [N=310, n=153, 49.4%)] 0.90 (0.76, 1.06)
Triglycerides [N=1604, n=852, 53.1%] 0.90 (0.83, 0.97)
Obesity [N=828, n=386, 46.6%)] 0.78 (0.72, 0.84)
MetS [N=681, n=314, 46.1%] 0.82(0.73, 0.93)

i

0.501.0 20 5.0
RR

Fig 1. Forest plots for each pregnancy complication, the relative risk, the number of women with MetS$ or its individual components (N), and the number of
women with the outcome (1). All models (except BMI on the forest plot, which represents BMI <30 kg/m2 as the reference compared to BMI >30 kg/mz) were
adjusted for maternal BMI, age, study centre, ethnicity, socioeconomic index, physical activity, smoking status, depression status, and fetal sex. N = number of
women with the metabolic abnormality; n = number of cases (i.e., women who had the outcome). HDL-C, high-density lipoprotein cholesterol; MetS, metabolic

syndrome; RR, relative risk.

https://doi.org/10.1371/journal.pmed.1002710.9001

with MetS. Raised glucose modestly increased risk for LGA (RR 1.23, 95% CI 1.04 to 1.45), but
none of the other individual metabolic components, nor MetS, increased risk for LGA. MetS
was associated with reduced probability of having an uncomplicated pregnancy (RR 0.82, 95%
CI 0.73 to 0.93). In absolute terms, for having any pregnancy complication, women with MetS
had an adjusted excess risk of 9.35% (95% CI 10.30% to 7.98%), with a number needed to
harm of 11. Obesity (BMI >30 kg/m?) increased risk for GDM (RR 3.28, 95% CI 2.22 to 4.84),
PE (RR 1.91, 95% CI 1.47 to 2.47), and SGA (RR 1.27, 95% CI 1.04 to 1.56).
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To determine the adjusted probability of pregnancy complications with increasing maternal
BMI (non-linear) according to MetS, we used penalised spline (cubic spline with 4 knots) anal-
ysis in GAMs (Fig 2). As maternal BMI increases, the presence of MetS increases the estimated
probability for GDM and SGA and also decreases the probability of an uncomplicated
pregnancy.

Discussion
Main findings

To our knowledge, this is the first large, population-based, multi-centre prospective cohort
study in low-risk nulliparous pregnant women to assess the association between MetS—rather
than just its individual components—at 15 weeks’ gestation and pregnancy outcomes. We
report that 12.3% (n = 684) of women had MetS, and these women were at an increased risk
for PE and GDMV,, after adjustment for a range of demographic and lifestyle variables. Increas-
ing BMI in combination with MetS also increased the estimated probability for GDM, and
decreased the probability of an uncomplicated pregnancy. The findings build on the literature
assessing the effects of individual metabolic health components or obesity on pregnancy com-
plications, by using established clustering of abnormalities that are evident in non-obese preg-
nant women.

Comparison to literature

There is an abundance of literature demonstrating that maternal obesity increases risk for
pregnancy complications including GDM and PE [40-42] and also for babies born too small
or large [43]. Some studies reporting on individual metabolic components, such as raised TGs
or LDL-C or reduced HDL-C, and pregnancy complications show that these are associated
with increased risk for GDM, PE, LGA, and sPTB [28]. In addition, raised maternal glucose,
insulin resistance, and raised BP are associated with GDM [44,45], and pre-pregnancy WC is
associated with GDM and LGA [46]. Examination of a composite of components (MetS) and
its association with pregnancy complications extends these earlier studies assessing individual
components.

Currently, all obese pregnant women are considered to be at the same increased risk for
GDM. However, only 15%-30% of these women will develop the disorder [47]. Recently, in a
sample of 1,303 obese pregnant women, a model based on clinical and anthropometric vari-
ables (e.g., age and systolic BP) could modestly predict GDM (AUC 0.71), with the AUC
increased to 0.77 with the addition of candidate biomarkers such as random glucose and TGs
[48]. However, while obese women are at higher risk for GDM than their lean or overweight
counterparts, 7%-15% of lean women may still develop GDM [49,50]. Our results suggest that
assessment of MetS in all pregnant women may provide information on risk for GDM that
extends beyond BMI. Although MetS conferred a slightly greater risk for GDM than glucose,
TGs, and WC assessed individually, the impact of MetS as a function of a combination of com-
ponents or exclusion of certain components requires investigation in other pregnancy cohorts.
Additionally, whether MetS improves prediction of risk of GDM above that of raised glucose
alone needs to be examined, and should be assessed in women who are obese or not. This will
help determine any applicability of diagnosing MetS in the antenatal setting, in addition to
standard BMI and glucose measurements.

