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Abstract

Objective

It remains unclear what roles placenta-originated angiogenic factors play in the
pathogenesis of preeclampsia among hypertensive women. We compared maternal
soluble fms-like tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) levels
throughout pregnancy in women with normal blood pressure (BP), elevated BP and
hypertension in early pregnancy and their risks of developing hypertensive disorders.
Design

A prospective cohort study.

Setting

KK Women’s and Children’s Hospital, Singapore.

Participants

923 women with singleton pregnancy less than 14 weeks of gestation were included
in the prospective Neonatal and Obstetrics Risks Assessment cohort between
September 2010 and October 2014. Systolic, diastolic, mean arterial blood pressure
(MAP) were measured at 11-14 weeks.

Primary and secondary outcomes

Maternal serum sFlt-1, PIGF and sFIt-1/P1GF ratio were tested at 11-14 weeks, 18-22
weeks, 28-32 weeks and 34 weeks onwards of gestation. Preeclampsia was main
pregnancy outcome.

Results

Women were divided based on their BP in early pregnancy: normal (N=750), elevated

BP (N=98) and hypertension (N=75). Maternal sFlt-1 levels and sFlt-1/PIGF ratios
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were higher in hypertensive women throughout pregnancy, but maternal PIGF levels
were not significantly lower. Rise in maternal systolic, diastolic BP and MAP at 11-
14 weeks were significantly associated with higher sFlt-1/PIGF ratios during
pregnancy. A 10 mmHg increase in MAP was associated with a 5.6-fold increase in
risk of preterm preeclampsia and a 3.3-fold increase in risk of term preeclampsia,
respectively.

Conclusion

Women with elevated blood pressure in early pregnancy already have a higher sFIt-
1/P1GF ratio in early gestation and throughout pregnancy, and an increased risk of
hypertensive complications. In contrast, PIGF levels in these women remain normal,
suggesting that it is the vascular dysfunction, not the placenta, that plays a critical role

in the pathogenesis of preeclampsia.

Key words
blood pressure, soluble fms-like tyrosine kinase 1, placental growth factor,

preeclampsia
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Strengths and limitations of the study

This study was based on a well-performed perspective cohort with
comprehensive information on clinical, biophysical and biochemical markers.
Covariance analysis was performed to compare differences of angiogenic factors
values among groups; multivariable logistic regression analysis was performed to
evaluate the association between early pregnancy blood pressure and pregnancy
outcomes.

Given that most of our participants were low-risk pregnant women, our results

may not be applicable to high-risk women.
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Introduction

The imbalance in placenta-originated angiogenic factors has been found to play an
important role in the pathogenesis of preeclampsia in recent years. Soluble fms-like
tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) are the most studied
proteins. sFlt-1, a splice variant of the vascular endothelial growth factor (VEGF)
receptor Flt-1, is a circulating anti-angiogenic protein that inhibits proangiogenic
factors-VEGF and placental growth factor (PIGF) signaling in the vasculature.! High
levels of circulating sFlt-1 and low levels of PIGF were observed in women with
established preeclampsia and even before the onset of clinical symptoms. >3 These
promising findings have been adopted and recommended by the National Institute for
Clinical Excellence (NICE) to rule out preeclampsia in women presenting with

clinical suspicion.*

Numerous studies focused on the pathological effects of excess sFIt-1 on endothelial
function. It was observed that overexpression of sFlt-1 produced a preeclampsia-like
syndrome of hypertension, proteinuria and glomerular endotheliosis in experimental
animals.’ sFlt-1 is largely made by syncytiotrophoblast and secreted into maternal
circulation.® Placental hypoxia may be one of the main triggers of inducing abundant
sFlt-1 expression and leading to hypertensive complications.”-® However, this
hypothesis may not totally explain why women with elevated blood pressure before
pregnancy have a substantially higher risk of preeclampsia. The objective of this

study is to examine the dynamic changes of angiogenic and anti-angiogenic factors
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throughout pregnancy in Asian women with elevated blood pressure in early gestation

and their risks of developing hypertensive disorders later in pregnancy.

Methods

Study design

The Neonatal and Obstetrics Risks Assessment (NORA) study was a prospective
cohort conducted at the KK Women’s and Children’s Hospital (KKH) in Singapore.’
The cohort was set up to screen factors associated with adverse perinatal outcomes,
with a focus on using clinical, biochemical and biophysical markers to predict the
risks of pregnancy complications in early pregnancy. In brief, detailed interviews,
ultrasound scans and blood sample collections were performed at recruitment (11 to
14 weeks), 18 to 22 weeks, 28 to 32 weeks and 34 weeks onward, respectively. All 4
antenatal visits also included measurement of maternal height and weight; recording
of blood pressure by validated automated devices according to the recommendations
of the American Heart Association.!? Participants were closely followed up till their
postnatal discharge from the hospital. Information on pregnancy complications, labor
and delivery and neonatal outcomes was collected through medical chart review. The
study protocol was approved by the SingHealth Centralised Institutional Review
Board Ethics Committee, Singapore (CIRB Ref No. 2010/214/D), and a written

informed consent was obtained from all participating women.

Study population
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The NORA cohort recruited women with confirmed singleton pregnancies less than
14 weeks of gestation between September 2010 and October 2014. The exclusion
criteria were multiple gestation, severe medical conditions such as chronic renal
disease or systemic lupus erythematosus and pregnancies complicated by aneuploidy
or fetal anomaly. Gestational age was confirmed by ultrasound at recruitment. A total
of 1013 women were enrolled and 934 of them completed all 4 antenatal visits. 8
participants were delivered elsewhere, leaving 926 eligible women in the cohort. To
evaluate the impacts of maternal blood pressure in early pregnancy on angiogenic
factors levels and pregnancy outcomes, we used blood pressure at recruitment (11-14
weeks) to classify women into normal, elevated and hypertension groups. As 3
women did not have blood pressure records at recruitment (11-14 weeks), we

included 923 participants for the final analysis (Figure 1).

Diagnosis

Preeclampsia was defined according to the guidelines of International Society for the
Study of Hypertension in Pregnancy '!: systolic blood pressure (SBP) >140 mmHg
and/or diastolic blood pressure (DBP) >90 mmHg on at least two occasions four hours
apart after 20 weeks of gestation in a previously normotensive women, and
proteinuria: urinary albumin >300mg/24 hours urine collection or >1+ dipstick. We
used the gestational age at delivery to divide cases of preeclampsia into term (>37
weeks) and preterm term (< 37 weeks). Gestational hypertension was defined as

newly onset hypertension after 20 weeks of gestation without proteinuria. Chronic
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hypertension was defined as women with history of hypertension before conception or

the presence of hypertension before 20 weeks of gestation.

To explore the relationship between maternal blood pressure levels in the first
trimester and pregnancy outcome, we followed the 2017 guideline from the American
College of Cardiology and the American Heart Association (ACC/AHA).'?> Normal
blood pressure was defined as SBP < 120 mmHg and DBP < 80 mmHg; elevated
blood pressure was defined as SBP 120-129 mmHg and DBP < 80 mmHg;
hypertension stage 1 as SBP 130-139 mmHg or DBP 80-89 mmHg and hypertension

stage 2 as SBP>140 mmHg or DBP >90 mmHg.

Measurement of blood pressure

Blood pressure was taken by validated automated devices which were calibrated
periodically. The women were in the seated position and their arms were supported. A
correct cuff size was used and the middle of cuff was positioned on woman’s upper
arm at the level of the right atrium. After a five-minute rest, blood pressure was
measured by trained nurses and three recordings were made at 1-minute intervals. We
calculated SBP and DBP as the average of the three measurements. Mean arterial
pressure (MAP) was calculated from SBP and DBP measures using the following
formula: MAP=DBP+1/3%(SBP-DBP). Blood pressure was modeled continuously in

units of 10 mm of mercury (mmHg).
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Measurements of angiogenic factors

About 8 ml of maternal venous blood was collected in non-heparinised tubes at each
antenatal visit. It was then centrifuged at 2000rpm for 15 minutes before separating
and storing serum samples at -80°C for subsequent analysis. Serum levels of sFIt-1
and PIGF were determined by means of the fully automated Elecsys assays on an
electrochemiluminescence immunoassay platform (cobas e411 analyzers, Roche
Diagnostics). The detection limit was approximately 6 pg/ml for sFlt-1 and <2 pg/ml

for PIGF.

Statistical analysis

Normality of continuous variables was assessed by the Kolmogorov-Smirnov test.
Numeric data were expressed as mean (standard deviation) or as median (interquartile
range) for normally and non-normally distributed data, respectively. Maternal
characteristics and pregnancy outcomes were compared among normal, elevated
blood pressure and hypertension (stage 1 and stage 2) groups using one-way ANOVA
or Kruskal-Wallis tests for continuous variables and x? analysis for categorical
variables. Covariance analysis and Dunnett test was used to compare differences of
logarithm-transformed angiogenic factors values among groups adjusted for
covariants. Geometric means and 95% confidence intervals were calculated by taking
the exponent of the logarithm transformed mean. Linear regression analysis was
performed to assess the association of blood pressure (10 mmHg) at recruitment with

logarithm-transformed angiogenic factors values during pregnancy. Covariance
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analysis and linear regression models were adjusted for maternal race, smoking during
pregnancy, body mass index (BMI) and gestational age at blood collection as
covariant. Logistic regression analysis was performed to evaluate the association
between early pregnancy blood pressure (10 mmHg) and pregnancy outcomes with
adjustment of potential confounders, including maternal age, race, education,
maternal BMI at recruitment, chronic hypertension and preexisting diabetes mellitus.

We used SAS version 9.4 (Cary, NC) for all statistical analyses.

Results

A total of 923 participants in the NORA cohort were included in this analysis. Based
on maternal blood pressure at recruitment at 11-14 weeks of gestation, 750 women
were classified as normal blood pressure; 98 women as elevated blood pressure, and
75 women as hypertension (stage 1 and stage 2). A comparison of maternal
characteristics and pregnancy outcomes are given in Table 1. Women with
hypertension (stage 1 and stage 2) in the first trimester were slightly older than the
other two groups. Chinese women contributed a greater proportion of hypertension
(49.3%) than Indian (8.0%) and Malay (30.7%). A higher incidence of maternal
overweight (BMI >25 kg/m?) and obesity (BMI >30 kg/m?) was observed in the
elevated blood pressure group and hypertension group than in the normal blood

pressure group.
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3

4 Table 1. Characteristics and pregnancy outcomes by maternal blood pressure at 11-14weeks in the
Z NORA cohort.

7 Variables Normal BP  Elevated BP  Hypertension P value
2 (stage 1 and stage?2)

10 (n=750) (n=98) (n=75)

1; Maternal age (year), median (IQR) 30.0 (26.0- 30.0 (26.0- 32.0(29.0-35.0) <0.001
13 34.0) 35.0)

1‘5‘ Race, n (%) 0.012
16 Chinese 393 (52.3) 38 (38.8) 37 (49.3)

1; Indian 88 (11.7) 6 (6.1) 6 (8.0)

19 Malay 186 (24.8) 41 (41.8) 23 (30.7)

;‘1) Others 84 (11.2) 13 (13.3) 9 (12.0)

22 Parity, n (%) 0.091
;i 0 419 (55.9) 49 (50.0) 33 (44.0)

25 1 236 (31.5) 32 (32.7) 25 (33.3)

;? >2 95 (12.7) 17 (17.3) 17 (22.7)

28 Maternal education levels, n (%) 0.044
gg Less than high school 166 (22.2)  28(28.6) 25 (33.3)

31 High school 299 (40.0) 44 (44.9) 23 (30.7)

gg College and above 282 (37.8) 26 (26.5) 27 (36.0)

34 Married, n (%) 699 (93.2) 90 (91.8) 72 (96.0) 0.544
22 Smoking during pregnancy, n (%) 19 (2.5) 4(4.1) 0(0) 0.230
37 Maternal BMI at 11-14 weeks of <0.001
22 gestation (kg/m2), n (%)

40 <18.5 62 (8.3) 2(2.0) 0(0)

:; 18.5-24.9 475 (63.5)  32(32.7) 16 (21.3)

43 25.0-29.9 162 (21.7) 35(35.7) 32 (42.7)

44 >30.0 49 (6.6) 29 (29.6) 27 (36.0)

45

46 Diabetes mellitus, n (%) 7(0.9) 2 (2.0) 5(6.7) <0.001
4; ART conception, n (%) 31 (4.1) 4 (4.1) 2(2.7) 0.826
4

49 Antihypertensive medication, 0 (0) 0 (0) 3(4.0) <0.001
50 n (%)

51

52 Pregnancy outcomes

53 Delivery age (weeks), median 39.0 (38.1- 38.7 (38.0- 38.3(37.6-39.1) 0.001
54

55 (IQR) 39.7) 39.6)

56 Birth weight (kg), median (IQR) 3.1 (2.9-3.4) 3.1(2.9-3.5) 3.1 (2.8-3.4) 0.324
57

58 Gestational hypertension, n (%) 10 (1.3) 3(3.1) 5(6.7) 0.004
59 Preeclampsia, n (%) 6 (0.8) 33.D) 12 (16.0) <0.001
60
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Preterm preeclampsia, n (%) 4 (0.5) 0(0) 5(6.7) <0.001
Term preeclampsia, n (%) 2(0.3) 33.1) 7(9.3) <0.001

IQR: interquartile range; BMI: body mass index; ART: assisted reproductive technology; BP: blood

pressure.

The prevalence of maternal preconception diabetes was 6.7% in hypertension groups
which was significantly higher than that of the other two groups. However, the
prevalence of conception with assisted reproductive technology (ART) were not
significantly different among the three groups. As expected, the incidence of
gestational hypertension (6.7%), preeclampsia (16.0%), preterm preeclampsia (6.7%)
and term preeclampsia (9.3%) were the highest in the hypertension group. Women
with hypertension had sustainable higher blood pressure levels during pregnancy

(Table 2).

Table 2. Maternal blood pressure levels at 4 time points during pregnancy by maternal blood

pressure at 11-14weeks in the NORA cohort.

Variables Normal BP  Elevated BP  Hypertension P value
(stage 1 and stage2)
(n=750) (n=98) (n=75)
SBP (mmHg), mean+SD
11-14 weeks <0.001
104.9+8.3 123.242.6 126.8+11.1
18-22 weeks <0.001
105.9£10.1 118.6%9.9 124.0£10.5
28-32 weeks <0.001
108.2£10.0  118.1£9.7 123.8+11.4
<0.001
234 weeks 110.5£10.7 119.5%£10.6 126.1+15.5
DBP (mmHg), mean+SD
11-14 weeks <0.001

63.616.8 71.4+4.4 80.81£7.0
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18-22 week <0.001
Weeks 62.9+7.0  69.0+72 76.348.1
28-32 week <0.001
Weeks 640469  69.846.6 76.6£9.0
<0.001
>34 weeks 674478  733%73 80.0+11.4
MAP (mmHg), mean+SD
11-14 week <0.001
Weeks 773465 887432 96.146.5
18-22 week <0.001
Weeks 772472 85.5473 92.2+8.2
28-32 week <0.001
Weeks 78.847.1  85.9+63 92.4%9.1
<0.001
>34 weeks 81.848.1  88.7+7.6 95.4+11.9

BP: blood pressure; SD: standard deviation; SBP: systolic blood pressure; DBP: diastolic blood
pressure; MAP: mean arterial pressure

Table 3 shows the values of angiogenic factors at 4 time points in the NORA
participants. We used covariance analysis to control for potential confounders that
were reported to have impact on serum angiogenic proteins levels, including maternal
race, smoking, maternal BMI and gestational age at blood collection. Overall, serum
sFlt-1 concentrations continued rising throughout pregnancy. PIGF levels increased
from the first trimester, peaked at 28-32 weeks and declined afterwards.
Consequently, high levels of sFIt-1/PIGF ratio were observed both at 11-14 weeks and
34 weeks onwards. The dynamic change of serum angiogenic factors during
pregnancy was observed in all 3 groups. Maternal serum sFIt-1 and PIGF levels were
not significantly different between elevated BP group and normal BP group at 4 time
points during pregnancy. In hypertension group, a trend of higher maternal sFlt-1

concentrations was observed from early pregnancy and it was dramatically increased
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during the third trimester compared with sFlt-1 levels in normotensive women. In
contrast, PIGF concentrations were not significantly different between hypertension
group and normal BP group. Thus, sFlt-1/PIGF ratio in hypertensive women was

significantly higher throughout pregnancy than that in normotensive women.
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Table 3. Maternal serum angiogenic factors levels at 4 time points during pregnancy by maternal blood pressure at 11-14weeks in the NORA cohort.
Angiogenic factors  Time points Normal BP Elevated BP Hypertension (stage 1 and stage 2)
N mean (95%CI) * N mean (95%CI) * P value N mean (95%CI) * Pvalue
sFlt-1 (pg/ml) 11-14 weeks 746 1585 (1549, 1622) 98 1722 (1585,1862) 0.096 75 1758 (1585, 1950) 0.079
18-22 weeks 745 1698 (1660, 1778) 98  1738(1585,1950) 0.824 75 1905 (1698, 2138) 0.139
28-32 weeks 730 1660 (1585, 1698) 92 1698 (1549, 1862) 0.868 70 2042 (1820, 2291) 0.001
>34 weeks 659 2570 (2512, 2692) 82  2818(2570,3162) 0.201 57 3311 (2951, 3802) 0.000
PIGF (pg/ml) 11-14 weeks 746 37 (36, 38) 98  35(32,398) 0.243 75 35(32,39) 0.593
18-22 weeks 745 269 (257, 275) 98 245224, 269) 0.261 75 245 (219, 275) 0.364
28-32 weeks 730 617 (589, 646) 92 575(501, 676) 0.718 70 537 (457, 631) 0.270
>34 weeks 659 380 (355, 398) 82 324269, 380) 0.178 57 339 (275, 427) 0.585
sF1t-1/ PIGF ratio 11-14 weeks 746  42.7 (40.7, 44.7) 98  50.1(44.7,55.0) 0.013 75 50.1 (43.7,56.2) 0.042
18-22 weeks 745 6.5(6.2,6.8) 98  7.1(6.3,7.9) 0.201 75 7.8 (6.8, 8.9) 0.027
28-32 weeks 730 2.7(2.5,2.9) 92 29(25,3.5) 0.643 70 3.8(3.1,4.6) 0.005
>34 weeks 659 6.9(6.3,7.4) 82 89(6.9,11.2) 0.100 57 9.8(74,13.2) 0.044

BP, blood pressure; CI, confidence interval.

*Means (95%CI) are adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models

with logarithm-transformed serum angiogenic factors levels as outcomes; presented as geometric means.

tstatistically significant difference between normal BP and elevated BP groups.

istatistically significant difference between normal BP and hypertension group.
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Higher levels of DBP and MAP in early pregnancy were significantly associated with
higher log-transformed sFIt-1 values throughout pregnancy. Meanwhile, higher SBP
levels were significantly associated with lower log-transformed PIGF levels both at
18-22 weeks (B=-0.02 per 10 mmHg SBP, P=0.011) and at 28-32 weeks (= -0.02
per 10 mmHg SBP, P=0.031). Thus, rises in maternal SBP, DBP and MAP in the first
trimester were significantly associated with higher sFlt-1/PIGF ratios during

pregnancy (supplementary table 1).

Table 4 presents the significant association between blood pressure in early pregnancy
and risks of preeclampsia (OR 2.5, 95% CI 1.5-4.0 per 10 mmHg SBP; OR 4.3, 95%
CI2.3-7.9 per 10 mmHg DBP; OR 4.1, 95% CI 2.2-7.7 per 10 mmHg MAP,
respectively) after adjustment of potential confounders. Preterm preeclampsia was
more closely associated with higher DBP than SBP (OR 6.0, 95% CI 2.3-7.9 per 10

mmHg DBP vs. OR 1.9, 95% CI 0.9-3.8 per 10 mmHg SBP).

Table 4. Logistic regression analysis for maternal blood pressure at 11-14weeks and adverse

pregnancy outcomes.

Page 16 of 27

Variable Preeclampsia Preterm preeclampsia Term preeclampsia
Crude OR  Adjusted OR* Crude  Adjusted OR* Crude  Adjusted OR*
(95% CI) OR (95% CI) OR (95% CI)
SBP (10mmHg) 3.0 2.5(1.5,4.0) F 1.9 1.9(0.9, 3.8) 4.1 3.2(1.6,64)F
DBP (10mmHg) 5.2 43(23,79) % 5.8 6.0(2.3,16.2) 4.4 3.1(1.4,6.8)
MAP (10mmHg) 5.1 4.12.2,77) % 5.1 5.6(2.0,15.5) 4.7 33(1.5,74)

OR, odds ratio; CI, confidence interval; SBP: systolic blood pressure; DBP: diastolic blood
pressure; MAP: mean arterial pressure

*Adjusted for maternal age, race, education, maternal body mass index at 11-14 weeks gestation

and diabetes mellitus.

P < 0.01.
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Discussion

Our study confirms that higher early pregnancy blood pressure levels are
prospectively associated with increased risks of preeclampsia, including preterm and
term preeclampsia. Furthermore, women with elevated blood pressure in early
pregnancy already had a higher sFlt-1 level and sFIt-1/PIGF ratio in early gestation
and throughout pregnancy. In contrast, PIGF levels in these women remained normal

throughout gestation.

It is well established that women with chronic hypertension have several times the
risk of preeclampsia than normotensive women.!'3> However, the pathogensis is poorly
understood and what role these angiogenic and anti-angiogenic factors play remains
unclear. Although syncytiotrophoblast is a major source of sFlt-1 production,
peripheral blood monocytes produce a small amount of sFlt-1 further stimulated by
inflammation.'*!> As chronic hypertension is often related to a chronic inflammatory
status,'® the slightly increased sFlt-1 level in hypertensive women in early pregnancy,
as observed in our study, may reflect the chronic inflammatory status in early
pregnancy. Our results suggest an imbalanced angiogenic environment in early
pregnancy along with chronic inflammation may injure maternal vascular function
and cause a preexisting maternal endothelial dysfunction. The latter, in turn, increases

the risk of hypertensive disorders in pregnancy.
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On the other hand, maternal circulating PIGF is highly expressed during pregnancy by
the placenta. It has both vasculogenic and angiogenic functions '7 and its level is likely
to reflect the placental health conditions. For example, low PIGF concentrations
preceding clinical onset of preeclampsia often occur in early-onset rather than late-
onset preeclampsia.!® Women who develop preeclampsia with fetal growth restriction
(FGR) have further decreased PIGF levels compared with women who develop
preeclampsia without FGR.!%-2! Early-onset preeclampsia and placenta-derived FGR
are associated with placenta pathology including incomplete remodeling of spiral
arteries, acute atherosis and thrombosis in spiral arteries and syncytiotrophoblast
necrosis.?>?3 In our study, women with elevated blood pressure in early pregnancy,
the PIGF level remained by and large normal throughout pregnancy and newborns’
birth weight was not significantly different among the three groups, suggesting that

the placental implantation and development may not be impaired in these women.

As poor placentation is not a unique cause of developing preeclampsia, enhanced
placental oxidative and endoplasmic reticulum stress and increased maternal systemic
inflammatory responses are thought to play crucial roles in preeclampsia as well 2423
Thus, preexisting endothelial dysfunction in hypertensive women could be
exacerbated as a result of physiological burden of pregnancy even without an
abnormal placentation.?® Taking all things considered, we propose that the imbalanced
angiogenic factors environment and, perhaps more importantly, preexisting

endothelial susceptibility and dysfunction, may play a critical role in the development
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of preeclampsia in women with elevated blood pressure in early pregnancy.

Our study was a well-performed prospective study with comprehensive information
including clinical, biophysical and biochemical markers. The follow-up rate was
99.1% (926/934) at the end of pregnancy. Measurements of blood pressure and serum
angiogenic factors were performed according to standardized protocols. In our study,
three women reported using antihypertensive medications during pregnancy; thus, the
results should not be affected by the medication issue. On the other hand, as most of
our participants were low-risk pregnant women, our results may not be applicable to

high-risk women.

Conclusion

Women with elevated blood pressure in early pregnancy already have a higher sFIt-
1/P1GF ratio in early gestation and throughout pregnancy, and an increased risk of
hypertensive complications. In contrast, PIGF levels in these women remain normal
throughout gestation, suggesting that it is the vascular dysfunction, not the placenta,
that plays a critical role in the pathogenesis of preeclampsia. Our study also supports
that preconception or early pregnancy high blood pressure, defined as SBP>130
mmHg or DBP>80 mmHg according to 2017 ACC/AHA guideline, should cause

clinical awareness both during pregnancy and in their later life.
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Figure legends

Figure 1. Flowchart of participants.

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



oNOYTULT D WN =

BMJ Open

1013 singleton pregnancies were
recruited before 14 weeks of gestation

\4

923 participants were
included in the final analysis

\ 4

90 participants were excluded:
79 incomplete antenatal visits
8 delivery elsewhere
3 incomplete data on blood pressure
at 11-14 weeks
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Supplementary table 1. Associations of maternal blood pressure at 11-14weeks with serum angiogenic factors levels during pregnancy.