Recent figures estimate that PE affects 2%-7% of pregnancies and occurs more frequently
in nulliparous women [51]. Women who have experienced PE are at a more than 2-fold
increased risk for future CVDs such as hypertension and ischemic heart disease [52]. Early
identification of women at risk for PE remains one of the major focuses of antenatal care. We

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002710 December 4, 2018 9/16


https://doi.org/10.1371/journal.pmed.1002710

@°PLOS ‘ MEDICINE

Metabolic syndrome and pregnancy complications

Gestational diabetes mellitus

o
o MetS by BMI interaction | === no MetS diagnosis
= o P-value = 0.7067 e |\letS diagnosis
5 2"
g &-
2
= <«
o o
©
S o |
n’—_ o
e
S T T T T T
15 20 25 30 35 40
BMI (kg/m?)
Preeclampsia
e
& MetS by BMI interaction | === no MetS diagnosis
w P-value = 0.4084 e== |\|etS diagnosis
o o
S o
> O
3 ¥
© o
o!
e «
O o 7 e
e }j
S T T T T T
15 20 25 30 35 40
BMI (kg/m?)
Large for gestational age
e
A MetS by BMI interaction | === no MetS diagnosis
5 © P-value = 0.6718 e |\etS diagnosis
9 ©
& 9
2
= < |
= =
Q
o « |
o o
e —————
e
S T T T T T
15 20 25 30 35 40
BMI (kg/m?)

Probability for SGA
00 02 04 06 0.8

Probability for sPTB
00 02 04 06 0.8

Probability for Uncomplicated pregnancy

1.0 1.0

1.0

0.0 02 04 06 038

Small for gestational age

MetS by BMI interaction
P-value = 0.0275

e no MetS diagnosis
e \etS diagnosis

| | |
15 20 25

| | |
30 35 40

BMI (kg/m?)

Spontaneous preterm birth

MetS by BMI interaction
P-value = 0.5040

e no MetS diagnosis

e \etS diagnosis
e e ———————————
e T T T T T
15 20 25 30 35 40
BMI (kg/m?)

Uncomplicated pregnancy

MetS by BMI interaction
P-value = 0.1098

e no MetS diagnosis

e \etS diagnosis
R I I T I I T
15 20 25 30 35 40
BMI (kg/m?)

Fig 2. Predicted probability of each pregnancy outcome for women who did and did not have MetS and the interaction with BMI, estimated from the
generalised additive model. Models adjusted for maternal BMI (as a spline), age, study centre, ethnicity, socioeconomic index, physical activity, smoking status,

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002710 December 4, 2018

10/16


https://doi.org/10.1371/journal.pmed.1002710

@’PLOS ‘ MEDICINE

Metabolic syndrome and pregnancy complications

depression status, and fetal sex, with an interaction term between the metabolic groups and BMI. GDM, gestational diabetes mellitus; LGA, large for gestational age;
MetS, metabolic syndrome; PE, preeclampsia; SGA, small for gestational age; sPTB, spontaneous preterm birth.

https://doi.org/10.1371/journal.pmed.1002710.g002

found that MetS, a risk factor for future CVD, increased the risk for PE, but in combination
with increasing BMI did not demonstrate greater risk. We found that a smaller number of
women had raised BP (n = 198) than had MetS (n = 681), but a similar proportion of each
went on to develop PE (~10%). Future work comparing whether MetS provides risk informa-
tion beyond that of raised BP would be useful.