Variable Time points Log sFlt-1 Log PIGF Log sFlt-1/ PIGF ratio
P val P val P val
B (95% CI) * vatue B (95% CI) * vate B (95% CI) * value
Systolic blood pressure 11-14 weeks 0.01 (0.004, 0.03) 0.009 -0.01 (-0.02, 0.0004) 0.057 0.03 (0.01, 0.04) <0.001
(10mmHg) 18-22 weeks 0.01 (-0.01, 0.02) 0.227 -0.02 (-0.03, -0.004) 0.011 0.02 (0.01, 0.04) 0.003
28-32 weeks 0.01 (-0.001, 0.02) 0.068 -0.02 (-0.04, -0.002) 0.031 0.03 (0.01, 0.06) 0.007
0.02 (0.01, 0.03) 0.009 -0.02 (-0.05, 0.001) 0.059 0.04 (0.01, 0.07) 0.011
>34 weeks
Diastolic blood pressure 11-14 weeks 0.02 (0.01, 0.04) 0.002 -0.01 (-0.03, 0.001) 0.069 0.04 (0.02, 0.05) <0.001
(10mmHg) 18-22 weeks 0.02 (0.004, 0.04) 0.014 -0.01 (-0.02, 0.01) 0.388 0.03 (0.01, 0.05) 0.008
28-32 weeks 0.04 (0.02, 0.05) <0.001 -0.02 (-0.04, 0.004) 0.104 0.05 (0.03, 0.08) <0.001
0.04 (0.02, 0.06) <0.001 -0.02 (-0.05, 0.01) 0.134 0.06 (0.02, 0.10) 0.003
234 weeks
Mean arterial pressure 11-14 weeks 0.02 (0.01, 0.04) 0.002 -0.02 (-0.03, -0.001) 0.043 0.04 (0.02, 0.06) <0.001
(10mmHg) 18-22 weeks 0.02 (0.001, 0.03) 0.044 -0.01 (-0.02, 0.01) 0.506 0.02 (0.002, 0.04) 0.030
28-32 weeks 0.03 (0.01, 0.04) 0.001 -0.02 (-0.05, 0.001) 0.058 0.05 (0.02, 0.08) 0.001
0.04 (0.02, 0.05) <0.001 -0.03 (-0.06, -0.003) 0.029 0.07 (0.03,0.11) <0.001
234 weeks

Abbreviations: CI, confidence interval.

*Adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test.
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Abstract

Objective

It remains unclear what roles placenta-originated angiogenic factors play in the
pathogenesis of preeclampsia among hypertensive women. We compared maternal
soluble fms-like tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) levels
throughout pregnancy in women with normal blood pressure (BP), elevated BP and
hypertension in early pregnancy and their risks of developing preeclampsia.

Design

A prospective cohort study.

Setting

KK Women’s and Children’s Hospital, Singapore.

Participants

923 women with singleton pregnancy less than 14 weeks of gestation were included
in the prospective Neonatal and Obstetrics Risks Assessment cohort between
September 2010 and October 2014. Systolic, diastolic, mean arterial blood pressure
(MAP) were measured at 11-14 weeks.

Primary and secondary outcomes

Maternal serum sFlt-1, PIGF and sFIt-1/P1GF ratio were tested at 11-14 weeks, 18-22
weeks, 28-32 weeks and 34 weeks onwards of gestation. Preeclampsia was main
pregnancy outcome.

Results

Women were divided based on their BP in early pregnancy: normal (N=750), elevated

BP (N=98) and hypertension (N=75). Maternal sFlt-1 levels and sFlt-1/PIGF ratios
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were higher in hypertensive women throughout pregnancy, but maternal PIGF levels
were not significantly lower. Rise in maternal systolic, diastolic BP and MAP at 11-
14 weeks were significantly associated with higher sFlt-1/PIGF ratios during
pregnancy. A 10mmHg increase in MAP was associated with a 5.6-fold increase in
risk of preterm preeclampsia and a 3.3-fold increase in risk of term preeclampsia,
respectively.

Conclusion

Women with elevated blood pressure in early pregnancy already had a higher sFIt-
1/P1GF ratio in early gestation and throughout pregnancy, and an increased risk of

preeclampsia. In contrast, PIGF levels in these women remained normal.

Key words
blood pressure, soluble fms-like tyrosine kinase 1, placental growth factor,

preeclampsia
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Strengths and limitations of the study

This study was based on a well-performed perspective cohort with
comprehensive information on clinical, biophysical and biochemical markers.
Covariance analysis was performed to compare differences of angiogenic factors
values among groups; multivariable logistic regression analysis was performed to
evaluate the association between early pregnancy blood pressure and pregnancy
outcomes.

Given that most of our participants were low-risk pregnant women, our results

may not be applicable to high-risk women.
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Introduction

The imbalance in placenta-originated angiogenic factors has been found to play an
important role in the pathogenesis of preeclampsia in recent years. Soluble fms-like
tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) are the most studied
proteins. sFlt-1, a splice variant of the vascular endothelial growth factor (VEGF)
receptor Flt-1, is a circulating anti-angiogenic protein that inhibits proangiogenic
factors-VEGF and placental growth factor (PIGF) signaling in the vasculature.! High
levels of circulating sFlt-1 and low levels of PIGF were observed in women with
established preeclampsia and even before the onset of clinical symptoms. >3 These
promising findings have been adopted and recommended by the National Institute for
Clinical Excellence (NICE) to rule out preeclampsia in women presenting with

clinical suspicion.*

Numerous studies focused on the pathological effects of excess sFIt-1 on endothelial
function. It was observed that overexpression of sFlt-1 produced a preeclampsia-like
syndrome of hypertension, proteinuria and glomerular endotheliosis in experimental
animals.’ sFlt-1 is largely produced by syncytiotrophoblast and secreted into maternal
circulation.® Placental hypoxia may be one of the main triggers of inducing abundant
sFlt-1 expression and leading to hypertensive complications.”-® However, this
hypothesis may not totally explain why women with elevated blood pressure before
pregnancy have a substantially higher risk of preeclampsia. Besides, evidence

suggests that there might be some racial differences in maternal angiogenic and anti-
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angiogenic factors. ? Thus, the objective of this study is to examine the dynamic
changes of angiogenic and anti-angiogenic factors throughout pregnancy in Asian
women with elevated blood pressure in early gestation and their risks of developing

preeclampsia later in pregnancy.

Methods

Study design

The Neonatal and Obstetrics Risks Assessment (NORA) study was a prospective
cohort conducted at the KK Women’s and Children’s Hospital (KKH) in Singapore.!?
The cohort was set up to screen factors associated with adverse perinatal outcomes,
with a focus on using clinical, biochemical and biophysical markers to predict the
risks of pregnancy complications in early pregnancy. In brief, detailed interviews,
ultrasound scans and blood sample collections were performed at recruitment (11 to
14 weeks), 18 to 22 weeks, 28 to 32 weeks and 34 weeks onward, respectively. All 4
antenatal visits also included measurement of maternal height and weight; recording
of blood pressure by validated automated devices according to the recommendations
of the American Heart Association.!! Participants were closely followed up till their
postnatal discharge from the hospital. Information on pregnancy complications, labor
and delivery and neonatal outcomes was collected through medical chart review. The
study protocol was approved by the SingHealth Centralised Institutional Review
Board Ethics Committee, Singapore (CIRB Ref No. 2010/214/D), and a written

informed consent was obtained from all participating women.
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Study population

The NORA cohort recruited women with confirmed singleton pregnancies less than
14 weeks of gestation between September 2010 and October 2014. The exclusion
criteria were multiple gestation, severe medical conditions such as chronic renal
disease or systemic lupus erythematosus and pregnancies complicated by aneuploidy
or fetal anomaly. Gestational age was confirmed by ultrasound at recruitment. A total
of 1013 women were enrolled and 934 of them completed all 4 antenatal visits. 8
participants were delivered elsewhere, leaving 926 eligible women in the cohort. To
evaluate the impacts of maternal blood pressure in early pregnancy on angiogenic
factors levels and pregnancy outcomes, we used blood pressure at recruitment (11-14
weeks) to classify women into normal, elevated and hypertension groups. As 3
women did not have blood pressure records at recruitment (11-14 weeks), we

included 923 participants for the final analysis (Figure 1).

Diagnosis

Preeclampsia was defined according to the guidelines of International Society for the
Study of Hypertension in Pregnancy '?: systolic blood pressure (SBP) >140 mmHg
and/or diastolic blood pressure (DBP) >90 mmHg on at least two occasions four hours
apart after 20 weeks of gestation in a previously normotensive women, and
proteinuria: urinary albumin >300mg/24 hours urine collection or >1+ dipstick. We

used the gestational age at delivery to divide cases of preeclampsia into term (>37
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weeks) and preterm term (< 37 weeks). Gestational hypertension was defined as
newly onset hypertension after 20 weeks of gestation without proteinuria. Chronic
hypertension was defined as women with history of hypertension before conception or

the presence of hypertension before 20 weeks of gestation.

To explore the relationship between maternal blood pressure levels in the first
trimester and pregnancy outcome, we followed the 2017 guideline from the American
College of Cardiology and the American Heart Association (ACC/AHA).!3 Normal
blood pressure was defined as SBP < 120 mmHg and DBP < 80 mmHg; elevated
blood pressure was defined as SBP 120-129 mmHg and DBP < 80 mmHg;
hypertension stage 1 as SBP 130-139 mmHg or DBP 80-89 mmHg and hypertension

stage 2 as SBP>140 mmHg or DBP >90 mmHg.

Measurement of blood pressure

Blood pressure was taken by validated automated devices which were calibrated
periodically. The women were in the seated position and their arms were supported. A
correct cuff size was used and the middle of cuff was positioned on woman’s upper
arm at the level of the right atrium. After a five-minute rest, blood pressure was
measured by trained nurses and three recordings were made at 1-minute intervals. We
calculated SBP and DBP as the average of the three measurements. Mean arterial
pressure (MAP) was calculated from SBP and DBP measures using the following

formula: MAP=DBP+1/3x(SBP-DBP). Blood pressure was modeled continuously in
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units of 10 mm of mercury (mmHg).

Measurements of angiogenic factors

About 8 ml of maternal venous blood was collected in non-heparinised tubes at each
antenatal visit. It was then centrifuged at 2000rpm for 15 minutes before separating
and storing serum samples at -80°C for subsequent analysis. Serum levels of sFlt-1
and PIGF were determined by means of the fully automated Elecsys assays on an
electrochemiluminescence immunoassay platform (cobas e411 analyzers, Roche
Diagnostics). The detection limit was approximately 6 pg/ml for sFlt-1 and <2 pg/ml

for PIGF.

Statistical analysis

Normality of continuous variables was assessed by the Kolmogorov-Smirnov test.
Numeric data were expressed as mean (standard deviation) or as median (interquartile
range) for normally and non-normally distributed data, respectively. Maternal
characteristics, pregnancy outcomes and maternal blood pressure levels were
compared among normal, elevated blood pressure and hypertension (stage 1 and stage
2) groups using one-way ANOVA or Kruskal-Wallis tests for continuous variables
and y? analysis for categorical variables. Covariance analysis and Dunnett test was
used to compare differences of logarithm-transformed angiogenic factors values
among groups adjusted for covariants. Geometric means and 95% confidence

intervals were calculated by taking the exponent of the logarithm transformed mean.
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Linear regression analysis was performed to assess the association of blood pressure
(10 mmHg) at recruitment with logarithm-transformed angiogenic factors values
during pregnancy. Covariance analysis and linear regression models were adjusted for
maternal race, smoking during pregnancy, body mass index (BMI) and gestational age
at blood collection as covariant. Logistic regression analysis was performed to
evaluate the association between early pregnancy blood pressure (10 mmHg) and
pregnancy outcomes with adjustment of potential confounders, including maternal
age, race, education, maternal BMI at recruitment, chronic hypertension and
preexisting diabetes mellitus. We used SAS version 9.4 (Cary, NC) for all statistical

analyses.

Patient and public involvement
Patients and the public were not directly involved in the design, conduct or reporting

in our study.

Results

A total of 923 participants in the NORA cohort were included in this analysis. Based
on maternal blood pressure at recruitment at 11-14 weeks of gestation, 750 women
were classified as normal blood pressure; 98 women as elevated blood pressure, and
75 women as hypertension (stage 1 and stage 2). A comparison of maternal
characteristics and pregnancy outcomes are given in Table 1. Women with

hypertension (stage 1 and stage 2) in the first trimester were slightly older than the
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1 11
2

3

g 1 other two groups. Chinese women contributed a greater proportion of hypertension

6

7 2 (49.3%) than Indian (8.0%) and Malay (30.7%). A higher incidence of maternal

8

?o 3  overweight (BMI >25 kg/m?) and obesity (BMI >30 kg/m?) was observed in the

11

g 4  elevated blood pressure group and hypertension group than in the normal blood

14

15 5  pressure group.

16

18 6

;g Table 1. Characteristics and pregnancy outcomes by maternal blood pressure at 11-14weeks in the
21 8  NORA cohort.

;g Variables Normal BP  Elevated BP  Hypertension P value
24 (stage 1 and stage2)

;Z (n=750) (n=98) (n=75)

27 Maternal age (year), median (IQR) 30.0 (26.0- 30.0 (26.0- 32.0(29.0-35.0) <0.001
;g 34.0) 35.0)

30 Race, n (%) 0.012
g; Chinese 393 (523)  38(38.8)  37(49.3)

33 Indian 88 (11.7) 6(6.1) 6 (8.0)

2‘5‘ Malay 186 (24.8)  41(41.8) 23 (30.7)

36 Others 84 (11.2) 13(133)  9(12.0)

;73 Parity, n (%) 0.091
39 0 419 (55.9) 49 (50.0) 33 (44.0)

2‘1) 1 236 (31.5)  32(327)  25(33.3)

42 >2 95 (12.7) 17 (17.3) 17 (22.7)

Zi Maternal education levels, n (%) 0.044
45 Less than high school 166 (22.2) 28 (28.6) 25(33.3)

j? High school 299 (40.0) 44 (44.9) 23 (30.7)

48 College and above 282 (37.8) 26 (26.5) 27 (36.0)

‘s‘g Married, n (%) 699 (93.2) 90 (91.8) 72 (96.0) 0.544
51 Smoking during pregnancy, n (%) 19 (2.5) 44.1) 0(0) 0.230
gg Maternal BMI at 11-14 weeks of <0.001
54 gestation (kg/m2), n (%)

gg <185 62 (8.3) 2 (2.0) 0 (0)

57 18.5-24.9 475 (63.5)  32(32.7) 16 (21.3)

gg 25.0-29.9 162 (21.7)  35(35.7) 32 (42.7)

60 >30.0 49 (6.6) 29 (29.6) 27 (36.0)
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Diabetes mellitus, n (%) 7(0.9) 2 (2.0) 5(6.7) <0.001
ART conception, n (%) 31 (4.1) 4(4.1) 2(2.7) 0.826
Antihypertensive medication, 0 (0) 0 (0) 3(4.0) <0.001
n (%)
Pregnancy outcomes
Delivery age (weeks), median 39.0 (38.1- 38.7 (38.0- 38.3(37.6-39.1) 0.001
(IQR) 39.7) 39.6)
Birth weight (kg), median IQR) 3.1 (2.9-3.4) 3.1(2.9-3.5) 3.1(2.8-3.4) 0.324
Gestational hypertension, n (%) 10 (1.3) 3(3.1) 5(6.7) 0.004
Preeclampsia, n (%) 6 (0.8) 33.1) 12 (16.0) <0.001
Preterm preeclampsia, n (%) 4 (0.5) 0(0) 5(6.7) <0.001
Term preeclampsia, n (%) 2(0.3) 3@3.1) 7(9.3) <0.001

IQR: interquartile range; BMI: body mass index; ART: assisted reproductive technology; BP: blood

pressure.

The prevalence of maternal preconception diabetes was 6.7% in hypertension groups
which was significantly higher than that of the other two groups. However, the
prevalence of conception with assisted reproductive technology (ART) were not
significantly different among the three groups. As expected, the incidence of
gestational hypertension (6.7%), preeclampsia (16.0%), preterm preeclampsia (6.7%)
and term preeclampsia (9.3%) were the highest in the hypertension group. Women
with hypertension had sustainable higher blood pressure levels during pregnancy

(Table 2).

Table 2. Maternal blood pressure levels at 4 time points during pregnancy by maternal blood

pressure at 11-14weeks in the NORA cohort.

Variables Normal BP  Elevated BP  Hypertension P value
(stage 1 and stage?2)
(n=750) (n=98) (n=75)

SBP (mmHg), mean+SD
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11-14 week <0.001
Weeks 1049483 1232426  126.8+11.1
18-22 week <0.001
Weeks 1059+10.1 118.649.9  124.0+10.5
28-32 week <0.001
Weeks 10824100 118.14¢9.7  123.8+11.4
<0.001
>34 weeks 11054107 11954106  126.1%15.5
DBP (mmHg), mean+SD
11-14 week <0.001
Weeks 63.6+6.8  714+44 80.8+7.0
18-22 week <0.001
Weeks 62.9+7.0  69.0+72 76.348.1
28-32 week <0.001
Weeks 640469  69.846.6 76.6£9.0
<0.001
>34 weeks 67.4+78 733473 80.0+11.4
MAP (mmHg), mean+SD
11-14 weeks <0.001
773465  88.7432 96.1%6.5
18-22 weeks <0.001
772472 85.5473 922482
28-32 weeks <0.001
78.8+7.1  85.9463 92.4%9.1
<0.001
>34 weeks 81.8+8.1  88.747.6 95.4411.9

BP: blood pressure; SD: standard deviation; SBP: systolic blood pressure; DBP: diastolic blood

pressure; MAP: mean arterial pressure

Table 3 shows the values of angiogenic factors at 4 time points in the NORA

participants. We used covariance analysis to control for potential confounders that

were reported to have impact on serum angiogenic proteins levels, including maternal

race, smoking, maternal BMI and gestational age at blood collection. Overall, serum

sFlt-1 concentrations continued rising throughout pregnancy. PIGF levels increased

from the first trimester, peaked at 28-32 weeks and declined afterwards.
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Consequently, high levels of sFlt-1/PIGF ratio were observed both at 11-14 weeks and
34 weeks onwards. The dynamic change of serum angiogenic factors during
pregnancy was observed in all 3 groups. Maternal serum sFIt-1 and PIGF levels were
not significantly different between elevated BP group and normal BP group at 4 time
points during pregnancy. In hypertension group, a trend of higher maternal sFIt-1
concentrations was observed from early pregnancy and it was dramatically increased
during the third trimester compared with sFlt-1 levels in normotensive women. In
contrast, PIGF concentrations were not significantly different between hypertension
group and normal BP group. Thus, sFIt-1/PIGF ratio in hypertensive women was

significantly higher throughout pregnancy than that in normotensive women.
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Table 3. Maternal serum angiogenic factors levels at 4 time points during pregnancy by maternal blood pressure at 11-14weeks in the NORA cohort.
Angiogenic factors  Time points Normal BP Elevated BP Hypertension (stage 1 and stage 2)
N mean (95%CI) * N mean (95%CI) * P value N mean (95%CI) * Pvalue
sFlt-1 (pg/ml) 11-14 weeks 746 1585 (1549, 1622) 98 1722 (1585,1862) 0.096 75 1758 (1585, 1950) 0.079
18-22 weeks 745 1698 (1660, 1778) 98  1738(1585,1950) 0.824 75 1905 (1698, 2138) 0.139
28-32 weeks 730 1660 (1585, 1698) 92 1698 (1549, 1862) 0.868 70 2042 (1820, 2291) 0.001
>34 weeks 659 2570 (2512, 2692) 82  2818(2570,3162) 0.201 57 3311 (2951, 3802) 0.000
PIGF (pg/ml) 11-14 weeks 746 37 (36, 38) 98  35(32,398) 0.243 75 35(32,39) 0.593
18-22 weeks 745 269 (257, 275) 98 245224, 269) 0.261 75 245 (219, 275) 0.364
28-32 weeks 730 617 (589, 646) 92 575(501, 676) 0.718 70 537 (457, 631) 0.270
>34 weeks 659 380 (355, 398) 82 324269, 380) 0.178 57 339 (275, 427) 0.585
sF1t-1/ PIGF ratio 11-14 weeks 746  42.7 (40.7, 44.7) 98  50.1(44.7,55.0) 0.013 75 50.1 (43.7,56.2) 0.042
18-22 weeks 745 6.5(6.2,6.8) 98  7.1(6.3,7.9) 0.201 75 7.8 (6.8, 8.9) 0.027
28-32 weeks 730 2.7(2.5,2.9) 92 29(25,3.5) 0.643 70 3.8(3.1,4.6) 0.005
>34 weeks 659 6.9(6.3,7.4) 82 89(6.9,11.2) 0.100 57 9.8(74,13.2) 0.044

BP, blood pressure; CI, confidence interval.

*Means (95%CI) are adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models

with logarithm-transformed serum angiogenic factors levels as outcomes; presented as geometric means.

tstatistically significant difference between normal BP and elevated BP groups.

istatistically significant difference between normal BP and hypertension group.
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Higher levels of DBP and MAP in early pregnancy were significantly associated with
higher log-transformed sFIt-1 values throughout pregnancy. Meanwhile, higher SBP
levels were significantly associated with lower log-transformed PIGF levels both at
18-22 weeks (B=-0.02 per 10 mmHg SBP, P=0.011) and at 28-32 weeks (= -0.02
per 10 mmHg SBP, P=0.031). Thus, rises in maternal SBP, DBP and MAP in the first
trimester were significantly associated with higher sFlt-1/PIGF ratios during

pregnancy (supplementary table 1).

Table 4 presents the significant association between blood pressure in early pregnancy
and risks of preeclampsia (OR 2.5, 95% CI 1.5-4.0 per 10 mmHg SBP; OR 4.3, 95%
CI2.3-7.9 per 10 mmHg DBP; OR 4.1, 95% CI 2.2-7.7 per 10 mmHg MAP,
respectively) after adjustment of potential confounders. Preterm preeclampsia was
more closely associated with higher DBP than SBP (OR 6.0, 95% CI 2.3-7.9 per 10

mmHg DBP vs. OR 1.9, 95% CI 0.9-3.8 per 10 mmHg SBP).
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Table 4. Logistic regression analysis for maternal blood pressure at 11-14weeks and adverse pregnancy outcomes.

Variable Preeclampsia Preterm preeclampsia Term preeclampsia

oNOYTULT D WN =
RN

Crude OR Adjusted OR* Crude OR Adjusted OR* Crude OR
9 (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Adjusted OR*
(95% CI)

1 SBP (10mmHg) 3.0(1.9,4.6) 2.5(1.5,4.0) 1 1.9 (1.1, 3.5) 1.9(0.9, 3.8) 41(22,7.8) 1
12 DBP (10mmHg) 52(2.9,9.3) % 43(2.3,7.9)F 5.8 (2.4,14.4) % 6.0 (2.3,16.2) 44(2.1,9.1) %
14 MAP (10mmHg) 5.1(2.8,9.0) % 4122,77) % 51(2.1,11.9) % 5.6 (2.0, 15.5) 1 47(22,9.7) %

3.2(1.6,6.4) 1
3.1(1.4,68) %
33(1.5,7.4) 1

15 2 OR, odds ratio; CI, confidence interval; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure
17 3  *Adjusted for maternal age, race, education, maternal body mass index at 11-14 weeks gestation and diabetes mellitus.

18 4  §P<0.01.
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Discussion

Our study confirmed that higher early pregnancy blood pressure levels were
prospectively associated with increased risks of preeclampsia, including preterm and
term preeclampsia. Furthermore, women with elevated blood pressure in early
pregnancy already had a higher sFIt-1 level and sFIt-1/PIGF ratio in early gestation
and throughout pregnancy. In contrast, PIGF levels in these women remained normal

throughout gestation.

It is well established that women with chronic hypertension have several times the
risk of preeclampsia than normotensive women.!'* However, the pathogensis is poorly
understood and what role these angiogenic and anti-angiogenic factors play remains
unclear. Although syncytiotrophoblast is a major source of sFlt-1 production,
peripheral blood monocytes produce a small amount of sFlt-1 further stimulated by
inflammation.!>!6 As chronic hypertension is often related to a chronic inflammatory
status,!” the slightly increased sFlt-1 level in hypertensive women in early pregnancy,
as observed in our study, may reflect the chronic inflammatory status in early
pregnancy. Our results showed that hypertensive women in early pregnancy might
have an imbalanced angiogenic factors levels and such imbalanced angiogenic
environment tended to continue during pregnancy, which might be associated with the

increased risks of preeclampsia.

On the other hand, maternal circulating PIGF is highly expressed by the placenta
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during pregnancy. It has both vasculogenic and angiogenic functions '® and its level is
likely to reflect the placental health conditions. For example, low PIGF concentrations
preceding clinical onset of preeclampsia often occur in early-onset rather than late-
onset preeclampsia.!” Women who develop preeclampsia with fetal growth restriction
(FGR) have further decreased PIGF levels compared with women who develop
preeclampsia without FGR.20-22 Early-onset preeclampsia and placenta-derived FGR
are associated with placenta pathology such as incomplete remodeling of spiral
arteries, acute atherosis and thrombosis in spiral arteries and syncytiotrophoblast
necrosis.?*** In our study, women with elevated blood pressure in early pregnancy,
the PIGF level remained by and large normal throughout pregnancy and newborn’s
birth weight was not significantly different among the three groups. Thus, our
findings seem to suggest that the placental implantation and development might not

be impaired in these women.

As poor placentation is not a unique cause of developing preeclampsia, enhanced
placental oxidative and endoplasmic reticulum stress and increased maternal systemic
inflammatory responses are thought to play crucial roles in preeclampsia as well.2>-2
Thus, preexisting endothelial dysfunction in hypertensive women could be
exacerbated as a result of physiological burden of pregnancy even without an
abnormal placentation.?” Taking all things considered, we propose that the imbalanced
angiogenic factors environment and, perhaps more importantly, preexisting

endothelial susceptibility and dysfunction, may play a critical role in the development
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of preeclampsia in women with elevated blood pressure in early pregnancy.