Health implications and clinical relevance

Traditionally, antenatal care pathways are based on individual needs, history, and specific risk
factors such as obesity. Despite the best care, a number of women still go on to develop preg-
nancy complications. Not all available screening tests are offered to all women, and some are
only offered to those who are deemed at risk. Testing for impaired glucose tolerance in early
pregnancy is rarely provided but may be undertaken before 24 weeks’ gestation if the woman
has risk factors. Some guidelines recommend that women have their risk for GDM evaluated
by assessment of maternal risk factors followed by an oral glucose tolerance test when
required. Furthermore, in nulliparous women, risk assessment for other pregnancy complica-
tions such as PE is difficult as there is no maternal history and no widely adopted screening
test.

Our findings suggest that MetS diagnosed in early pregnancy may be used to broadly iden-
tify women at increased risk for pregnancy complications. The utility of MetS in predicting
pregnancy complications, as a complementary component to standard routine antenatal care
and compared to standard risk factors, requires exploration. Future studies are also encour-
aged to define clear metabolic health phenotypes that will produce the optimal probability
threshold for each outcome.

Strengths and limitations

The major strength of this study is that it used a population-based prospective cohort design
that included a large number of nulliparous women across 6 centres in 4 countries. Partici-
pants comprised a clearly defined population of nulliparous low-risk women with no pre-exist-
ing disease, which should be considered in study design for other populations. Risk estimates
may potentially be underestimated for the general population as the participants in this study
are at low risk for pregnancy complications compared to the general population of pregnant
women. The study captured 5,530 pregnant women for whom complete information on
plasma and other maternal metabolic variables and pregnancy and neonatal outcomes was
available. These were ascertained using rigorous assessment methods standardised across
recruiting centres, resulting in negligible information bias. A key strength is the assessment of
individual and composite MetS compoments and pregnancy complications, which have not
been thoroughly investigated to date.

There are limitations in this study. Currently, there are several different definitions for
MetS in the adult population as different numbers and types of metabolic variables are used, as
well as different cut-off values, between studies [10,11]. However, there are no definitions at all
specifically for pregnancy, and, despite pregnancy being a hyperlipidemic state, there is no
agreed threshold for pathological hyperlipidemia in pregnancy. We used the IDF definition
for MetS for adults, as previous studies have demonstrated no remarkable increase in lipids in
first trimester of pregnancy [53], and it is unlikely that WC would have significantly increased
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at the time of recruitment at 15 weeks’ gestation. There may be inherent limitations with using
non-fasting compared to fasting metabolic components, particularly for TGs and glucose;
however, an increased risk for PE and GDM has been demonstrated using fasting [25,54,55]
and non-fasting [56-61] lipids. Universal screening for GDM in the UK and Ireland was not
available at the time of recruitment, and screening was only undertaken for women who were
deemed at risk; thus, we only included data for the centres with universal screening (n = 3126)
for this outcome. A recent study has highlighted the importance of early screening for GDM
in obese women, demonstrating differences in metabolic profile between obese women who
do and do not develop GDM [45]. Finally, assessment of MetS was made in the first trimester,
and it is unclear whether metabolic components may have altered since conception.

Generalisability

Around 90% of the study participants were white; thus our results are likely generalisable to
populations of pregnant women who are white and considered to be at low risk for disease.
The results may have limited applicability to other ethnic groups with potentially different pat-
terns of metabolic health and known differences in risk for pregnancy complications. It is also
unclear whether these results are generalisable to women of all parities. However, women who
have had a complication in a previous pregnancy may modify their behaviours, and clinicians
would monitor them more closely in subsequent pregnancies.

Conclusion

We did not compare the impact of individual metabolic components with that of MetS as a
composite, and therefore cannot conclude that MetS is better at identifying women at risk.
However, more than half of the women who had MetS in early pregnancy developed a preg-
nancy complication compared with just over a third of women who did not have MetS. Fur-
thermore, while increasing BMI increases the probability of GDM, the addition of MetS
exacerbates this probability. Further studies are required to determine if individual MetS com-
ponents act synergistically or independently. It is currently unclear whether women in this
study had an adverse metabolic profile prior to pregnancy, and, therefore, studies to assess and
monitor changes in metabolic profile pre-conception and throughout pregnancy may be help-
ful. Young women identified as having poor metabolic health in pregnancy are at increased
risk for pregnancy complications, and these women will likely need metabolic follow-up in the
years after their pregnancy.
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