To our best knowledge, this was the first prospective cohort study that illustrated the
dynamic changes of angiogenic and anti-angiogenic factors throughout pregnancy in
women with different blood pressure status in early pregnancy. The NORA cohort
was a well-performed prospective study with comprehensive information including
clinical, biophysical and biochemical markers. The follow-up rate was 99.1%
(926/934) at the end of pregnancy. Measurements of blood pressure and serum
angiogenic factors were performed according to standardized protocols. In our study,
three women reported using antihypertensive medications during pregnancy; thus, the
results should not be affected by the medication issue. On the other hand, as most of
our participants were low-risk pregnant women, our results may not be applicable to
high-risk women. As it was an observational study, the potential residual confounding

and selection bias might have some impacts on our results.

Conclusion

Women with elevated blood pressure in early pregnancy already had a higher sFIt-
1/PIGF ratio in early gestation and throughout pregnancy, and an increased risk of
preeclampsia. In contrast, PIGF levels in these women remained normal throughout
gestation. Our findings suggest that the imbalanced angiogenic factors levels
throughout gestation might play a crucial role in developing preeclampsia in women

with preexisting elevated blood pressure. Our study also supports that preconception
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or early pregnancy high blood pressure, defined as SBP>130 mmHg or DBP>80
mmHg according to 2017 ACC/AHA guideline, should cause clinical awareness both

during pregnancy and in their later life.
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Figure legends

Figure 1. Flowchart of participants.
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1013 singleton pregnancies were
recruited before 14 weeks of gestation

\4

923 participants were
included in the final analysis

\ 4

90 participants were excluded:
79 incomplete antenatal visits
8 delivery elsewhere
3 incomplete data on blood pressure
at 11-14 weeks
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Supplementary table 1. Associations of maternal blood pressure at 11-14weeks with serum angiogenic factors levels during pregnancy.

Variable Time points Log sFlt-1 Log PIGF Log sFlt-1/ PIGF ratio
B (95% CI) * P value B (95% CI) * P value B (95% CI) * Pvalue
Systolic blood pressure 11-14 weeks 0.01 (0.004, 0.03) 0.009 -0.01 (-0.02, 0.0004) 0.057 0.03 (0.01, 0.04) <0.001
(10mmHg) 18-22 weeks 0.01 (-0.01, 0.02) 0.227 -0.02 (-0.03, -0.004) 0.011 0.02 (0.01, 0.04) 0.003
28-32 weeks 0.01 (-0.001, 0.02) 0.068 -0.02 (-0.04, -0.002) 0.031 0.03 (0.01, 0.06) 0.007
=34 weeks 0.02 (0.01, 0.03) 0.009 -0.02 (-0.05, 0.001) 0.059 0.04 (0.01, 0.07) 0.011
Diastolic blood pressure 11-14 weeks 0.02 (0.01, 0.04) 0.002 -0.01 (-0.03, 0.001) 0.069 0.04 (0.02, 0.05) <0.001
(1L0mmHg) 18-22 weeks 0.02 (0.004, 0.04) 0.014 -0.01 (-0.02, 0.01) 0.388 0.03(0.01, 0.05) 0.008
28-32 weeks 0.04 (0.02, 0.05) <0.001 -0.02 (-0.04, 0.004) 0.104 0.05 (0.03, 0.08) <0.001
=34 weeks 0.04 (0.02, 0.06) <0.001 -0.02 (-0.05, 0.01) 0.134 0.06 (0.02, 0.10) 0.003
Mean arterial pressure 11-14 weeks 0.02 (0.01, 0.04) 0.002 -0.02 (-0.03, -0.001) 0.043 0.04 (0.02, 0.06) <0.001
(10mmHg) 18-22 weeks 0.02 (0.001, 0.03) 0.044 -0.01 (-0.02, 0.01) 0.506 0.02 (0.002, 0.04) 0.030
28-32 weeks 0.03 (0.01, 0.04) 0.001 -0.02 (-0.05, 0.001) 0.058 0.05 (0.02, 0.08) 0.001
=34 weeks 0.04 (0.02, 0.05) <0.001 -0.03 (-0.06, -0.003) 0.029 0.07 (0.03, 0.11) <0.001

Abbreviations: Cl, confidence interval.

*Adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test.
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Supplementary table 2. Maternal serum angiogenic factors levels during pregnancy by preeclampsia in women with different BP status in early pregnancy.

oNOYTULT D WN =

Normal BP Elevated BP Hypertension (stage 1 and stage 2)
Angiogenic Time points PE Non-PE P value PE Non-PE P value PE Non-PE P value
factors (n=6) (n=744) (n=3) (n=95) (n=12) (n=63)
mean mean mean mean mean mean
(95%CI) * (95%CI) * (95%CI) * (95%CI) * (95%CI) * (95%CI) *
sFlt-1 (pg/ml) 11-14 weeks 1514 (1096, 1622 (1549, 0.718 1778 (1096, 1622 (1514, 0.756 1349 (1122, 1660 (1549, 0.048
2089) 1660) 2884) 1778) 1622) 1820)
18-22 weeks 1698 (1175, 1738 (1660, 0.925 1479 (813, 1660 (1514, 0.692 1738 (1288, 1738 (1514, 0.960
2512) 1778) 2692) 1862) 2291) 1995)
28-32 weeks 3090 (2188, 1698 (1622, <0.001 1995 (1148, 1549 (1413, 0.388 3020 (2188, 1622 (1445, <0.001
4365) 1738) 3467) 1698) 4074) 1862)
=34 weeks 6026 (3548, 2630 (2512, 0.002 3715 (2042, 2692 (2399, 0.295 6026 (3802, 2951 (2570, 0.005
10233) 2692) 6607) 2951) 9550) 3388)
PIGF (pg/ml) 11-14 weeks 29.5 (214, 372 (363, 0.199 324 (20.0, 363 (33.1, 0.716 246 (19.1, 355 (324, 0.005
41.7) 38.0) 53.7) 38.9) 30.9) 39.8)
18-22 weeks 208.9 (144.5, 269.2(263.0, 0.191 182.0 (114.8, 239.9(218.8, 0.257 151.4(120.2, 234.4(213.8, 0.001
309.0) 281.8) 288.4) 257.0) 190.6) 263.0)
28-32 weeks 269.2 (158.5, 631.0(602.6, 0.002 323.6(166.0, 562.3(501.2, 0.118 182.0(120.2, 588.8(489.8, <0.001
457.1) 660.7) 645.7) 645.7) 269.2) 691.8)
=34 weeks 169.8 (67.6, 380.2(363.1, 0.083 208.9 (85.1, 316.2(269.2, 0.372 147.9 (66.1, 323.6(257.0, 0.059
426.6) 407.4) 512.9) 371.5) 323.6) 416.9)
sFlt-1/ PIGF ratio  11-14 weeks 50.1 (33.1, 42.7 (41.7, 0.454 53.7 (28.8, 457 (40.7, 0.591 56.2 (42.7, 46.8 (41.7, 0.235
77.6) 44.7) 100.0) 50.1) 74.1) 52.5)
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18-22 weeks 8.1 (5.0, 6.5(6.2,6.6) 0.323 8.1 4.2,
12.9) 15.9)

28-32 weeks  11.5 (6.0, 2.7(2.5,2.8) <0.001 6.0 (24,
21.9) 15.1)

=34 weeks 355 (105, 6.8(6.3,7.4) 0.008 17.8 (4.9,
120.2) 64.6)

7.1(6.3,7.9) 0.674

2.8(24,3.2) 0.093

85 (68, 0.269
10.7)

11.2
16.2)
16.6
28.2)
40.7
114.8)

(7.9,

©.8,

(1455,

74(63,8.5) 0.029

2.8(2.2,3.6) <0.001

91 (6.6, 0.008
12.6)

BP, blood pressure; Cl, confidence interval; PE, preeclampsia.

*Means (95%CI) are adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models

with logarithm-transformed serum angiogenic factors levels as outcomes; presented as geometric means.
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Supplementary table 3. Logarithm-transformed maternal serum angiogenic factors levels at 4 time points during pregnancy by maternal blood pressure at 11-14weeks

in the NORA cohort.

oNOYTULT D WN =

Angiogenic Time points Normal BP Elevated BP Hypertension (stage 1 and stage 2)
factors
N mean (95%CI) * N  mean mean difference P value ¥ N  mean mean difference P value {
(95%CI) *  (95%CI) *F (95%CI) *  (95%CI) *}
sFlt-1 (pg/ml) 11-14 weeks 746 3.20(3.19,3.21) 98 3.24 (3.20, 0.04(-0.01,0.08)  0.096 75 3.24 (3.20, 0.05(-0.01,0.10) 0.079
3.27) 3.29)
18-22 weeks 745  3.23(3.22,3.25) 98 3.24 (3.20, 0.01(-0.04,0.06) 0.824 75 3.28 (3.23, 0.05(-0.01,0.11) 0.139
3.29) 3.33)
28-32 weeks 730 3.22(3.20, 3.23) 92 3.23 (3.19, 0.01(-0.04,0.06) 0.868 70 331 (3.26, 0.09(0.03,0.15) 0.001
3.27) 3.36)
=34 weeks 659  3.41(3.40,3.43) 82 3.45 (3.41, 0.04(-0.02,0.10) 0.201 57 3.52 (347, 0.11(0.04,0.17)  0.000
3.50) 3.58)
PIGF (pg/ml) 11-14 weeks 746 1.57 (1.56, 1.58) 98 1.54 (1.50, -0.03(-0.08,0.01) 0.243 75 1.55 (1.50, -0.02 (-0.07, 0.593
1.58) 1.59) 0.03)
18-22 weeks 745 2.43(2.41,2.44) 98 2.39 (2.35, -0.03(-0.08,0.02) 0.261 75 239 (234, -0.03 (-0.09, 0.364
2.43) 2.44) 0.03)
28-32 weeks 730 2.79(2.77,2.81) 92 2.76 (2.70, -0.02(-0.10,0.05) 0.718 70 2.73 (2.66, -0.06 (-0.14, 0.270
2.83) 2.80) 0.03)
=34 weeks 659  2.58 (2.55,2.60) 82 2.51 (243, -0.07(-0.17,0.02) 0.178 57 2.53 (244, -0.05 (-0.16, 0.585
2.58) 2.63) 0.07)
sFlt-1/ PIGF ratio  11-14 weeks 746  1.63 (1.61, 1.65) 98 1.70 (1.65, 0.07(0.01,0.13) 0.013 75 1.70 (1.64, 0.07(0.01,0.13)  0.042
1.74) 1.75)
18-22 weeks 745  0.81(0.79, 0.83) 98 0.85 (0.80, 0.05(-0.02,0.11) 0.201 75 0.89 (0.83, 0.08(0.01,0.15)  0.027
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0.90) 0.95)

28-32 weeks 730 0.43 (0.40, 0.46) 92 0.46 (039, 0.03(-0.06,0.13)  0.643 70 0.58 (0.49, 0.15(0.04,0.25)  0.005
0.54) 0.66)

>34 weeks 659  0.84(0.80, 0.87) 82 0.95 (0.84, 0.11(-0.02,0.24)  0.100 57 0.99 (0.87, 0.16(0.01,0.31)  0.044
1.05) 1.12)

oNOYTULT D WN =

11 BP, blood pressure; Cl, confidence interval.

*Means (95%CI) are adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models
14 with logarithm-transformed serum angiogenic factors levels as outcomes;

tstatistically significant difference between normal BP and elevated BP groups.

17 statistically significant difference between normal BP and hypertension group.
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Abstract

Objective

It remains unclear what roles placenta-originated angiogenic factors play in the
pathogenesis of preeclampsia among hypertensive women. We compared maternal
soluble fms-like tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) levels
throughout pregnancy in women with normal blood pressure (BP), elevated BP and
hypertension in early pregnancy and their risks of developing preeclampsia.

Design

A prospective cohort study.

Setting

KK Women’s and Children’s Hospital, Singapore.

Participants

923 women with singleton pregnancy less than 14 weeks of gestation were included
in the prospective Neonatal and Obstetrics Risks Assessment cohort between
September 2010 and October 2014. Systolic, diastolic, mean arterial blood pressure
(MAP) were measured at 11-14 weeks.

Primary and secondary outcomes

Maternal serum sFlt-1, PIGF and sFIt-1/P1GF ratio were tested at 11-14 weeks, 18-22
weeks, 28-32 weeks and 34 weeks onwards of gestation. Preeclampsia was main
pregnancy outcome.

Results

Women were divided based on their BP in early pregnancy: normal (N=750), elevated

BP (N=98) and hypertension (N=75). Maternal sFlt-1 levels and sFlt-1/PIGF ratios
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were higher in hypertensive women throughout pregnancy, but maternal PIGF levels
were not significantly lower. Rise in maternal systolic, diastolic BP and MAP at 11-
14 weeks were significantly associated with higher sFlt-1/PIGF ratios during
pregnancy. A 10mmHg increase in MAP was associated with a 5.6-fold increase in
risk of preterm preeclampsia and a 3.3-fold increase in risk of term preeclampsia,
respectively.

Conclusion

Women with elevated blood pressure in early pregnancy already had a higher sFIt-
1/P1GF ratio in early gestation and throughout pregnancy, and an increased risk of

preeclampsia. In contrast, PIGF levels in these women remained normal.

Key words
blood pressure, soluble fms-like tyrosine kinase 1, placental growth factor,

preeclampsia
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Strengths and limitations of the study

This study was based on a well-performed prospective cohort with
comprehensive information on clinical, biophysical and biochemical markers.
Covariance analysis was performed to compare differences of angiogenic factors
values among groups; multivariable logistic regression analysis was performed to
evaluate the association between early pregnancy blood pressure and pregnancy
outcomes.

Given that most of our participants were low-risk pregnant women, our results

may not be applicable to high-risk women.
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Introduction

The imbalance in placenta-originated angiogenic factors has been found to play an
important role in the pathogenesis of preeclampsia in recent years. Soluble fms-like
tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) are the most studied
proteins. sFlt-1, a splice variant of the vascular endothelial growth factor (VEGF)
receptor Flt-1, is a circulating anti-angiogenic protein that inhibits proangiogenic
factors-VEGF and placental growth factor (PIGF) signaling in the vasculature.! High
levels of circulating sFlt-1 and low levels of PIGF were observed in women with
established preeclampsia and even before the onset of clinical symptoms. >3 These
promising findings have been adopted and recommended by the National Institute for
Clinical Excellence (NICE) to rule out preeclampsia in women presenting with

clinical suspicion.*

Numerous studies focused on the pathological effects of excess sFIt-1 on endothelial
function. It was observed that overexpression of sFlt-1 produced a preeclampsia-like
syndrome of hypertension, proteinuria and glomerular endotheliosis in experimental
animals.’ sFlt-1 is largely produced by syncytiotrophoblast and secreted into maternal
circulation.® Placental hypoxia may be one of the main triggers of inducing abundant
sFlt-1 expression and leading to hypertensive complications.”-® However, this
hypothesis may not totally explain why women with elevated blood pressure before
pregnancy have a substantially higher risk of preeclampsia. Besides, evidence

suggests that there might be some racial differences in maternal angiogenic and anti-
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angiogenic factors. ? Thus, the objective of this study was to examine the dynamic
changes of angiogenic and anti-angiogenic factors throughout pregnancy in Asian
women with elevated blood pressure in early gestation and their risks of developing

preeclampsia later in pregnancy.

Methods

Study design

The Neonatal and Obstetrics Risks Assessment (NORA) study was a prospective
cohort conducted at the KK Women’s and Children’s Hospital (KKH) in Singapore.!?
The cohort was set up to screen factors associated with adverse perinatal outcomes,
with a focus on using clinical, biochemical and biophysical markers to predict the
risks of pregnancy complications in early pregnancy. In brief, detailed interviews,
ultrasound scans and blood sample collections were performed at recruitment (11 to
14 weeks), 18 to 22 weeks, 28 to 32 weeks and 34 weeks onward, respectively. All 4
antenatal visits also included measurement of maternal height and weight; recording
of blood pressure by validated automated devices according to the recommendations
of the American Heart Association.!! Participants were closely followed up till their
postnatal discharge from the hospital. Information on pregnancy complications, labor
and delivery and neonatal outcomes was collected through medical chart review. The
study protocol was approved by the SingHealth Centralised Institutional Review
Board Ethics Committee, Singapore (CIRB Ref No. 2010/214/D), and a written

informed consent was obtained from all participating women.
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Study population

The NORA cohort recruited women with confirmed singleton pregnancies less than
14 weeks of gestation between September 2010 and October 2014. The exclusion
criteria were multiple gestation, severe medical conditions such as chronic renal
disease or systemic lupus erythematosus and pregnancies complicated by aneuploidy
or fetal anomaly. Gestational age was confirmed by ultrasound at recruitment. A total
of 1013 women were enrolled and 934 of them completed all 4 antenatal visits. 8
participants were delivered elsewhere, leaving 926 eligible women in the cohort. To
evaluate the impacts of maternal blood pressure in early pregnancy on angiogenic
factors levels and pregnancy outcomes, we used blood pressure at recruitment (11-14
weeks) to classify women into normal, elevated and hypertension groups. As 3
women did not have blood pressure records at recruitment (11-14 weeks), we

included 923 participants for the final analysis (Figure 1).

Diagnosis

Preeclampsia was defined according to the guidelines of International Society for the
Study of Hypertension in Pregnancy '?: systolic blood pressure (SBP) >140 mmHg
and/or diastolic blood pressure (DBP) >90 mmHg on at least two occasions four hours
apart after 20 weeks of gestation in a previously normotensive women, and
proteinuria: urinary albumin >300mg/24 hours urine collection or >1+ dipstick. We

used the gestational age at delivery to divide cases of preeclampsia into term (>37
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weeks) and preterm term (< 37 weeks). Gestational hypertension was defined as
newly onset hypertension after 20 weeks of gestation without proteinuria. Chronic
hypertension was defined as women with history of hypertension before conception or

the presence of hypertension before 20 weeks of gestation.

To explore the relationship between maternal blood pressure levels in the first
trimester and pregnancy outcome, we followed the 2017 guideline from the American
College of Cardiology and the American Heart Association (ACC/AHA).!3 Normal
blood pressure was defined as SBP < 120 mmHg and DBP < 80 mmHg; elevated
blood pressure was defined as SBP 120-129 mmHg and DBP < 80 mmHg;
hypertension stage 1 as SBP 130-139 mmHg or DBP 80-89 mmHg and hypertension

stage 2 as SBP>140 mmHg or DBP >90 mmHg.

Measurement of blood pressure

Blood pressure was taken by validated automated devices which were calibrated
periodically. The women were in the seated position and their arms were supported. A
correct cuff size was used and the middle of cuff was positioned on woman’s upper
arm at the level of the right atrium. After a five-minute rest, blood pressure was
measured by trained nurses and three recordings were made at 1-minute intervals. We
calculated SBP and DBP as the average of the three measurements. Mean arterial
pressure (MAP) was calculated from SBP and DBP measures using the following

formula: MAP=DBP+1/3x(SBP-DBP). Blood pressure was modeled continuously in
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units of 10 mm of mercury (mmHg).

Measurements of angiogenic factors

About 8 ml of maternal venous blood was collected in non-heparinised tubes at each
antenatal visit. It was then centrifuged at 2000rpm for 15 minutes before separating
and storing serum samples at -80°C for subsequent analysis. Serum levels of sFlt-1
and PIGF were determined by means of the fully automated Elecsys assays on an
electrochemiluminescence immunoassay platform (cobas e411 analyzers, Roche
Diagnostics). The detection limit was approximately 6 pg/ml for sFlt-1 and <2 pg/ml

for PIGF.

Statistical analysis

Normality of continuous variables was assessed by the Kolmogorov-Smirnov test.
Numeric data were expressed as mean (standard deviation) or as median (interquartile
range) for normally and non-normally distributed data, respectively. Maternal
characteristics, pregnancy outcomes and maternal blood pressure levels were
compared among normal, elevated blood pressure and hypertension (stage 1 and stage
2) groups using one-way ANOVA or Kruskal-Wallis tests for continuous variables
and y? analysis for categorical variables. Covariance analysis and Dunnett test was
used to compare differences of logarithm-transformed angiogenic factors values
among groups adjusted for covariants. Geometric means and 95% confidence

intervals were calculated by taking the exponent of the logarithm transformed mean.
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Linear regression analysis was performed to assess the association of blood pressure
(10 mmHg) at recruitment with logarithm-transformed angiogenic factors values
during pregnancy. Covariance analysis and linear regression models were adjusted for
maternal race, smoking during pregnancy, body mass index (BMI) and gestational age
at blood collection as covariant. Logistic regression analysis was performed to
evaluate the association between early pregnancy blood pressure (10 mmHg) and
pregnancy outcomes with adjustment of potential confounders, including maternal
age, race, education, maternal BMI at recruitment, chronic hypertension and
preexisting diabetes mellitus. We used SAS version 9.4 (Cary, NC) for all statistical

analyses.

Patient and public involvement
Patients and the public were not directly involved in the design, conduct or reporting

in our study.

Results

A total of 923 participants in the NORA cohort were included in this analysis. Based
on maternal blood pressure at recruitment at 11-14 weeks of gestation, 750 women
were classified as normal blood pressure; 98 women as elevated blood pressure, and
75 women as hypertension (stage 1 and stage 2). A comparison of maternal
characteristics and pregnancy outcomes are given in Table 1. Women with

hypertension (stage 1 and stage 2) in the first trimester were slightly older than the
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1 11
2

3

g 1 other two groups. Chinese women contributed a greater proportion of hypertension

6

7 2 (49.3%) than Indian (8.0%) and Malay (30.7%). A higher incidence of maternal

8

?o 3  overweight (BMI >25 kg/m?) and obesity (BMI >30 kg/m?) was observed in the

11

g 4  elevated blood pressure group and hypertension group than in the normal blood

14

15 5  pressure group.

16

18 6

;g Table 1. Characteristics and pregnancy outcomes by maternal blood pressure at 11-14weeks in the
21 8  NORA cohort.

;g Variables Normal BP  Elevated BP  Hypertension P value
24 (stage 1 and stage2)

;Z (n=750) (n=98) (n=75)

27 Maternal age (year), median (IQR) 30.0 (26.0- 30.0 (26.0- 32.0(29.0-35.0) <0.001
;g 34.0) 35.0)

30 Race, n (%) 0.012
g; Chinese 393 (523)  38(38.8)  37(49.3)

33 Indian 88 (11.7) 6(6.1) 6 (8.0)

2‘5‘ Malay 186 (24.8)  41(41.8) 23 (30.7)

36 Others 84 (11.2) 13(133)  9(12.0)

;73 Parity, n (%) 0.091
39 0 419 (55.9) 49 (50.0) 33 (44.0)

2‘1) 1 236 (31.5)  32(327)  25(33.3)

42 >2 95 (12.7) 17 (17.3) 17 (22.7)

Zi Maternal education levels, n (%) 0.044
45 Less than high school 166 (22.2) 28 (28.6) 25(33.3)

j? High school 299 (40.0) 44 (44.9) 23 (30.7)

48 College and above 282 (37.8) 26 (26.5) 27 (36.0)

‘s‘g Married, n (%) 699 (93.2) 90 (91.8) 72 (96.0) 0.544
51 Smoking during pregnancy, n (%) 19 (2.5) 44.1) 0(0) 0.230
gg Maternal BMI at 11-14 weeks of <0.001
54 gestation (kg/m2), n (%)

gg <185 62 (8.3) 2 (2.0) 0 (0)

57 18.5-24.9 475 (63.5)  32(32.7) 16 (21.3)

gg 25.0-29.9 162 (21.7)  35(35.7) 32 (42.7)

60 >30.0 49 (6.6) 29 (29.6) 27 (36.0)
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Diabetes mellitus, n (%) 7(0.9) 2 (2.0) 5(6.7) <0.001
ART conception, n (%) 31 (4.1) 4(4.1) 2(2.7) 0.826
Antihypertensive medication, 0 (0) 0 (0) 3(4.0) <0.001
n (%)
Pregnancy outcomes
Delivery age (weeks), median 39.0 (38.1- 38.7 (38.0- 38.3(37.6-39.1) 0.001
(IQR) 39.7) 39.6)
Birth weight (kg), median IQR) 3.1 (2.9-3.4) 3.1(2.9-3.5) 3.1(2.8-3.4) 0.324
Gestational hypertension, n (%) 10 (1.3) 3(3.1) 5(6.7) 0.004
Preeclampsia, n (%) 6 (0.8) 33.1) 12 (16.0) <0.001
Preterm preeclampsia, n (%) 4 (0.5) 0(0) 5(6.7) <0.001
Term preeclampsia, n (%) 2(0.3) 3@3.1) 7(9.3) <0.001

IQR: interquartile range; BMI: body mass index; ART: assisted reproductive technology; BP: blood

pressure.

The prevalence of maternal preconception diabetes was 6.7% in hypertension groups
which was significantly higher than that of the other two groups. However, the
prevalence of conception with assisted reproductive technology (ART) were not
significantly different among the three groups. As expected, the incidence of
gestational hypertension (6.7%), preeclampsia (16.0%), preterm preeclampsia (6.7%)
and term preeclampsia (9.3%) were the highest in the hypertension group. Women
with hypertension had sustainable higher blood pressure levels during pregnancy

(Table 2).

Table 2. Maternal blood pressure levels at 4 time points during pregnancy by maternal blood

pressure at 11-14weeks in the NORA cohort.

Variables Normal BP  Elevated BP  Hypertension P value
(stage 1 and stage?2)
(n=750) (n=98) (n=75)

SBP (mmHg), mean+SD
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11-14 weeks <0.001
104.9%8.3 123.2+2.6 126.8%11.1
18-22 weeks <0.001
105.9£10.1 118.6%£9.9 124.0%£10.5
28-32 weeks <0.001
108.2+10.0 118.1%£9.7 123.8+11.4
<0.001
234 weeks 110.5£10.7 119.5%10.6 126.1%15.5
DBP (mmHg), mean+SD
11-14 weeks <0.001
63.6+6.8 71.4+4.4 80.8+7.0
18-22 weeks <0.001
62.9+7.0 69.0+7.2 76.3+8.1
28-32 weeks <0.001
64.0+6.9 69.8+6.6 76.6%9.0
<0.001
234 weeks 67.4+7.8 73.3+7.3 80.0+x11.4
MAP (mmHg), mean+SD
11-14 weeks <0.001
77.3%6.5 88.7+3.2 96.1+6.5
18-22 weeks <0.001
77.2+7.2 85.5+7.3 92.2+8.2
28-32 weeks <0.001
78.8+7.1 85.9+6.3 92.4+9.1
<0.001
234 weeks 81.8+8.1 88.7+7.6 95.4+11.9

BP: blood pressure; SD: standard deviation; SBP: systolic blood pressure; DBP: diastolic blood

pressure; MAP: mean arterial pressure

Table 3 shows the values of angiogenic factors at 4 time points in the NORA

participants. Logarithm-transformed serum angiogenic factors levels at 4 time points

are presented as well (supplementary table 1). We used covariance analysis to control

for potential confounders that were reported to have impact on serum angiogenic

proteins levels, including maternal race, smoking, maternal BMI and gestational age

at blood collection. Overall, serum sFlt-1 concentrations continued rising throughout
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pregnancy. PIGF levels increased from the first trimester, peaked at 28-32 weeks and
declined afterwards. Consequently, high levels of sFlt-1/PIGF ratio were observed
both at 11-14 weeks and 34 weeks onwards. The dynamic change of serum
angiogenic factors during pregnancy was observed in all 3 groups. Maternal serum
sFlt-1 and PIGF levels were not significantly different between elevated BP group and
normal BP group at 4 time points during pregnancy. In hypertension group, a trend of
higher maternal sFlt-1 concentrations was observed from early pregnancy and it was
dramatically increased during the third trimester compared with sFlt-1 levels in
normotensive women. In contrast, PIGF concentrations were not significantly
different between hypertension group and normal BP group. Thus, sFlt-1/PIGF ratio
in hypertensive women was significantly higher throughout pregnancy than that in
normotensive women. Comparisons of angiogenic factors levels throughout gestation
in women with or without preeclampsia in each group are presented in supplementary

table 2.
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Table 3. Maternal serum angiogenic factors levels at 4 time points during pregnancy by maternal blood pressure at 11-14weeks in the NORA cohort.
Angiogenic factors  Time points Normal BP Elevated BP Hypertension (stage 1 and stage 2)
N mean (95%CI) * N mean (95%CI) * P value N mean (95%CI) * Pvalue
sFlt-1 (pg/ml) 11-14 weeks 746 1585 (1549, 1622) 98 1722 (1585,1862) 0.096 75 1758 (1585, 1950) 0.079
18-22 weeks 745 1698 (1660, 1778) 98  1738(1585,1950) 0.824 75 1905 (1698, 2138) 0.139
28-32 weeks 730 1660 (1585, 1698) 92 1698 (1549, 1862) 0.868 70 2042 (1820, 2291) 0.001
>34 weeks 659 2570 (2512, 2692) 82  2818(2570,3162) 0.201 57 3311 (2951, 3802) 0.000
PIGF (pg/ml) 11-14 weeks 746 37 (36, 38) 98  35(32,398) 0.243 75 35(32,39) 0.593
18-22 weeks 745 269 (257, 275) 98 245224, 269) 0.261 75 245 (219, 275) 0.364
28-32 weeks 730 617 (589, 646) 92 575(501, 676) 0.718 70 537 (457, 631) 0.270
>34 weeks 659 380 (355, 398) 82 324269, 380) 0.178 57 339 (275, 427) 0.585
sF1t-1/ PIGF ratio 11-14 weeks 746  42.7 (40.7, 44.7) 98  50.1(44.7,55.0) 0.013 75 50.1 (43.7,56.2) 0.042
18-22 weeks 745 6.5(6.2,6.8) 98  7.1(6.3,7.9) 0.201 75 7.8 (6.8, 8.9) 0.027
28-32 weeks 730 2.7(2.5,2.9) 92 29(25,3.5) 0.643 70 3.8(3.1,4.6) 0.005
>34 weeks 659 6.9(6.3,7.4) 82 89(6.9,11.2) 0.100 57 9.8(74,13.2) 0.044

BP, blood pressure; CI, confidence interval.

*Means (95%CI) were adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models

with logarithm-transformed serum angiogenic factors levels as outcomes; presented as geometric means.

tstatistically significant difference between normal BP and elevated BP groups.

istatistically significant difference between normal BP and hypertension group.
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Higher levels of DBP and MAP in early pregnancy were significantly associated with
higher log-transformed sFIt-1 values throughout pregnancy. Meanwhile, higher SBP
levels were significantly associated with lower log-transformed PIGF levels both at
18-22 weeks (B=-0.02 per 10 mmHg SBP, P=0.011) and at 28-32 weeks (= -0.02
per 10 mmHg SBP, P=0.031). Thus, rises in maternal SBP, DBP and MAP in the first
trimester were significantly associated with higher sFlt-1/PIGF ratios during

pregnancy (supplementary table 3).

Table 4 presents the significant association between blood pressure in early pregnancy
and risks of preeclampsia (OR 2.5, 95% CI 1.5-4.0 per 10 mmHg SBP; OR 4.3, 95%
CI2.3-7.9 per 10 mmHg DBP; OR 4.1, 95% CI 2.2-7.7 per 10 mmHg MAP,
respectively) after adjustment of potential confounders. Preterm preeclampsia was
more closely associated with higher DBP than SBP (OR 6.0, 95% CI 2.3-7.9 per 10

mmHg DBP vs. OR 1.9, 95% CI 0.9-3.8 per 10 mmHg SBP).
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Table 4. Logistic regression analysis for maternal blood pressure at 11-14weeks and adverse pregnancy outcomes.

Variable Preeclampsia Preterm preeclampsia Term preeclampsia

oNOYTULT D WN =
RN

Crude OR Adjusted OR* Crude OR Adjusted OR* Crude OR
9 (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Adjusted OR*
(95% CI)

1 SBP (10mmHg) 3.0(1.9,4.6) 2.5(1.5,4.0) 1 1.9 (1.1, 3.5) 1.9(0.9, 3.8) 41(22,7.8) 1
12 DBP (10mmHg) 52(2.9,9.3) % 43(2.3,7.9)F 5.8 (2.4,14.4) % 6.0 (2.3,16.2) 44(2.1,9.1) %
14 MAP (10mmHg) 5.1(2.8,9.0) % 4122,77) % 51(2.1,11.9) % 5.6 (2.0, 15.5) 1 47(22,9.7) %

3.2(1.6,6.4) 1
3.1(1.4,68) %
33(1.5,7.4) 1

15 2 OR, odds ratio; CI, confidence interval; SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure
17 3  *Adjusted for maternal age, race, education, maternal body mass index at 11-14 weeks gestation and diabetes mellitus.

18 4  §P<0.01.
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Discussion

Our study confirmed that higher early pregnancy blood pressure levels were
prospectively associated with increased risks of preeclampsia, including preterm and
term preeclampsia. Furthermore, women with elevated blood pressure in early
pregnancy already had a higher sFIt-1 level and sFIt-1/PIGF ratio in early gestation
and throughout pregnancy. In contrast, PIGF levels in these women remained normal

throughout gestation.

It is well established that women with chronic hypertension have several times the
risk of preeclampsia than normotensive women.!'* However, the pathogensis is poorly
understood and what role these angiogenic and anti-angiogenic factors play remains
unclear. Although syncytiotrophoblast is a major source of sFlt-1 production,
peripheral blood monocytes produce a small amount of sFlt-1 further stimulated by
inflammation.!>!6 As chronic hypertension is often related to a chronic inflammatory
status,!” the slightly increased sFlt-1 level in hypertensive women in early pregnancy,
as observed in our study, may reflect the chronic inflammatory status in early
pregnancy. Our results showed that hypertensive women in early pregnancy might
have an imbalanced angiogenic factors levels and such imbalanced angiogenic
environment tended to continue during pregnancy, which might be associated with the

increased risks of preeclampsia.

On the other hand, maternal circulating PIGF is highly expressed by the placenta
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during pregnancy. It has both vasculogenic and angiogenic functions '® and its level is
likely to reflect the placental health conditions. For example, low PIGF concentrations
preceding clinical onset of preeclampsia often occur in early-onset rather than late-
onset preeclampsia.!” Women who develop preeclampsia with fetal growth restriction
(FGR) have further decreased PIGF levels compared with women who develop
preeclampsia without FGR.20-22 Early-onset preeclampsia and placenta-derived FGR
are associated with placenta pathology such as incomplete remodeling of spiral
arteries, acute atherosis and thrombosis in spiral arteries and syncytiotrophoblast
necrosis.?*** In our study, women with elevated blood pressure in early pregnancy,
the PIGF level remained by and large normal throughout pregnancy and newborn’s
birth weight was not significantly different among the three groups. Thus, our
findings seem to suggest that the placental implantation and development might not

be impaired in these women.

As poor placentation is not a unique cause of developing preeclampsia, enhanced
placental oxidative and endoplasmic reticulum stress and increased maternal systemic
inflammatory responses are thought to play crucial roles in preeclampsia as well.2>-2
Thus, preexisting endothelial dysfunction in hypertensive women could be
exacerbated as a result of physiological burden of pregnancy even without an
abnormal placentation.?” Taking all things considered, we propose that the imbalanced
angiogenic factors environment and, perhaps more importantly, preexisting

endothelial susceptibility and dysfunction, may play a critical role in the development
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of preeclampsia in women with elevated blood pressure in early pregnancy.

To our best knowledge, this was the first prospective cohort study that illustrated the
dynamic changes of angiogenic and anti-angiogenic factors throughout pregnancy in
women with different blood pressure status in early pregnancy. The NORA cohort
was a well-performed prospective study with comprehensive information including
clinical, biophysical and biochemical markers. The follow-up rate was 99.1%
(926/934) at the end of pregnancy. Measurements of blood pressure and serum
angiogenic factors were performed according to standardized protocols. In our study,
three women reported using antihypertensive medications during pregnancy; thus, the
results should not be affected by the medication issue. On the other hand, as most of
our participants were low-risk pregnant women, our results may not be applicable to
high-risk women. As it was an observational study, the potential residual confounding

and selection bias might have some impacts on our results.

Conclusion

Women with elevated blood pressure in early pregnancy already had a higher sFIt-
1/PIGF ratio in early gestation and throughout pregnancy, and an increased risk of
preeclampsia. In contrast, PIGF levels in these women remained normal throughout
gestation. Our findings suggest that the imbalanced angiogenic factors levels
throughout gestation might play a crucial role in developing preeclampsia in women

with preexisting elevated blood pressure. Our study also supports that preconception
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or early pregnancy high blood pressure, defined as SBP>130 mmHg or DBP>80
mmHg according to 2017 ACC/AHA guideline, should cause clinical awareness both

during pregnancy and in their later life.
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Figure legends

Figure 1. Flowchart of participants.

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



oNOYTULT D WN =

BMJ Open

1013 singleton pregnancies were
recruited before 14 weeks of gestation

\4

923 participants were
included in the final analysis

\ 4

90 participants were excluded:
79 incomplete antenatal visits
8 delivery elsewhere
3 incomplete data on blood pressure
at 11-14 weeks
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i Supplementary table 1. Logarithm-transformed maternal serum angiogenic factors levels at 4 time points during pregnancy by maternal blood pressure at 11-14weeks in the
5 NORA cohort.

? Angiogenic Time points Normal BP Elevated BP Hypertension (stage 1 and stage 2)

8 factors N mean (95%CI) * N mean Mean difference P value N  mean Mean difference P value }
?O (95%CI) *  (95%CI) *F (95%CI) *  (95%CI) *}

11 sFlt-1 (pg/ml) 11-14 weeks 746 3.20(3.19,3.21) 98 3.24 (3.20, 0.04(-0.01,0.08) 0.096 75 3.24 (3.20, 0.05 (-0.01, 0.079
12

13 3.27) 3.29) 0.10)

14 18-22 weeks 745 3.23(3.22,3.25) 98 3.24 (3.20, 0.01(-0.04,0.06) 0.824 75 3.28 (3.23, 0.05 (-0.01, 0.139
15

16 3.29) 3.33) 0.11)

17 28-32 weeks 730  3.22(3.20, 3.23) 92 3.23 (3.19, 0.01(-0.04,0.06) 0.868 70 331 (3.26, 0.09(0.03,0.15) 0.001
18

19 3.27) 3.36)

20 >34 weeks 659  3.41(3.40,3.43) 82 3.45 (3.41, 0.04(-0.02,0.10) 0.201 57 3.52 (3.47, 0.11(0.04,0.17) 0.000
21

2 3.50) 3.58)

23 PIGF (pg/ml) 11-14 weeks 746  1.57 (1.56, 1.58) 98 1.54 (1.50, -0.03(-0.08,0.01) 0.243 75 1.55 (1.50, -0.02 (-0.07, 0.593
24

25 1.58) 1.59) 0.03)

26 18-22 weeks 745 2.43(2.41,2.44) 98 239 (2.35, -0.03(-0.08,0.02) 0.261 75 239 (2.34, -0.03 (-0.09, 0.364
27

28 2.43) 2.44) 0.03)

29 28-32 weeks 730 2.79(2.77,2.81) 92 276 (2.70, -0.02(-0.10,0.05) 0.718 70 2.73 (2.66, -0.06 (-0.14, 0.270
30

31 2.83) 2.80) 0.03)

32 >34 weeks 659  2.58(2.55, 2.60) 82 2.51 (2.43, -0.07(-0.17,0.02) 0.178 57 253 (2.44, -0.05 (-0.16, 0.585
33

34 2.58) 2.63) 0.07)

35 sFlt-1/ PIGF ratio ~ 11-14 weeks 746  1.63 (1.61, 1.65) 98 1.70 (1.65, 0.07(0.01,0.13) 0.013 75 1.70 (1.64, 0.07(0.01,0.13) 0.042
36

37 1.74) 1.75)

38 18-22 weeks 745  0.81(0.79, 0.83) 98 0.85 (0.80, 0.05(-0.02,0.11) 0.201 75 0.89 (0.83, 0.08(0.01,0.15) 0.027
39

40 0.90) 0.95)

41

42
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28-32 weeks 730  0.43 (0.40, 0.46) 92 0.46 (0.39, 0.03(-0.06,0.13) 0.643 70
0.54)
>34 weeks 659  0.84 (0.80, 0.87) 82 0.95 (0.84, 0.11(-0.02,0.24) 0.100 57
1.05)

0.58 (0.49, 0.15(0.04,0.25) 0.005
0.66)
0.99 (0.87, 0.16(0.01,0.31) 0.044
1.12)

BP, blood pressure; Cl, confidence interval.

*Means (95%CI) were adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models with

logarithm-transformed serum angiogenic factors levels as outcomes;

tstatistically significant difference between normal BP and elevated BP groups.
istatistically significant difference between normal BP and hypertension group.

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 30 of 35



Page 31 of 35

oNOYTULT D WN =

BMJ Open

Supplementary table 2. Maternal serum angiogenic factors levels during pregnancy by preeclampsia in women with different BP status in early pregnancy.

Normal BP Elevated BP Hypertension (stage 1 and stage 2)
Angiogenic Time points PE Non-PE P value PE Non-PE P value PE Non-PE Pvalue
factors (n=6) (n=744) (n=3) (n=95) (n=12) (n=63)
mean mean mean mean mean mean
(95%CI) * (95%CI) * (95%CI) * (95%CI) * (95%CI) * (95%CI) *
sFlt-1 (pg/ml) 11-14 weeks 1514 (1096, 1622 (1549, 0.718 1778 (1096, 1622 (1514, 0.756 1349 (1122, 1660 (1549, 0.048
2089) 1660) 2884) 1778) 1622) 1820)
18-22 weeks 1698 (1175, 1738 (1660, 0.925 1479 (813, 1660 (1514, 0.692 1738 (1288, 1738 (1514, 0.960
2512) 1778) 2692) 1862) 2291) 1995)
28-32 weeks 3090 (2188, 1698 (1622, <0.001 1995 (1148, 1549 (1413, 0.388 3020 (2188, 1622 (1445, <0.001
4365) 1738) 3467) 1698) 4074) 1862)
=34 weeks 6026 (3548, 2630 (2512, 0.002 3715 (2042, 2692 (2399, 0.295 6026 (3802, 2951 (2570, 0.005
10233) 2692) 6607) 2951) 9550) 3388)
PIGF (pg/ml) 11-14 weeks 29.5 (214, 372 (363, 0.199 324 (20.0, 363 (33.1, 0.716 24.6  (19.1, 355 (324, 0.005
41.7) 38.0) 53.7) 38.9) 30.9) 39.8)
18-22 weeks 208.9 (144.5, 269.2(263.0, 0.191 182.0 (114.8, 239.9(218.8, 0.257 151.4 (120.2, 234.4 (213.8, 0.001
309.0) 281.8) 288.4) 257.0) 190.6) 263.0)
28-32 weeks 269.2 (158.5, 631.0(602.6, 0.002 323.6(166.0, 562.3(501.2, 0.118 182.0 (120.2, 588.8 (489.8, <0.001
457.1) 660.7) 645.7) 645.7) 269.2) 691.8)
=34 weeks 169.8 (67.6, 380.2(363.1, 0.083 208.9 (85.1, 316.2(269.2, 0.372 147.9 (66.1, 323.6 (257.0, 0.059
426.6) 407.4) 512.9) 371.5) 323.6) 416.9)
sFlt-1/ PIGF ratio  11-14 weeks 50.1 (33.1, 42.7 (41.7, 0.454 53.7 (28.8, 457 (40.7, 0.591 56.2 (42.7, 46.8 (41.7, 0.235
77.6) 44.7) 100.0) 50.1) 74.1) 52.5)
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18-22 weeks 8.1 (5.0, 6.5(6.2,6.6) 0323

12.9)

28-32weeks  11.5 (6.0, 2.7(2.5,2.8) <0.001
21.9)

>34 weeks 355 (10.5, 6.8(63,7.4) 0.008
120.2)

BMJ Open

8.1 (42,
15.9)
60 (24,
15.1)
17.8 (4.9,
64.6)

7.1(6.3,7.9) 0.674

2.8(24,3.2) 0.093

85 (68, 0.269
10.7)

112 (79, 7.4(6.3,8.5) 0.029
16.2)
166 (9.8, 2.8(2.2,3.6) <0.001
28.2)
407 (145, 9.1(6.6,12.6) 0.008
114.8)

BP, blood pressure; Cl, confidence interval; PE, preeclampsia.

*Means (95%CI) were adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test from models with

logarithm-transformed serum angiogenic factors levels as outcomes; presented as geometric means.
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Supplementary table 3. Associations of maternal blood pressure at 11-14weeks with serum angiogenic factors levels during pregnancy.
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Variable Time points Log sFlt-1 Log PIGF Log sFlt-1/ PIGF ratio
B (95% CI) * P value B (95% CI) * P value B (95% CI) * Pvalue
Systolic blood pressure 11-14 weeks 0.01 (0.004, 0.03) 0.009 -0.01 (-0.02, 0.0004) 0.057 0.03 (0.01, 0.04) <0.001
(10mmHg) 18-22 weeks 0.01 (-0.01, 0.02) 0.227 -0.02 (-0.03, -0.004) 0.011 0.02 (0.01, 0.04) 0.003
28-32 weeks 0.01 (-0.001, 0.02) 0.068 -0.02 (-0.04, -0.002) 0.031 0.03 (0.01, 0.06) 0.007
=34 weeks 0.02 (0.01, 0.03) 0.009 -0.02 (-0.05, 0.001) 0.059 0.04 (0.01, 0.07) 0.011
Diastolic blood pressure 11-14 weeks 0.02 (0.01, 0.04) 0.002 -0.01 (-0.03, 0.001) 0.069 0.04 (0.02, 0.05) <0.001
(1L0mmHg) 18-22 weeks 0.02 (0.004, 0.04) 0.014 -0.01 (-0.02, 0.01) 0.388 0.03(0.01, 0.05) 0.008
28-32 weeks 0.04 (0.02, 0.05) <0.001 -0.02 (-0.04, 0.004) 0.104 0.05 (0.03, 0.08) <0.001
=34 weeks 0.04 (0.02, 0.06) <0.001 -0.02 (-0.05, 0.01) 0.134 0.06 (0.02, 0.10) 0.003
Mean arterial pressure 11-14 weeks 0.02 (0.01, 0.04) 0.002 -0.02 (-0.03, -0.001) 0.043 0.04 (0.02, 0.06) <0.001
(10mmHg) 18-22 weeks 0.02 (0.001, 0.03) 0.044 -0.01 (-0.02, 0.01) 0.506 0.02 (0.002, 0.04) 0.030
28-32 weeks 0.03 (0.01, 0.04) 0.001 -0.02 (-0.05, 0.001) 0.058 0.05 (0.02, 0.08) 0.001
=34 weeks 0.04 (0.02, 0.05) <0.001 -0.03 (-0.06, -0.003) 0.029 0.07 (0.03, 0.11) <0.001

Abbreviations: Cl, confidence interval.

*Adjusted for maternal race, smoking during pregnancy, maternal body mass index at blood test and gestational weeks at blood test.
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Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title Page 2,
or the abstract line 9
(b) Provide in the abstract an informative and balanced summary of Page 2-3
what was done and what was found
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation Page 5,
being reported line 14-22
Objectives 3 State specific objectives, including any prespecified hypotheses Page 6,
line 1-4
Methods
Study design 4 Present key elements of study design early in the paper Page 6,
line 8-9
Setting 5 Describe the setting, locations, and relevant dates, including periods of ~ Page 6,
recruitment, exposure, follow-up, and data collection line 8-22
Participants 6 (a) Give the eligibility criteria, and the sources and methods of Page 7,
selection of participants. Describe methods of follow-up line 2-14
(b) For matched studies, give matching criteria and number of exposed ~ NA
and unexposed
Variables 7 Clearly define all outcomes, exposures, predictors, potential Page 7,
confounders, and effect modifiers. Give diagnostic criteria, if line 16 ~
applicable Page 8,
line 12
Data sources/ 8* For each variable of interest, give sources of data and details of Page 8,
measurement methods of assessment (measurement). Describe comparability of line 14 ~
assessment methods if there is more than one group Page 9,
line 10
Bias 9 Describe any efforts to address potential sources of bias Page 7,
line 4-7
Study size 10 Explain how the study size was arrived at Page 7,
line 7-14
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If Page 8,
applicable, describe which groupings were chosen and why line 6-12
Statistical methods 12 (a) Describe all statistical methods, including those used to control for ~ Page 9,
confounding line 12~
Page 10,
line 10
(b) Describe any methods used to examine subgroups and interactions NA
(c) Explain how missing data were addressed NA
(d) If applicable, explain how loss to follow-up was addressed NA
(e) Describe any sensitivity analyses NA
Results
Participants 13*  (a) Report numbers of individuals at each stage of study—eg numbers Page 10,
potentially eligible, examined for eligibility, confirmed eligible, line 17-20
included in the study, completing follow-up, and analysed
(b) Give reasons for non-participation at each stage Page 7,
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(c) Consider use of a flow diagram Page 7,
figure 1
Descriptive data 14*  (a) Give characteristics of study participants (eg demographic, clinical, = Page 11,
social) and information on exposures and potential confounders Table 1
(b) Indicate number of participants with missing data for each variable =~ Page 15,
of interest Table 3
(¢) Summarise follow-up time (eg, average and total amount) Page 15,
Table 3
Outcome data 15*%  Report numbers of outcome events or summary measures over time Page 15,
Table 3
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted Page 15,
estimates and their precision (eg, 95% confidence interval). Make clear  Table 3,
which confounders were adjusted for and why they were included Page 17,
Table 4
(b) Report category boundaries when continuous variables were NA
categorized
(c) If relevant, consider translating estimates of relative risk into NA
absolute risk for a meaningful time period
Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, NA
and sensitivity analyses
Discussion
Key results 18 Summarise key results with reference to study objectives Page 18,
line 2-7
Limitations 19 Discuss limitations of the study, taking into account sources of Page 20,
potential bias or imprecision. Discuss both direction and magnitude of  line 9-14
any potential bias
Interpretation 20 Give a cautious overall interpretation of results considering objectives,  Page 20,
limitations, multiplicity of analyses, results from similar studies, and line 17-22
other relevant evidence
Generalisability 21 Discuss the generalisability (external validity) of the study results Page 20,
line 11-13
Other information
Funding 22 Give the source of funding and the role of the funders for the present Page 22,
study and, if applicable, for the original study on which the present Line 12-13

article is based

*Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and

published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely

available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at

http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is

available at http://www.strobe-statement.org.
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